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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 
ale (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 ale (1988) and Eales et ale (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 UGI Footwall 
Units, and a comparison of two additional Upper Critical Zone profiles 
with a previous ly compi led profi le between the UGI 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 limb 
of the Complex. 

The MG3 Unit (45m) is made up of a lower chromitite layer overlain by a 
norite-pyroxenite-anorthosite sequence while the UGlFW Unit (295m) is 
composed of a related series of lower chromitite layers (MG4) overlain by 
a pyroxen ite-nor i te-anorthos i te sequence capped by the UGI chromit i te 
layer. These mafic cumulates display a distinctive pattern of oscillating 
cryptic variation in whole-rock Mg/(Mg+Fe), FeO/Ti02, Cr/Co and Ni/V 
rat ios through the sequence. Sympathet i c osc ill at ions are recorded for 
compositions of orthopyroxene and plagioclase feldspar and eight sub­
cycles are recognised through the UGlFW Unit. The entire sequence is 
character i sed by the presence of sma 11, spheroi da 1, embayed and 
irregularly shaped plagioclase grains which are poikilitically enclosed 
in cumulus orthopyroxene grains of both pyroxenites and norites. This 
texture is 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 liquid into fractionated resident liquid, 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 lower 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 « O.5cm) 
overlain by a pyroxenite-melanorite-norite-leuconorite sequence. The 
basal pyroxenite is orthocumulate in character and rapidly gives way to 
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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 171km. 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 liquid, 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 liquid is interpreted as 
represent ing the fract ionated res iduum produced by crysta 11 i sat ion of 
earlier cyclic units, with plagioclase on the liquidus, 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 mi~or reversal, 
crystallisation was from a liquid which was the product of mixing of a 
minor pulse of primitive liquid with the reservoir of hybridized 
supernatant 1 i qu i d. A lthough the Bastard Un it is not cont i nuous 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), Jack son (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 liquid. 
Calculations by Bottinga and Weill (1970) indicated that crystallising 
plagioclase in the Skaergaard intrusion would be less dense than its 
parental liquid 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 
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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 ale 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 a 1., 1987). Persuas i ve ev i dence 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 Si02- 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). 
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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 Ma in Zone 1 ends support to the hypothes i s that mi xing occurred 
between magmas with initial ratios of c. 0.7064 and c. 0.7087 
respectively. The hypothesised existence of a parental liquid 
intermediate between the IIU_ II and IIA-types ll of Sharpe (1985) with an 
initial ratio of 0.7068 is supported by data presented for the Upper 
Cr i t i ca 1 Zone between the Mi dd 1 e and Upper Group chromi t i te 1 ayers by 
Ea les et a l. (1990a). 

This study and others (Kruger and Marsh 1985; Naldrettet 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 IIA-type ll 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 km2 

(Tankard et al., 1982). In outcrop (and sub-outcrop) it appears as a 
series of connected lobes and Wi llemse (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. 
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4) The main plutonic phase during which the diorites, gabbros, and 
ultramafic rocks of the Rustenburg Layered Suite (RLS) were emplaced 
and differentiated. Geochronologi~al 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 
Gruene~aldt (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 limb - 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 1 imbs 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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Figure 1.1 Locality map of the western limb of the Bushveld Complex 
showing the extent of the layered sequence and the four major zones 
in relation to the floor and roof rocks. Positions of the various 
profiles are indicated by solid circles while open circles are for 
the major towns. Approximate mining lease boundaries are shown for 
Amandelbult (AD, AE, B, AF, C), Union (VA, VB, VC), Impala (X, Y, 
Z), Rustenburg (RPM) and Western Platinum Mines (VVP). 
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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 
Cr i t i ca 1 Zone. Un 1 ike the good exposures of the 1 ayered sequence wh i ch 
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 
Transvaa 1 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 ventilation 
crosscuts from a production shaft that the deeper footwall is exposed. 



7 

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 su~cession below 
the UG1 chromitite, particularly in the western limb 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 is broadly divided into the Marginal, Lower, 
Critical, Main and Upper Zones with their combined thickness being some 
7000m in the western limb (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 is 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 in 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 UGI Footwall Unit (UGIFW) underlying the UG1 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 UGI chromitite 
consists of anorthosite which has abundant disseminated and layered 
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chromite. This part of the succession, and the data pertaining to the 
UGIFW Unit, are discussed in detail in section 2.2. 

Overlying the UG1FW Unit are the UG1 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 types at Union 
Section, designated the Lower and Upper Pseudoreefs (Scoon and de Klerk, 
1987). Leuconorites, norites, trocto 1 ites and fe ldspathic 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 ale (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 is 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 II 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 lithologies (feldspathic 
pyroxenites, with or without accompanying feldspathic harzburgites) at 
the base, grading upwards through melanorites, norites and leuconorites 
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 
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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. 

I n it i a lly the study was seen as an extens i on of part of the writer I s 
M.Sc. thesis (de Klerk, 1982), aiming to continue the documentation of 
cryptic variations and geochemistry in selected profi les 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 UG1 chromitite layer 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 limb of th~ 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 
samp 1 ed prof il es of the Bastard Un it, supp 1 emented by add it i ona 1 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 1.2 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 (VVP) 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 UGI Unit was also selected for study - a sequence 
some 350m thick. 
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Figure 1.3 Locali ty map of RPM Union Section showing 
the various borehole and underground profiles used in 
the position of the profile used by Naldrett et al. 
shaft crosscut was used to sample the MG3 and UG1FW 
based on that indicating the regional geological 
Section in Vijoen et al. (1986a, p.1065). 

the positions of 
this study; N is 
(1984). The Spud 

Unit. This map is 
setting of Union 

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 UG1 chromitite layers at Spud Shaft, Union 
Section (Chapter 2), and the investigation of a single laterally 
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 
Un it) . 

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 lUGS Subcommission on the 
systematics of igneous rocks (Streckeisen, 1976; Le Maitre, 1989). Part 
of Shand1s (1943) colour-index classification has been retained, with the 
prefixes mela- and leuco- 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 is not consistent. The scheme of classification for 
plagioclase - pyroxene cumulates which is adopted here is the same as 
that proposed by Eales et ale (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 203 (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 lUGS (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 203 + 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% A1 203 in this study. Synonymous or 
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Figure IS Nomenclature adopted for orthopyroxene - plagioclase 
rocks, based on a plot of normative or + ab + an against 
whole-rock A1203 • Simple linear regression of these data 
yield the expression: Total feldspar = 2.95 Al203 + 2.22 
(correlation coefficient O.9995)(After Eales et al., 1988, p.65). 

equivalent rock names using cumulate terminology and conv~ntional 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 CUlll.Ilate type General petrographic 
(This study) (Irvine 1982) terminology 

%A1 203 (Streckeisen, 1976) 

Olivine pyroxenite orthopyroxene-olivine boC Olivine orthopyroxenite 
Harzburgite* olivine-orthopyroxene obC Harzburgite 
(with poikilitic opx) 
Pyroxen ite * < 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 
Anorthos ite > 28 plagioclase pC Anorthos ite 
(IOOttled) 
Chromitite chromite cC Chromitite 

* In the IOOre 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 Diagranunatic 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, like 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. 



LIST OF ABBREVIATIONS 

Uthologies 
UZ - Upper Zone 
MZ - Main Zone 
CZ - Critical Zone 
LZ - Lower Zone 
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Standard Conventions and Symbols 

Rock type 

I:·:·j Pegmatoidal pyroxenite/harzburgite 

I:;~~;I Olivine pyroxenite 

I~'~I Harzburgite 

Whole-rock* 
% AIZ03 

UGMA -
GMM -
LGMA -

Upper Giant Mottled Anorthosite 
Giant Mottled Middling 
Lower Giant Mottled Anorthosite 
Giant Mottled Anorthosite 
Bastard Unit 

1::::;::1 Pyroxenite Px < 6.5 
GMA 
BU ~ Helanorite Hn 6.5 - 11 

BR Bastard Reef o Horite N 11 - 21.5 
MU 
MR 

Merensky Un it 
Merensky Reef D Leuconorite Ln 21.5 - 28 

UG2 Upper Group Chromitite layer 2 
Upper Group Chromitite layer 1 
Upper Group Chromitite 1 footwall 
Middle Group Chromitjte layer 4 
Middle Group Chromitite layer 3 
Middle Group Chromitite layer 2 

Ie) (;1 Anorthosite (IOOttled) An > Z8 

I11III Chromitite UGI 
UGIFW -
MG4 
MG3 
MG2 

~ Chromitite layer or dissemination 

Data pOint off scale 

Profile Localities 
LEF - Lefkochrysos Mining Company (now controlled by 

WP -
RPM­
Z 
y 

x 

Rand Mines and called Crocodile River Platinum Mine). 
Western Platinum Mine. 
Rustenburg Platinum Mines (RPM) - Rustenburg Section. 
Impala Platinum Mines (South) - Wildebeestfontein Mine. 
Impala Platinum Mines (Central) - Bafokeng South Mine. 
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. 
VB -
uc -
AD -
AE -

RPM Union Section, central sector. 
RPM Union Section, NE sector. 
RPM Amandelbult Section, far west. 
RPM Amandelbult Section, west. 

AF -
B 
C 

RPM Amandelbult Section, central. 
RPM Amandelbult Section, central. 
RPM Amandelbult Section, east. 

Petrological, Mineralogical and Geochemical 
01 Olivine 
opx Orthopyroxene 
cpx Clinopyroxene 
plag - Plagioclase 
Sri Initial strontium isotope ratio (87Sr/86Sr ) 
MMF Atomic ratio of Mg/(Mg + FeZ.) in pyroxene 
MMF~ Whole-rock Mg/(Mg + Fe) atomic ratio where all Fe is 

expressed as Fe2• 
~C~ Sum of major elements compatible in pyroxenes 

(Fe203 + FeO + MnO + MgO) 
PGE Platinum group elements (Pt, Pd, Os, Ru, Rh and Ir) 
PGM Platinum group metals 

Statistical 
sd Standard deviation 
cc Coefficient of correlation 
rZ Coefficient of determination (it defines the portion of 

tota 1 sum of squares accounted for by regress ion). 
r2 = QR/Q where QR = model sum of squares 

Q = QR + QError 
= total sum of squares 

• Ea les et a J. (1988) 

Figure 1.7 Abbreviations and conventions used thoughout the thesis. 
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CHAPTER 2 

THE UG1 FW 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 UG1 chromitite at Rustenburg 
Platinum Mines (RPM), Union Section. It illustrates the complexities that 
emerge from detailed study (at clos.e sampling intervals) of a single unit 
changing, with stratigraphic height, from ultramafic to leucocratic 
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 UG1 and the MG4 chromitites (291m), here termed 
the UG1 Footwall Unit (UG1FW Un;t), provides convincing evidence of 
hybridisation through the mixing of fresh inputs of magmatic liquid with 
partially crystallised resident liquids 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 UG1 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. 
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Figure 2.1 Generalised stratigraphic succession through the western 
Bushveld Complex with detail for the Upper Critical Zone and UG1 
Footwall Unit at Union Section. Significant chromitite layers at 
the bases of units are indicated by solid circles. Sample positions 
and rock types are indicated on the right of the column (An 
anorthosite; Ln - leuconorite; N - norite; Mn - melanorite; Px -
pyroxenite). Symbols are the same as those used in Figure 1.7. LZ -
Lower Zone; CZ - Critical Zone; MZ - Main Zone; UZ - Upper Zone. 
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The contact between the UG1 Unit and the underlying UGIFW Unit is one of 
the more prominent and distinctive features of the Critical Zone 
succession. Undisturbed UG1 chromitite at Union Section is the exception 
rather than the norm and at infrequent exposures of undisturbed regular 
layering the UG1 chromitite package consists of two robust chromitite 
layers, the upper 50-60cm thick and the lower c. 30cm thick, separated by 
c. 30cm of pyroxen i te. These we ll-def i ned 1 ayers rest concordant lyon 
white to pale grey anorthosite, and the basal contact of the lower 
chromite is taken to be the boundary between the UG1 Unit and UG1FW Unit 
(Plate 2.1a). 

More commonly, the contact between these two units is 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 suggests that 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 O.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 
emp 1 acement of a chromi t i te mush as a resu 1 t of fracturi ng (Cameron, 
1964) or a process akin to that which produces sandstone dykes and sills 
in sediments (Lee, 1981). 
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Plate 2.1a Contact between the UGI chromitite layer and the top of the 
UGIFW Unit (anorthosite). Here the UGI chromitite shows the typical 
pattern of bifurcation which, in this case, is concentrated in the upper 
chromit ite above the pyroxen i te part i ng. Locality - Union Section, Spud shaft 15 
haulage south. 

Plate 2.1b Continuous UGI chromitite layers in the footwall anorthosite 
showing typical bifurcation, convergence and variable thickness of 
individual layers. Note the upward dimpling on the top contact of some 
chromit ite layers. Locality - Union Section, Spud shaft 15 haulage south. 
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Plate 2.2a Discontinuous UGI chromitite stringers, blebs and lenses 
within the anorthosite overlying fine-scale layered leuconorite. Locality _ 
Union Section, Spud shaft 15 haulage south. 

Plate 2.2b Slumping and flow-folding of discontinuous UGI chromitite 
through the anorthosite. A zone of distorted layering, above well-layered 
leuconorite, occurs be low the chromitite s lump structure. Locality - Union 
Section, Spud shaft 15 haulage south. 
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Plate 2.3a Overturned layer of cumulus orthopyroxene and chromite within 
the UGI footwall anorthosite. Note the larger chromitite fragment above 
well-layered leuconorite on the right of the picture. Locality - Union Section, 
Richard shaft, 20 level station crosscut. 

Plate 2. 3b Fragmented xenoliths of cont i nuous UGI chromit ite 1 ayers 
juxtaposed with contorted discontinuous chromitite layers within 
anorthos ite. Th i s texture suggests that at least two stages of 
deformation took place after crystallisation of the chromitite. Locality -
Union Section, Richard shaft, 20 level station crosscut. 
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Plate 2.4a Chromit ite pod (with a high concentration of orthopyroxene) 
rimmed by anorthosite (white). This pod has disrupted and truncated the 
regular mm-scale layering of the uppermost UGIFW Unit leuconorite (4m 
below the UGl chromitite layer). Note the flow-fold in the lower left of 
the picture. Locality - Union Section, Spud shaft 15 haulage south. 

Plate 2.4b Fine mm-scale layering of cumulus orthopyroxene . in the upper­
most leuconorite of the UGIFW Unit (4m below the UGl chromitite). Note 
the small irregular lenses and blebs of chromitite in a more anorthositic 
layer above the well-layered leuconorite. Locality - Union Section, Spud shaft 15 

haulage south. 



26 

Plate 2.5a Norite c. 20m below the UGI chromitite showing trough and 
cross-bedding features within the layering. Locality - Union Section, Richard shaft, 
10 level station crosscut. 

Plate 2.5b Layered norite 30m below the UGI chromitite disrupted by the 
introduction of mottled anorthosite. Locality - Union Section, Spud shaft 20 level 
crosscut east. 
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The upper half of the UG1FW Unit comprises a leucocratic suite of rocks, 
mainly leuconorites, norites and anorthosites. An upper layer of 
chromit iferous anorthos ite (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% A1 203) 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% A1 203) to a 115m­
thick sequence of pyroxenite (<6.5% A 12°3) which is floored by the MG4 
chromitite. In this part of the Complex the total thickness of this UG1FW 
Unit (285m) is appreciably greater than that of other cyclic units such 
as the Footwa 11, 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 A1 203 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 203) and 
norites (11-21% A1 203); 

gradations 
(160m to 
melanorite 

from one horizon to another, as from 
130m), pyroxenite to leuconorite 
to anorthosite (57m to 8m); and 

pyroxenite to norite 
(125m to 94m) 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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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 detai led 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 th i s chromit i te const i tutes a 11 or part of the MG2 chromi t ite 
layer as the underground borehole was terminated at this point. 

Justification for treating the entire sequence between the MG4 and UG1 
chromitite as a single unit, despite its great thickness of 285m, lies, 
first, in its correspondence wi th the sequence chromi t i te-pyroxen i te­
melanorite-norite-leuconorite-anorthosite which is 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 UG1FW Units (Figure 2.17) and the marked breaks in the trends 
of whole-rock Mg/(Mg+Fe2+) atomic ratio (hereafter abbreviated to the 
MMFwR 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 A1 203 with a concomitant increase in the 
MMFwR ratio up to the MG4 chromitite (Figures 2.2 and 2.10). With 
this is coupled essentially uniform levels of Ni/V ratios (Figure 
2.16) which span a range of values that does not overlap with that 
found in the UG1FW Unit. 
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b) Significant shifts in Cr203 levels in orthopyroxene and values of 
whole-rock MMF wR , FeO/Ti02, 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 MgO (Figure 2.17) yields 
different linear models for the rocks above and below the MG4 
chromitite; the UG1FW Unit is clearly enriched in V relative to the 
MG3 Unit. A similar effect is seen in the plot of Cr against MgO 
which indicates a relative Cr depletion within the UG1FW 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 UGIFW 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 in the over lyi ng UGl, UG2, Merensky Footwa 11 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 gra ins, intersected on a rect il i near gri din each th i n 
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 1200 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 UG1FW 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 UG1FW Unit. 
Here the cumulus orthopyroxene is clearly visible in hand specimens of 
leuconorites (" spotted anorthosites") but the true anorthosites with >28% 
A1 203 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 anyone 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 wi th oph i tic texture or wi th the f abr i c adopted by 
intercumulus pyroxenes within anorthosites. The texture seen here implies 
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Plate 2.6a A large optically continuous crystal of intercumulus 
poikilitic clinopyroxene in a pyroxenite (S-52). This oikocryst of 
clinopyroxene encloses cumulus orthopyroxene and intercumulus plagioclase 
grains. Note the numerous small plagioclase inclusions within the 
orthopyroxene grains. 

Plate 2.6b Adcumulus pyroxenite (S-40) showing the numerous irregularly 
shaped plagioclase feldspar inclusions in orthopyroxene. These inclusions 
are quite distinct from the larger intercumulus plagioclase grains and 
they tend to occur in small clusters. 
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Plate 2.7a Pyroxenite adcumulate (S-44) showing advanced resorption of 
relict plagioclase feldspar. Inclusions are small and, in adcumulates, 
single inclusions may indent adjacent orthopyroxene grains. 

Plate 2.7b Orthocumulus pyroxenite (S-41) showing the typically high 
density of plagioclase inclusions and exsolved clinopyroxene lamellae in 
the cores of orthopyroxene grains, surrounded by a clear zone devoid of 
inclusions. 



35 

Plate 2.8 Cumulus orthopyroxene grains enclosing numerous ovoid and 
embayed plagioclase inclusions in (a) melanorite, S-33 and (b) norite, S-
2! (uncrossed nicols). 

mm 1 i 
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Plate 2.9a An unusual type of zoned orthopyroxene grain with a clear 
core surrounded by a zone containing c. 80 partially resorbed plagioclase 
inclusions of various sizes (pyroxenite S-37; uncrossed nicols). 

Plate 2.9b Pyroxenite (S-40) enclosing a cluster of cumulus plagioclase 
feldspar grains. These cumulus feldspar clusters yielded Sr-isotope 
signatures which are different to other single large plagioclase grains 
and to the pyroxene fraction. 
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partial resorption of feldspar within a melt 
crystallised orthocumulus and adcumulus pyroxenites. 
whereby these relict plagioclase grains became 
ultramafic assemblages are discussed in 2.4.3. 

which subsequently 
Plausible mechanisms 
incorporated within 

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) inc 1 us ions wi th i n cumu 1 us orthopyroxene (i ntragranu lar) i (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 UGI Un i t. 

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 
except ions, lower than core va 1 ues. Reversed zon i ng is absent in the 
norites of the UGIFW Unit but not uncommon in pyroxenites and samples 
within the MG3 Unit. 

Orthopyroxenes of the UGIFW 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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Figure 2.4 Compositional trends for orthopyroxene. Dots indicate the 
average compositions for grain cores while the solid bars represent 
the range (290 core analyses). Dashed lines indicate the range in 
composition for analyses done on grain margins (170 analyses). Each 
point represents the average of a minimum of 3 analyses; in some cases 
between 5 and 10 analyses have been done for each sample. 
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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-I) below the 
UGI in the leucocratic roof zone. The mean MMF ratio in norites is thus 
0.800 ± 0.007, and 0.794 ± 0.007 in 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 (5-66, 5-68 and 5-71) 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 UGIFW Unit. 

Levels of Cr203 in orthopyroxene (Figure 2.4) increase from 0.25% at 180m 
below the UGI 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 Cr203 values for orthopyroxenes in the' MG3 Unit are 
clearly much higher (>0.45%) than those in the UGIFW Unit. Only sample 5-
2 at the top of the UGIFW Unit has a Cr203 value (average 0.51%) 
comparable to those in the MG3 Unit. Figure 2.5 shows a plot of Cr203 
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/Al ratios closely follow the observed trend of the MMF 
ratio and the Cr203 levels in orthopyroxene. A clear pattern of 
oscillation is seen within the pyroxenites above the MG4 chromitite up to 
the 180m 1 eve 1 where a low average of 0.19 is recorded for the Cr I A 1 

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 Cr203 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 Cr203 = 4.92 MMF - 3.58 (cc. = 0.734, 
r2 = 53.9). UGIFW Unit - circles, MG3 Unit - triangles. Solid 
symbols - pyroxenites: open symbols - norites. 

cyclical oscillations. The general pattern through the UG1FW 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 Cr203 levels (averaging 0.02%) 
occurs within the first anorthosite overlying the noritic sequence 
(Figure 2.4, 5-3 and 5-4). 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 (5-1 and 5-2) is, however, remarkable in 
that the average MMF ratios are unusually high at 0.849 and 0.817 (Figure 
2.4) wh il e Cr203 in orthopyroxene exceeds 0.5% in the 1 euconor i te and 
0.25% in the anorthosite. The uppermost leuconorite (5-2) is thus 
anomalously Cr-rich but contains no accessory chromite - the overlying 
anorthusite (5-1) contains chromite as a major modal phase. This 
disseminated chromite is thought to be the result of contamination from 
the overlying UGI 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 Cr203 levels in orthopyroxene (Figure 2.4). 

Hatton (1984) showed that reversals in the expected fractionation trend 
of orthopyroxenes in the eastern and western lobes 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 
En80 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-f, 3 and 4), that greater compositional 
variability is seen. 

EN 

All other 
5 samples 

..: 

wo 

• 

(Bronzite) 

wo 

5-4 5-3 

•• FS 
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 limited study of 
poikilitic clinopyroxenes enclosing orthopyroxenes, and those of 
intercumulus habit, showed the tie-lines between the ortho- and 
clinopyroxenes on 
established for the 
Zones (Figure 2.6). 

a conventional triangular plot to match those 
Lower (Botha, 1987) and Upper (Atkins, 1969) Critical 

2.4.2 Plagioclase feldspar. 

Analyses of the cores of 448 feldspar grains, summarised in Figure 2.7, 
show that the range of composition is AnS7_8S. 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 UG1FW 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/intercumulus 
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 levels and a clear cyclicity becomes apparent. Within the 
basal pyroxenites of the UG1FW 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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Figure 2.7 Average compositions (dots; by microprobe analysis) of cores 
of partially resorbed plagioclase inclusions within orthopyroxene hosts, 
plotted against compositions of cumulus and intercumulus plagioclase 
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 UG1FW Unit (Figure 
2.7). Here the mean compositions of the feldspar cores are An76.5-78.5 
within the upper 25m of the unit (Sample S-l, 2, 3, 4, 5, 6 and 7). 
Compositions of cumulus feldspar within the underlying norites are An73.5_ 
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 UG1FW 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, f02 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 liquid 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 enforc~ 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 2.9 A. Plot of average wt. %Fe203 in plagioclase against mol. %An 
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 %Fe203 in the small, partially resorbed plagioclase 
inclusions within orthopyroxene hosts plotted against the average 
wt. %Fe203 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% Fe203 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 0, 
with tota 1 Fe represented as Fe203 (Tab le 04). The original data were 
also recalculated to an assumed Fe203/FeO 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 08). 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 MgO (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 FeO/Ti02, 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 lower bulk distribution 
coefficient and accordingly measure the chemical IIprimitiveness ll of the 
rock. 
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2.5.1 Major element variations. 

MMFWR 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 MMFwR ratios is the lower of the 

two anorthosite layers in the uppermost 20m of the UG1FW Unit. This 
ratio is decoupled from the trend for feldspar compositions insofar 
as the most calcic plagioclase within the Unit occurs in these 
anorthosites. 

b) There is no simple trend within the column beneath the anorthosite 
roof. The highest (or most primitive) MMFwR ratios are encountered 
immediately beneath the anorthosite roof of the UG1FW Unit where 
values in excess of 0.80 are recorded (S-9, 10 and 11). The lowest 
MMFwR 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). 

c) Chemical trends through the Footwall, Merensky and Bastard Units in 
the northwestern limb of the Complex display a saw-tooth pattern 
(see Figure 3.3 and Eales et a1., 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 UG1FW Unit or the MG3 Unit. 

The general pattern seen in both the MG3 and the UG1FW Unit shows an 
overall upward increase in the MMFwR ratios. MMFwR 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) in the footwall of the MG4 chromitite. The pattern of 
variation is more complex in the UG1FW Unit where a distinctive 
pattern of cyclicity in MMFwR 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 gradua 1 decl ine. Ea les et a 1. (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 FeO/Ti02 (Figure 
2.10), Ni/V and Cr/Co ratios (Figure 2.16), and Cr203 levels in 
orthopyroxene (Figure 2.4). This subdivision of the UGIFW Unit 
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Figure 2.10 Stratigraphic variations of whole-rock data through the MG3 
and UGIFW Units. The first two profiles of whole-rock ratios have been 
smoothed in part by employing three-point moving averages. Here the 
ratios of MMFWR (atomic Mg/(Mg+Fe) where all Fe is expressed as Fe2+) 

and,FeO/Ti02 are shown as well as the oxides Ti02 and MnO (Wt.%). 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 FeO/Ti02 ratios, 
and feldspar data suggest that sub-cycle 3 is probably composite 
(see summary Figure 2.20). 

Values of Ti02 in both the MG3 and UGIFW 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 UGI 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 Ti02 in the MG3 and decrease in the 
UGIFW Unit. 

Manganese (MnO) 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 UG1FW 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. MnO 
concentrations in the noritic sequence once again show a general decrease 
through the leucocratic sequence and marked inflections in MnO levels are 
seen close to the base of individual sub-cycles. 

Whole-rock A1 203 levels (Figure 2.2) provide a measure of the normative 
plagioclase in norites and pyroxenites (see also Figure 1.5), where 

or + ~+ an = 3.03 A1 203 + 0.73 (ee. 0.9996, n = 56 samples). 

This linear model over-estimates the normative plagioclase in 
anorthosites where feldspars are more calcic (aluminous). Variations in 
A1 203 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 CaO, Na20 and K20 (Wt. %) for the MG3 
and UG1FW Units. The Sr/AI203* 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 K20 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 08. 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 MgO 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 ionic radius of 1.18 ! which is intermediate between 
that of Ca2+ (1.01 !) and K+ (1.33 !) and which distributes itself between 
Ca2+- and K+-bearing feldspars. Strontium reflects, almost directly, the 
modal proportion of plagioclase in these cumulates and the reverse linear 
relationship between Sr and MgO (Figure 2.17) demonstrates this feature. 
Experimental studies by Drake and Weill (1975) indicate that the 
distribution coefficient of DP1ag is greater than unity. This is in Sr 
agreement with est imates from natural systems by Griffin and Murthy 
(1969) and Phi lpotts and Schnetzler (1970) which indicate that DP1ag is Sr 
approximately 1.3 in tholeiitic melts. By contrast, Frey et al. (1978) 
give DSr 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 
pyroxen i tes (30-70ppm) and high in the anorthos i te footwa 11 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 203* 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 UGI 
chromitite while more scatter is recorded in the lower pyroxenitic part 
of the unit (Figure 2.11). A brief description of the Sr/A1 203* 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 Plal!:ioclase OrthQl1YrOxene Clino~roxene Olivine Biotite 

Sr 1.3(1+2) 0.016(3) 0.165(3) 0.003(10) 0.08(5) 
2.2(5) 0.018(10) 0.07(5) 0.001(5 +22) 
1. 5-2.2(22) 0.01(5) 0.067(19) 0.00019(19) 
3.06(20) o .007(19) 0.1(21) 0.01(2) 
1.75(23) 0.16-0.28(22) 0.01(20) 

Co 0.1(16) 2.0(3) 1.2(3) 1-7(10) 
0.026(4) 0.5-2.0(25) 3.1(4) 

1. 7 _4.9(11) 4.8(9) 
1.2(4) 
1. 2(9) 

Cr 0.01(5) 2.0(5) 10(5) 0.2(5) 7.0(5) 
0.1(15) 20(9) 2.7(9) 
0.026(4) 40(14) 3.1-10(13) 

1.2(4) 3.1(4) 

V 0.1(15) 0.3(3) 1.5(3) 0.04(10) 
0.06-3.4(10) 1.3(9) 0.09(3) 
0.5-2.3(11) 0.94-4.1(11) 0.05(9) 

0.06-3.4(17) 

Zn 0.13(4) 0.49(5) 0.49(4) 1. 8(4) 
0.49(4) 

Ni 0.01(5) 1.1-3.1(10) 2.0(5) 10(5) 3.5(5) 
0.2(12) 4.0(5) 2-4(3) 3.8-35(3) 

5_3(3) 6.5(11) 4.8-34(8) 
4.5(9) 23.8(9) 

Sc 0.008(4) 0.53-1. 4(10) 3.1(3) 0.37(10) 
0.01(18) 1.1(3) 0.33(4) 
.017 -.065(10) 3.3(4) 0.25(3) 

Rb o . 05(1) 0.004(10) <0.05(1) 0.0001(5) 3.1(5) 
0.03(2) 0.0006(19) 0.017(10) o . 00018(19) 0.94-3.3(2) 
0.07(5) 0.001(5) 0.0011(19) 0.01(2) 
.03-.0002(21) <0.05(1) 0.001(5) 0.01(3) 

0.03(21) 0.002(21) 

Zr 0.01(6) 0.01-0.03(6) 0.1(6) 0.01(6) 
0.12(10) 

Y 0.009(3) o . 2(3) 0.002(3) 0.03(6) 
0.031(10) 0.2(6) 0.5(6) 0.01(6) 
0.03(6) 1.65(24) 
0.014(20) 
0.049(24) 

Cu 0.004(4) 0.071(4) 0.071(4) o . 47 - 0 .27(10) 
0.24(11) 0.023(4) 

K 0.2(10) 0.001(5) 0.0026(10) 0.001(5) 2.7(5) 
0.2(5) 0.001(11) 0.002(5) 0.0018(19) 

0.002(19) 

Ti 0.4(6) 0.3(6) 0.2(6) 
0.34(9) 0.07(9) 

1. Griffin and Murthy (1969) 14. Campbell and Barley (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. Sa lpas et a 1. (1983) 
6. Pearce and Norry (1979) 19. Hans.n (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) 
10. Irving (1978) 23. Morse (1982) 
11. Ewart et al. (1973) 24. Morse and Nolan (1985) 
12. De long (1974) 25. lindstrom and Weill (1978) 
13. Flower (1973) 
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Figure 2.13 Whole-rock trace element variations in ppm for Sr, Rh, Zr and Y 
through the Spud shaft profile. Stratigraphic height is given in metres 
below the UGl chromitite layer and arrows indicate data points off scale. 
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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 
ale (1978) for clino- and orthopyroxene respectively. Data of Paster et 
ale (1974) ShOWD~~agfor plagioclase to be approximately 0.03. 

Who le-rock Co va lues rarely exceed 120ppm in the pyroxenit ic sequence 
(Figure 2.14 and 2.17) though an anomalously high value of 141ppm was 
recorded for 5-34. An overall pattern of decreasing absolute Co is seen 
through the UG1FW 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 ale (1979) are D~~x = 10 and D~~g = 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 va lues recorded in these rocks - in excess of 4000ppm (Figure 
2.14). A clear distinction is seen between the Cr values in the MG3 and 
UG1FW Unit when plotted against MgO (Figure 2.17). Here higher Cr values 
of the MG3 Unit are offset from those recorded for the UG1FW Unit. Apart 
from minor disseminations of chromite directly above the MG4 chromitite 
1 ayer, and more promi nent 1 y wi th i n the anorthos He footwa 11 of the UG1 
chromitite, chromite does not occur within the UG1FW Unit pyroxenites and 
norites. Levels of Cr within the lower pyroxenites are generally above 
2500ppm. As for Co, an overall pattern of decreasing Cr is seen 
throughout the unit. The presence of disseminated chromite in the 
anorthosite footwall of the UG1 is reflected where Cr values approaching 
1000ppm were recorded in samples 5-0, 5-1 and $-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 
al. (1978) quote a D~px 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 UG1FW Unit pyroxenites are well 
constra i ned between 160 and 180ppm and then gradua lly decrease through 
the noritic sequence to around 10ppm in the UG1 footwall (Figure 2.14). 
The 1 itho logies of the MG3 Unit (both norites and pyroxenites), on the 
other hand, indicate lower levels of V when compared with their 
counterparts in the overlying UG1FW Unit. The V - MgO 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: 

UG1FW Unit 
MG3 Unit 

V = 7.00 MgO - 4.74 (cc. 0.9829, n = 59); and 
V = 6.14 MgO - 14.4 (cc. 0.9565, n = 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 MgO (Figure 2.17) or A1 203 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 

Zn 
(combined ortho- and clinopyroxene) and 0.13 for D~~g is used by Paster 
et al. (1974). Cox et al. (1979) also quote a distribution coefficient of 
0.49 for orthopyroxene. 
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Although some scatter is evident for Zn within the pyroxenites of the 
UG1FW 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. 

Hkkel (Hi) 
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 ale (1978) suggest that nickel partitions very 
strongly into both clino- and orthopyroxene, with DNi 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 
linear way with respect to MgO (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 decreas i ng trend 
through the noritic sequence as Zn, Co, V and Sc. 

Scandium (Sc) 
Frey et ale (1978) recommended values of DSc = 3.1 for clinopyroxene, and 
1.1 for orthopyroxene. Data from Paster et ale (1974) suggest an 
extremely low D~!agof 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 UG1FW 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. 

Interelement ratios 

In the discussion above it is 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 UG1FW 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, UG1FW Unit and the overlying UG1 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 UG1FW 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 
UG1 Unit at Union (de Klerk, 1982). 

A clear distinction is also recorded for the Cr/Co ratio between the MG3 
Unit and the UG1FW unit (Figure 2.16) and, like the Ni/V ratio, the muted 
osci llations within the UG1FW Unit support the definition of separate 
sub-cycles. 

Trace elements incompatible in all phases of the UG1FW 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 MgO 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 limited 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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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 D~~ag 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 X) is larger than that of K (1.33 X) 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 limits of detection to 5ppm, but are generally below 3ppm. An 
anomalously high value of 10.6ppm is recorded for sample 5-7 and is 
thought to be the result of partial deuteric alteration (mainly 
saussuritisation) adjacent to an intrusive dyke of Pilanesberg age. 
Higher K20 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 X and a charge of +4, 
does not enter any of the major cation sites in common cumulus minerals, 
concentrating itself rather in the residual liquid and ultimately 
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 
UG1FW Unit, although breaks to lower values above the MG3 and MG4 
chromitites are evident(Figure 2.13). 
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Figure 2.18 Plots of incompatible trace element variations (in ppm) vs MgO 
(Wt.%). Solid dots are for the UGIFW Unit while the open circles 
represent the MG3 Unit. 

Yttrium (Y) 
The distribution coefficient D~lag 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~Pxfor 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 Fe2+ (0.76 'A) 
and Ca2+ (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 UG1FW Unit (Figure 2.13). Once again, clear breaks 

to lower values are recorded above the MG3 and MG4 chromitite layers. 
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Copper (Cu) 
The d i stribut ion coeffic ients of p lagioc lase (D~~ag) and pyroxene (D~:) 
are extremely low and a Dcu value of less than 0.1 is recommended for 
both these minerals (Paster et a1., 1974). Frey et a1. (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 liquid. 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 UG1FW 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 87Sr /86Sr initial ratios (Sri) has been 
compiled by Ea les et a 1. (1990a) for the central part of Union Section 
utilising samples taken from above the UGI in the UB profile (boreholes 
8235, 8232) and from the 20-level crosscut through the MG3 and UG1FW 
Units (Figures 1.2 and 1.3). For illustrative purposes the composite Sri 
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 UG1FW Units is presented below. 

1. In all but two samples through the MG3 and UGIFW Units the range of 
whole-rock Sri 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 UG1FW Unit, yielded a value of 0.7073. A 
repeat analysis recording 0.7074 confirmed this high ratio. 

2. Sri 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 Sq 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 Sri values gives some 
insight into 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 ale (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 ale (1990a) from which the following extracts 
(single-spaced text) are taken. 

(a) The UG1FW 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 



69 

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 UGl 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 UGl 
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-4O). Intragranular, cumulus 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 liquids 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 1 iquid to the 
crystallising column, causing a reversal of fractionation trends. 

(c) Sri ratios vary in an unpredictable manner from one sample to another. This indicates that the 
UGlFW 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 settfuig under gravity, or 
under the influence of currents. 

(d) Sri 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 Sri variations can best be 
attributed to the feldspar population being a mixed one. 

(e) The plotting of peak MMF ratios of orthopyroxenes of the UGlFW, VGl and UG2 Units, as 
determined by microprobe analysis, against whole-rock Sri 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 (Sri = 0.7054; MMF = 0.78-0.79) and P (Sri = 0.7068; MMF = 

0.82) is thus a viable hypothesis. 

(t) Whole-rock major- and trace-element data indicate at least 8 sub-cycles between the MG4 and the 
UGI 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/FeO, 
MMF, Ni /Sc and Cr/V. Incompat ib le 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). 

(g) 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 UGl, UG2, Merensky and Bastard Units. The 
orthopyroxenes average 0.336% Cr203 (std. dev. = 0.045%; 43 samples; 393 analyses). By 
contrast four Union Section borehole intersections of the UG2 pyroxenite show average Cr203 
levels to be 0.492%,0.463%,0.417% and 0.412% Cr203, 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 UGlFW 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 
24.0 ± 15 (range 22.8-27.2) within the overlying UGI and UG2 Units at Union Section, and 24.20 
± 0.85 (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 UGlFW 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 UG1 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 simi larities in 
magma chambers and metallurgical systems. He pointed out that this 
feature is common in the roof and wall zones of magma chambers and 
i s II a manifestation of vigorous nonlaminar convection which seems almost always present in 

solidifyingmelts ll
• Rice (op. cit.) suggests that since the convection is 
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nonlaminar, repetitive temperature variations in the melt at the 

crystall isation front serve to favour precipitation of first one 

component then another, which produces a banded structure in the 

so 1 id. 

(i) Structures at the top of the UGIFW Unit in close proximity to the UGI 

chromitite (i .e. the basa 1 contact of the UGI 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/A1 203* ratio is noted for the UGIFW Unit when 

compared with the overlying Upper Critical Zone Units. This ratio 

varies between 14 and 15 in the majority of samp les of the upper 

noritic suite of the UGIFW 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 203* 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 UG1FW Unit that have been presented 
and discussed in the preceding sections are unique when compared to other 
Upper Critical Zone units. The patterns of cryptic variation, 
petrographic features, isotopic signature and gross geochemical 
character i st i cs of the un it support a hypothes i s that the UG1FW Un i t 
developed in response to periodic additions of a more primitive magma to 
a somewhat evo 1 ved res i dent 1 i qu i d co 1 umn. The new pu 1 ses 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 
cycl icity within the UG1FW Unit and highl ights 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 (Sri 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-l;qu;d components may have been 
achieved by convective overturn. The P- Hqu;d is hypothesised to have 
been akin to the parental magma responsible for the mafic layers of the 
overlying Upper Critical Zone units, like the UG1 and UG2 Units which 
have a Sri 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 Sri ratio c. 0.7054 
MMF of orthopyroxene c. 0.785 
Cr203 in pyroxene c. 0.25% 
Plagioclase c. An70 
Whole-rock Ni/V c. 2.9 and Cr/Co c. 20. 

P-liquid Sri ratio c. 0.7068 
MMF of orthopyroxene c. 0.82 
Cr203 in orthopyroxene c. 0.5% 
Plagioclase c. Anru~5 
Whole-rock Ni/V c. 3.5 and Cr/Co c. 30. 

SUlllllc1ry of Model 

A genet i c mode 1 to account for the cyc 1 i city and deve 1 opment of the 
entire UG1FW Unit has been presented in Eales et ale (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 Sri ratio of the 
liquid was c. 0.7054 and it was nucleating plagioclase feldspar (An70) 
and Mg-poor orthopyroxene in cotectic equilibrium. 

Stage B. An influx of a hotter and denser P-liquid (Sri ratio c. 0.7068) 
was then emp 1 aced between the crysta 11 i ne floor and the over lyi ng 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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Figure 2.21 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 UGIFW Unit. 
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floor and the ratio of PIS liquid, and the temperature, were initially 
highest at the base of the layer. 

Stage C. Suspended small primocrysts of plagioclase feldspar were partly 
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 l1quid and on 
crystallisation this yields cumulates with higher Cr levels and 
orthopyroxene MMF rat i os. Occas i ona 1 reversed zon ing of cumu 1 us 
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. All sub-eye les 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-l iquid had temporari ly 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 UGIFW 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-liquid 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 limited thickness (e.g. cycles 1 and 2 in 
Figure 2.20) without pronounced reversals in the trend of cryptic 
variation; larger influxes of P- Hquid yielded thick sub-cycles within 
which significant increases in MMF ratio and Cr203 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 UG1FW Unit. 
Cumulus plagioclase crystallised at the base of sub-cycle 4 producing the 
first two layers of melanorite within the UG1FW sequence at c. 175m and 
165m below the UG1 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 ale (1990a). These rocks are 
predominantly made up of norites (up to 13m below the UG1 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 liquid reached the orthopyroxene-plagioclase cotectic. Factors 
which may have aided the hybrid liquid 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 
wh i ch its dens i ty starts to ri se and may eventua lly exceed that of the 
parent liquids (P-Hquid). Eales et ale (1990a) point out that it is 
significant that the lowest MMF ratios in the UG1FW Unit norites, and the 
lowest Cr203 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 level, 
but remained trapped there as intercumulus liquid. 

Within sub-cycles 5-7 normal zoning is recorded for cumulus orthopyroxene 
gra i ns and a drop in MMF and Cr va 1 ues is recorded between cores and 
margins of individual grains. Occasional cumulus plagioclase grains 
display oscillatory zoned growth patterns and these complex crystals are 
juxtaposed 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 Cr203 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 
UGI 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 
ale (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 MgO, 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 ale (1990a) noted that less fluctuation is 
displayed by the Sri 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 SIP-type 
feldspars are more effectively buffered in norites, where feldspars are a 

major modal constituent. 
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The layer of leuconorite near the top of sub-cycle 7, which is 12-20m 
below the UG1 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 A1 203 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 
Cr203 value of 0.03% (sd = 0.01). Whole rock ratios of MMF, FeO/Ti02, Ni/V 
and CrlCo 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 leuconorite of the UG1FW Unit (4-6m below the UG1 
chromitite), at the base of sub-cycle 8 (Figure 2.2 and Plates 2.2 and 
2.4.), displays higher whole-rock CrlCo and MMF ratios and Cr203 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 UG1 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 mi croprobe data show that Cr203 va 1 ues of orthopyroxene are high in 
sub-cycle 8 and the MMF ratios now match those of orthopyroxenes in the 
overlying UG1 Unit (see Eales et al., 1990a, Fig. 5). 

It is within the upper part of this anorthosite, at the top of the UG1FW 
Unit or the immediate footwall of the UG1 chromitite, that the well-known 
anastomosing and disrupted layers of chromitite occur (see 2.2 and Viljoen 
et ale 1986a). Eales et ale (1990a, p.41) suggest that these features are 
the result of the interaction between a feldspathic residue of the UG1FW 
Unit, almost wholly deficient in ferromagnesian components, and the 
parent P-liquid responsible for the overlying UG1 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 UG1FW 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) lithologies 
Zr/Y ratios typical of the Upper Critical Zone lineage. The average 
Zr/Y ratio calculated for the combined MG3 and UG1FW 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 Sri 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 Sri ratio in the immediate footwall of the UG1 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 liquids, and residual, feldspathic liquids (Eales, 1987; 
Botha, 1987) remains the favoured model. After the precipitation of 
copious amounts of chromite (UG1 chromitite layer) onto the 
unconsolidated anorthosite floor, at least 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 UGIFW 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 th i s texture is seen on ly where resorpt i on has been i ncomp 1 ete -
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 
a 1., 1986a), the deve 1 opment of a genet i c magmat i c mode 1 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 rough ly a long 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 
ale (1984 and 1986) and include MgO, K20, P20S, 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 UG1 Unit is available. More 
complete sample coverage was obtained for the 8astard 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 (8235), supplemented by underground sampling, and two further 
boreholes (8232 and 8222) which were drilled through a pothole sequence 
1.2km to the east of 8235 in the vicinity of Spud shaft (see de Klerk, 
1982, p.60). 

UC 

This borehole (ZK-10), located 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 
UG1 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 UFo 

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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UD 
SAMPLf Sr Rb Y lr Co Cr 

UO-l 17.1 11.4 10.9 21.8 103 4471 
UO-2 55.4 12.4 7.0 33.1 90 3433 
00-3 68.1 9.5 7.6 14.1 89 3426 
00-4 73.1 7.2 6.6 15.1 90 3202 
UD-5 75.7 2.7 6.9 12.6 88 3587 
UO-6 72.0 3.5 6.4 11. 7 93 6825 
UO-7 77.5 5.6 4.9 12.1 94 5287 
UO-8 65.6 6.6 6.4 13.5 97 4247 

" Metres be low basa I contact of Pseudoreef. 
Thickness of Pseudoreef • 5.1m. 
Base of UG2 chromitite at 13.7Om. 

V 

156 
138 
132 
126 
130 
153 
114 
118 

Top of Pseudoreef to base Bastard Unit· 39.1m 

UE 
SAIIPLf Sr Rb Y lr Co Cr 

Uf-l 66.1 0.0 6.7 8.1 113 3577 
Uf-2 72.8 1.9 5.1 7.1 90 3367 
Uf-3 23.7 4.2 9.0 14.3 96 3718 
Uf-4 35.7 6.1 8.0 17.8 97 3360 
UE-5 44.5 2.1 B.l 9.8 94 3400 
UE-6 70.5 0.0 5.1 4.6 88 3432 
UE-7 46.5 7.3 7.3 17.2 92 3449 
Uf-8 73.6 0.0 4.6 6.6 90 3429 
UE-9 74.1 0.0 6.9 6.1 88 3639 
UE-IO 70.3 0.0 6.4 6.3 90 5216 
UE-11 42.9 2.5 7.0 9.5 96 5884 

UE-12 61.0 1.4 4.3 6.4 134 4222 

• Metres be low basa I contact of Pseudoreef. 

Thickness of Pseudoreef - 3.lm. 
Base of UG2 chromitite at 16.2m. 

V 

127 
119 
159 
144 
137 
117 
137 
112 
123 
143 
163 
102 

In Cu Hi Metres 

87.1 36.0 725 0.2 
77.1 26.3 563 2.2 
85.4 31.4 568 4.2 
78.2 31.4 544 6.2 
75.8 25.3 558 8.6 
89.5 3,.8 632 10.5 
72.7 22.8 704 11.1 
7?5 ?0.4 736 12.0 

In Cu Nt Metres 

87.4 1199 1876 0.2 

77.0 75.7 594 1.4 
86.3 35.3 613 3.0 
94.4 34.6 641 4.4 
78.1 34.3 557 5.8 
73.1 32.2 543 6.9 
87.2 39.2 598 8.0 
73.1 38.3 551 9.5 
71. 5 37.3 549 11.0 
82.3 37.7 591 12.3 
79.2 41.0 681 13.3 
71.8 20.7 1207 14.5 

Top of Pseudoreef to base 8astard Unit - 25.8m (Merensky Reef in pothole). 

UF 
SAIIPLE Sr Rb Y lr Co Cr 

UF -I 36.7 21.3 12.0 41.5 93 3411 
UF -2 86.6 1.4 5.6 10.8 86 3177 
UF -3 89.4 1.8 3.8 10.4 86 3167 
UF -4 88.7 3.6 4.5 12.3 86 3276 
UF -5 87.4 1.8 4.2 8.3 89 3407 
UF-6 66.9 8.9 7.8 11.8 90 3081 
UF-7 54.4 5.2 8.6 13.5 91 3856 
UF -8 72.5 3.0 3.3 7.1 91 4175 
UF-9 39.5 5.0 8.3 16.2 - -

UF-IO 70.7 2.8 7.9 6.0 114 5361 

• Metres be low basa I contact of Pseudoreef. 
Th ickness of Pseudoreef • 3.lm. 

8ase of UG2 chromitite at 14.65m. 

V In Cu Hi Meters 

143 92.2 66.0 720 0.2 

III 74.8 32.8 514 1.7 
114 69.6 31.8 534 3.3 
113 79.8 40.7 593 4.9 
109 72.6 34.7 542 6.6 
125 75.7 35.6 539 8.3 

148 88.2 34.1 585 10.1 
125 74.7 27.5 555 11.9 

- 80.7 30.1 601 13.1 
114 85.2 29.8 1069 13.4 

Top of Pseudoreef to base Bastard Unit ca. 26m (Merensky Reef in pothole). 
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Figure 3.2 Stratigraphic logs and positions of individual samples for 
the UG2 Unit profiles UD, UE and UFo 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 is presented in section 4.5. Figure 3.1 also reveals the 
fo llowi ng 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 
(UA - 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 mi ne, and, second ly, 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 
1 ayers has expanded to the po i nt at wh i ch they coa 1 esce 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 II Footwa 11 Marker" at Rustenburg (Vi ljoen and Hieber, 1986). 
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3.4 Whole-rock compositional variations. 

A 11 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 Fe203' The original data for UA and UC were also recalculated to an 
assumed Fe203/FeO 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 (MMFwR ratio, A1 203, Ti02, MnO, 
K20, Ni/Sc ratio, and the trace elements Sr, Rb, Zr, Y, Co, Cr, V, Zn, 
Cu, N i and Sc). 

Whole-rock MMFwR 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 units, 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 1 ittle variation below a threshold whole-rock 
value of 26% A1 203 but rapid decline in the ratio occurs within the 
overlying leuconorites and anorthosites. A minor reversal in trend occurs 
in the uppermost samples immediately be low 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 K20 across the Merensky -
Bastard Unit contact (Figure 3.5). K20 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 K20 
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 usefu 1 i nd i cators of crypt i c 
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 ale (1984) at Union and Rustenburg by 
plotting whole-rock Sr against %MgO. 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/A1 203* ratio against stratigraphic height at 
Union and Amandelbult Sections. Here the A1 203* value reflects the 
residual A1 203 after the Al content of pyroxene has been subtracted from 
the whole-rock value as follows: 

1 * - A 1 0 (M9~ 1 0 ) A 203 - 2 3 rock - MgO X A 2 3 pyroxene 
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 ale (1986), must be 
made. The Sr/A1 203* ratio was used effectively by Eales et ale (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 unique Sr signature that is characteristic of 
individual units at Union Section the Sr data for the three profiles have 
been plotted against MgO for each of the Bastard, Merensky, Footwall and 
UGIFW Units (Figure 3.6). This approach is adopted here because 
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Figure 3.6 A) Stratigraphic variations of whole-rock Sr (ppm). 
B) Scatter plots of whole-rock Sr against %MgO for the three profiles 
(VA, VB and VC) in the Bastard, Merensky, Footwall and upper part of the 
UG1FW Unit. Regression analyses in each unit indicate that each has its 
own characteristic Sr content which is laterally consistent along strike. 
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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 UG1FW 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 UG1FW Unit (Figure 2.17). 

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

Correlation Number 
Unit Linear Model Coefficient Samples 

Bastard Sr = 382 - 12.6 MgO -0.994 57 
Merensky Sr = 416 - 14.5 MgO -0.998 41 
Footwall Sr = 484 - 14.7 MgO -0.988 32 
UG1FW (UB & UC) Sr = 483 - 17.3 MgO -0.983 16 
UG1FW (SO - S36) Sr = 487 - 17.2 MgO -0.990 37 
UG1FW (All S samples) Sr = 494 - 17.8 MgO -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 ef sulphide in 
the UG1FW 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-l. 

UnH Bastard Merensk_y Footwall UG2 UGl UGIFW 

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 va 1 ues may be introduced by the presence of su 1 ph ides, 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 
ale (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 ale (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. 
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3.5 Summary. 

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

(a) Levels of trace and minor elements are dominated by the modal 
compos it ion of the host rock, and care is thus demanded in the 
interpretation of cryptic variations. 

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

(c) 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, lr and Y. 

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

(e) K20 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 K20 levels of the plagioclase (as shown in 
4.8.4). 

(f) Interelement ratios like MMF and Ni/Sc clearly illustrate the nature 
of cyclicity in the Upper Critical lone. Primitive values at the 
bases of individual units give way to more evolved levels upward 
through the sequence. Some cycles are incomplete and do not display 
upward fractionation (UG1, 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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Figure3.11 Stratigraphic variations of whole-rock Y and Cu (ppm). 
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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 simi lar sequence of rocks occurred IO-I5m 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. Occasionally, exploration trenches were 
inadvertent 1 y sited we 11 into the hang i ngwa 11 of the Merensky Reef, and 
the exposed sequence was incorrect 1 y i dent i f i ed as the Merensky Reef. 
Th i supper "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.I07):-
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"Boreholes put down on Forest Hill No.342 and Maandagshoek No.l48 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 
fo llowing. 

"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 o\lerlying 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 layers 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 is 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 
eastern Bushveld where only norites 
Booysendal). 

present in some areas of the 
are developed (Turfpan and 

* 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 layer 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 [i.e. 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 V-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 p laced 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 (Sri) through the Upper Critical - Main 
Zone succession. This work has been widely quoted in the literature 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 crysta 11 i sat i on of the bu 1 k of the Ma in 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 ale (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 Union Section on three Upper Critical Zone 
profiles between the UG1 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, is also included in the database (this mining 
venture is now controlled by Rand Mines and called the Crocodile River 
Platinum Mine). 

Seventeen vert i ca 1 prof il es, with varyi ng dens it i es of samp 1 i ng, 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 171km of strike, are thus presented (from 
left to right) in the following order: 

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

4.3 The definition of cyclic units. 

1 profile 
1 profile 
2 profiles 
3 profiles 
2 profiles 
3 profi les 
5 profiles 

Cyclicity of cryptic variation and other geochemical parameters in an 
orderly sequence of layered 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 layer 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 UG1 
chromitite layers as being typical of the first sequence. 

A short review of different criteria userl 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/A1 203* 
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, UG1FW, UG1 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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b) 

Figure4.2 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 lowermost lithologies only (UGl, UG2 and Pseudoreef Units). The 
incomplete development of a cycle might be the result of either the 
removal at a later stage of the upper lithologies or incomplete 
deve lopment before the onset of renewed crysta 11 i sat i on 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 gradat i on of geochemi ca 1 parameters with i n 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 l1km 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 11km 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.l064-
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 (l986) 
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 (l969) 
Union 29 67 2.3 Feringa (l959) 
Amande 1 bu It 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 mottled 
(poikilitic) anorthosite which forms the top of the Merensky Unit. 
This anorthosite is often devoid of intercumulus mafic minerals 
(mottles) along the immediate contact (l-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 4.3 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 is 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-layered 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 d i st i nct ive fabric produced by acicu lar orthopyroxene crystals 
and tabular cumulus plagioclase crystals which are randomly orientated 
in the plane of layering. 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 Smm 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 IImovement a long the fau It has developed a mud seam a long 
the fault plane ll

• No evidence of any significant displacement has been 
recorded, a 1 though s 1 i ckens i des are ev i dent. Hydrotherma 1 a lterat ion 
of the immediate footwall and hangingwall rocks, in the form of 
saussuritisation and serpentinisation of the anorthosites and 
pyroxen i tes, respect i ve ly, is a 1 so common. Rare underground exposures 
where the basal chromite layer has been preserved also display a 
IIdimpled li 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 4.1a). A colloquial term, 
"Bastard Reef" has also been applied to this pyroxenite, but generally 
refers to the lower (IS-30cm) sulphide-bearing, mineralised part of 
the layer. This pyroxenite (usually 4-Sm thick) varies in thickness 
from lScm in the Brits area to as much as S.Sm in the UA profile. 
Occasionally, a patchy development of a coarse pegmatoidal texture is 
seen in the lower 10-lScm of the pyroxenite, as in the Merensky Reef. 
Larger crystals (oikocrysts) of clinopyroxene, up to 2cm in diameter, 
wh i ch part ly or who lly enc lose smaller cumu lus 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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Plate 4.1a Contact between the Bastard pyroxenite and the underlying 
Merensky Unit (mottled anorthosite). Here the basal chromitite layer of 
the Bastard Unit has been destroyed by the pronounced bedding plane 
shear. Locality - Rustenburg Section, Townlands shaft 7 crosscut north. 

Plate 4.1h Contact between the leuconorite and the overlying LGMA. Note 
the distinctive layering and suggestion of penecontemporaneous 
deformation within the leuconorite (pencil for scale in leuconorite). 
Locality - Union Section, Richard shaft 11-6S crosscut east. 
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* With the appearance of cumulus feldspar the pyroxenite gives way to a 
noritic sequence with the pyroxenite-norite contact being gradational 
rather than sharp. The noritic package is characterised by melanorite 

at the base, and the progressive introduction of more cumulus 

plagioclase feldspar upward through the sequence results in a 

leuconorite at the top (Plate 4.1b). A characteristic feature of this 

noritic layer at Union and Amandelbult Sections is a diffuse yet 

distinctive layering near its top. At Rooderand, and further to the 
south of the Pilanesberg, the norite and leuconorite contain discrete, 
thin anorthosite partings. Leeb-du Toit (1986, p.ll02) records that 
between two and three anorthosite layers occur approximately 2m from 
the top of the norite in the Impala area. Personal observation, as 
well as information published by Vermaak (1976, p.182, columns 13 & 

14) and Kruger (1982, p.16), confirm the existence of a thin but 
distinctive anorthosite layer within the leuconorite at RPM. 

* Overlying the leuconorite is a distinctive, composite anorthositic 

sequence made up of poikilitic anorthosite, generally known as the 

Giant Mottled Anorthosite (GMA). Examination of underground exposures 
of the interface between the underlying leuconorite and the GMA 

indicates that intercumulus pyroxene may sometimes form a continuous 
layer at this boundary (Plate 4.2a). At other localities the boundary 

is characterised by distinct layering of cumulus orthopyroxene at the 
top of the leuconorite (Plate 4.1b). This boundary layer is 
occasionally characterised by textures which indicate that significant 
movement took place in the semi-consolidated crystal pile before 
solidification. "Soft sediment deformation" textures like flow-folding 
and slumping of the layers are evident (Figure 4.1b). Overturned flow­
folds and slump structures, up to 3m in length, are also reported at 
this level at Northam Platinum Mine (M. Botha, pers. comm. 1991). 
Similar features have been documented in feldspathic peridotites on 

the Isle of Rhum (Wadsworth, 1973). The thickness of the entire GMA 

varies between 25 and 54m, although the LEF profile would appear to 

display an anomalously thin anorthosite of only 2.5m. The GMA layer 

can broadly be subdivided into three distinct parts. Feringa (1959) 
and Cousins (1964, 1969) also recognised these sub-divisions. 
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Plate 4.2a Contact between the leuconorite and the overlying LGMA. Here 
a distinctive layering is developed within the mottled anorthosite c. 
20cm above the contact (pencil for scale in leuconorite). Locality - Union 
Section, Richard shaft 11-6S crosscut east. 

Plate 4.2b Contact between the LGMA and the GMM. Note the contrast in 
size of the mottles between these two lithologies. Locality - Union Section, 
Richard shaft 11-6S crosscut east. Person in photograph is Dr. C.A. Lee. 
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a) The Lower Giant Mottled Anorthosite (LGMA) is recognised as being 

quite different in character to the rock types higher up in this 

sequence. It is characteristically made up of an anorthosite with 

large, diffuse, grey mottles of ortho- and clinopyroxene (>10cm in 

diameter) set in an adcumulus anorthosite (Plates 4.lb and 4.2a & 

b). The anorthosite between the mottles is usually snowy white but 

does display local subtle variations in colour from white to grey, 

while in areas of Pothole Merensky Reef at Union Section it has a 

distinctive pinkish hue. The LGMA is readily recognisable throughout 

the western Bushveld and ranges in thickness between 7.2 and 15.6m. 

It has an average thickness of 14m in the Union and Amandelbult 

areas while in the Rooderand area, and southward (Western Platinum 

Mine) the layer is generally thinner at 6.5-10m. 

b) The middle portion, here termed the Giant Mottled Middling (GMM), is 

predomi nant ly a II mixed zone ll of leuconorite and anorthos ite with 

small mottles, sometimes termed lIanorthositic norites ll or IIspotted 

anorthosites ll in the literature and mining company borehole logs. 

This lithology has a mixed character, with the leuconorites often 

displaying subdued mottling and in some cases grading into small­

mottled anorthosites (Plates 4.2b and 4.3a & b). 

c) The Upper Giant Mott 1 ed Anorthos ite (UGMA) is character i sed by an 

anorthosite in which the mottles are both smaller and not as 

prominent as those in the LGMA (Plate 4.3b). Leeb-du Toit (1986, 

p.ll02) reports that in the Impala area "the mottles are set in a dirty-grey, 

needle-like feldspar matrix" and th i s wou 1 d apt ly descri be th~ other prof il es 

as well. 

Kruger (1982, p.29), in his study of the Bastard and Merensky Units at 

Rustenburg, recognises that there is a distinct difference in lithology 

and texture between the lower 9m and the rest of GMA package. He proposed 

that this basal part of the GMA be named the IIBastard Mottled 

Anorthosite ll
• The description by Viljoen and Hieber (1986) of the same 

area indicated an identical thickness for the GMA but did not distinguish 

the three different lithologies described here. 

* Overlying the GMA is a zone of leuconorites and norites with occasional 

small-mottled anorthosite layers. These rocks gradually grade upwards 

into the gabbronorites of the Main Zone. 
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Plate 4.3a Exposure of the Giant Mottled Middling a small-mottled 
anorthosite. Locality - Union Section, Richard shaft 11-65 crosscut east. 

Plate 4.3b Contact between the GMM and the overlying UGMA. The mottles 
in the UGMA are more diffuse than those in the underlying GMM and the 
LGMA (pencil for scale c. 20cm above the contact). Locality - Union Section, 

Richard shaft 11-65 crosscut east. 
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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 i nd i v i dua 1 prof il es is 
presented in Appendix A. Table 4.2 summarises the thicknesses of , 
individual layers 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 ala (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, V, 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 1 oca 1 it i es wh i ch have been samp 1 ed - two at Un ion 
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 (Smm) seam is recorded at UB (H232/3i 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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Stratigraphic columns of the Bastard Unit profiles in th~ western 
Complex. 

column. 
Sampling positions and sample numbers are shown on the right 

"An" indicates thin anorthosite layers while the --- symbol 
at Rooderand (RD-6) indicates shearing. LGMA Lower Giant Mottled 
Anorthosite; GMM Giant Mottled Middling; UGMA Upper Giant Mottled 
Anorthosite. Inset locality 
and the circled numbers 

map 
indicate 

shows the spatial distribution of the profiles 
the map distance (km) between profiles. 



TABLE 4.2: Data summary for Bastard Unit profiles, western Bushveld Complex. 

Lefko- Western RPM-Rustenburg Impa la 
chrysos Plats Viljoen Kruger Z Y-1329 

STRIKE DISTANCE (km) 
From LEF 0 14 37 37 46 , 
THICKNESS (m) 
Pyroxenite 0.15 0.05 2.77 3.52 3.00 
Norite NONE 17.10 8.15 8.34 11. 5 
Giant Mottled Anorth 2.46 24.40 53.76 51. 60 49.7 

LGMA 2.46 10.40 ? 8.83 7.2 
GMM 0 4.00 ? ? 8.5 
UGMA 0 10.00 ? ? 34.0 

TOTAL Bastard Unit 2.61 41. 55 64.68 63.46 64.2 

SAMPLING 
No. Samples 9 NONE NONE 18 NONE 
Sample Prefix H B 

WHOLE-ROCK ANALYSES (No.Samples/No. Elements) 
Major Elements 16/10 I I -
Trace Elements 6/11 -

MICROPROBE ANALYSES (No.Samples/No.Analyses) 
Olivine - -
Chromite 1/6 -
Orthopyroxene 9/43 18/96 
Clinopyroxene - 16/59 
Plagioclase 9/55 18/152 
--~---.-- ----

* Additional 4.75m of pyroxenite between Norite and GMA. 

Sources of analytical data. 
1) Microprobe analyses for RPM - Kruger (1982) 
2) Chromite analyses for UB - Eales (1987) 
3) All analytical data for AE - Field (1987) 
4) Trace element data for AF - Field (1987) 
5) Whole-rock data for UB - de Klerk (1982) 
6) Trace element data for Band C - Walters (1982, unpubl.) 

(apart from Sc) 

55 

2.54 
9.92 

43.26 
7.83 
8.43 

27.00 
55.72 

9 
Y 

9/10 
9/11 

--
9/34 
4/13 

9/138 

Rooderand RPM-Union Section 
X-1512 RD-6 RD-ll UA Naldrett UB UC 

66 104 106 129 132 132 137 

2.95 5.00 5.09 5.90 9.28? 5.00 4.10 
7.85* 5.56? 5.93 11.90 10.16 17.50 12.65 
37.34 22.98? ? 46.30 43.89 43.87 48.50 
8.34 6.43? 9.69 13.70 15.17 15.17 14.00 
3.52 12.79? ? 16.50 11.39 11.40 13.10 

25.48 3.77? ? 16.10 17.33 17.30 21.40 
52.89 33.54 ? >20.71 64.10 63.33 66.37 65.25 

9 19 NONE 27 NONE 13 20 
X RD UA B235 & UC 

B232 

9/10 8/10 27/10 13/10 20/10 
9/11 8/11 27/11 13/11 20/11 

- - - - 3/41 
- - - 1/7 -

9/39 9/38 16/70 - 14/91 
- 1/3 - - 6/20 

9/140 9/48 11/55 - 14/102 
-

RPM-Amandelbult Section 
AD AE B AF 

153 157 161 162 

4.50 5.65 5.45 5.10 
14.10 12.75 13.46 12.90 

- - 48.07 -
14.5 15.6 14.38 14.7 
- - 16.67 -- - 17.02 -
- - 66.98 -

14 15 32 17 
AD AE B AF 
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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. 
1cm th i ck) - very s imil ar to that seen at the basa 1 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 O.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 (comp lex 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 II 

(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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Plate 4.4 Basal contact of the Bastard Unit at (a) LEF (H998 . 1 -
microprobe slide), (b) Union Section (UA-27) and (c) UB (H232/3). In all 
cases the adcumulate anorthosite Merensky footwall and ·the overlying 
coarser grained orthocumulate Bastard pyroxenite are clearly illustrated . 
These two lithologies are separated by a thin chromitite layer. At LEF 
(a) the chromitite layer is not continuous and is finer grained while at 
UA (b) and UB (c) it is more robust with anhedral gra in morphologies . 
Small grains of disseminated (opaque) sulphides are evident in the 
anorthosite, lcm below the chromitite at LEF (a) and larger intercumulus 
sulphides are evident within the pyroxenite of all three samples. The 
false colour is produced by partial rotation of the upper nicol. 
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Plate 4.5a Detail of the orthocumulate Bastard pyroxenite (UA-27) 
showing cumulus orthopyroxene and intercumulus plagioclase, clinopyroxene 
and some biotite. Note the partial alteration of plagioclase feldspar -
lower right of photograph . 

• • *" . , ..... 

~ I " 

Plate 4.5b Large optically continuous oikocryst of clinopyroxene 
poikilitically enclosing subhedral cumulus orthopyroxene crystals 
(melanorite UC-17). These clinopyroxene oikocrysts can be as much as 1cm 
in diameter. 
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various opaque base metal sulphides responsible for PGE mineralisation. 
The basal 2-5cm of the pyroxenite hosts larger grains up to 5mm in 
diameter (where samples were available - LEF, UB and UA), while the 
remainder of the sequence has a grain-size between 0.5 and 2mm. These ' 
crystals have annealed in places into areas of close-packed orthopyroxene 
(grain boundaries forming triple junctions), with patches of intercumulus 
plagioclase (Plate 4.4a, UA-27). This intercumulus plagioclase 

characteristically occurs as large (lcm), optically continuous oikocrysts 
which poikilitically enclose the more abundant cumulus orthopyroxene. A 
similar texture is observed where larger postcumulus clinopyroxene 
oikocrysts poikilitically enclose euhedral orthopyroxene (Plate 4.5b, 
UC-17). Optically (and as shown later by microprobe analysis) the 
intercumulus plagioclase displays advanced zoning which supports the view 
that the pyroxenite represents an orthocumulate. 

Occasional small irregular plagioclase inclusions are isolated within the 
cumulus orthopyroxene grains. These inclusions range in size between 0.05 
and 0.3mm (Plate 4.6a, UA-24). The shape of the inclusions is quite 
irregular and the frequency of occurrence increases upward in the column. 
Orthopyroxene grains display fine, closely spaced exsolution lamellae and 
blebs of clinopyroxene which are arranged parallel to the (100) plane of 
the host grain. 

4.7.3 Melanorite - Norite - Leuconorite. 

The contact between feldspathic pyroxenite and the overlying noritic 
rocks is taken at the level where plagioclase becomes a primary cumulus 
phase. A progressive modal increase in plagioclase with stratigraphic 
height, with a concomitant decrease in cumulus orthopyroxene, is seen in 
the norite. The grain-size of the orthopyroxene is l-3mm, and that of the 
cumulus plagioclase 0.5-2.5mm. A significant and distinctive feature of 
the melanorite and norite is the abundance of small plagioclase 
inclusions within the orthopyroxene. These inclusions are commonly 0.05-
0.35mm in diameter, and are spheroidal, ovoid or irregularly embayed 
(Plate 4.6b, UA-22 and 4.6c, X788.4l). In some cases these inclusions 
form small clusters but generally their distribution and orientation 

within the host grain is quite random. These inclusions closely resemble 

those described in the UGlFW Unit (see 2.3). 
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Plate 4.6 Small irregularly shaped plagioclase inclusions poikilitically 
enclosed within (a) pyroxenite, UA-24, (b) melanorite UA-22 and (c) 
norite X7BB .41. Note that there is a low incidence of inclusions within 
the pyroxenite (a) and that their numbers increase upward through the 
melanorite (b) and norites (c). 
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An intriguing texture is displayed by the norites, leuconorites, and, 
occasionally, the anorthosites. Here cumulus orthopyroxene grains (1-3mm) 
are surrounded by a zone of smaller subhedral plagioclase primocrysts 
(0.5mm) set in interstitial orthopyroxene representing an outgrowth of 

the primary cumulus orthopyroxene grain (Plate 4.7a, UA-7). This is in 

turn surrounded by adcumulus plagioclase which has a larger grain-size 
(1-2mm). The implication here is that orthopyroxene incorporated the 

small plagioclase primocrysts after a period of initial growth. Kruger 
(1982) studied the same texture in the Merensky Unit and established that 

the inclusion-free orthopyroxene core is strongly zoned with respect to 
the Cr203 concentration from centre (0.56%) to margin (0.31%), but where 
the orthopyroxene becomes interstitial at its periphery the Cr203 level 
declines further to 0.22%. 

An unusual feature within the noritic rocks of profile UC is the 
occurrence of olivine within the Bastard Unit; this phase is not seen in 
any of the other profi les and this is the first recorded occurrence of 
olivine above the Merensky Reef in the Upper Critical Zone. Close-spaced 
sampling in UC revealed that three samples contain olivine in excess of 
5% (UC-11, UC-13 and UC-17). These samples represent olivine-bearing 

nor ite 1 ayers separated by 01 i vine-free i nterva 1 s. The 01 i vine d i sp 1 ays 

an anhedral, almost intercumulus, habit and in places is oikocrystic 

towards robust plagioclase laths. As with orthopyroxene the olivine 

grains also enclose small spheroids of plagioclase which appear to have 
been resorbed to some degree (P 1 ate 4. 7b & c, UC-13). Th i ski nd of 
texture for 01 i vine has a 1 so been recorded in the Upper Cr i t i ca 1 Zone 
within the P2 Middling Member (leuco-troctolite) of the Pseudoreef 

Multicyclic Unit at Amandelbult Section (Field, 1987 and Eales et al., 
1988) . 

4.7.4 Giant Mottled Anorthosite (GMA). 

Cumulus plagioclase within the Lower Giant Mottled Anorthosite (LGMA) can 

broadly be sub-divided into clean white plagioclase between the mottles 
and that which occurs in intergrowth with the intercumulus mafic minerals 
forming the "mottles", i.e. cumulus plagioclase within the mottles. 
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Plate 4.7a Leuconorite (UA-7) within the GMM showing a .large cumulus 
orthopyroxene grain with a high density of small plagioclase feldspar 
inclusions concentrated at its margin. The orthopyroxene core is devoid 
of inclusions. In hand specimen this texture gives the orthopyroxene 
grains a distinctive fuzzy appearance. 

Plate 4.7h & c Olivine-bearing norite (UC-13) showing the anhedral, 
almost intercumulus, habit of the olivine. Like orthopyroxene the olivine 
also encloses small rounded inclusions of plagioclase feldspar. 
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Characteristics of the first of these types are that the plagioclase 
grains are more uniform in size than those in the UGMA, and somewhat 
smaller (between 0.5-1.5mm). Zoning within the cumulus plagioclase is not 
common but where present is not of a complex nature. Cumulus plagioclase 
crystals within the mottles, however, are subhedral to euhedral in shape 
with both lath-like and tabular habits (Plate 4.8a, 8-10 at RPM). Post­
cumulus growth of plagioclase in this case has been inhibited by the 

crystallisation of the intercumulus mafic phases. The matrix anorthosite, 
wh i ch makes up the bu 1 k of the LGMA, can be descr i bed as a typ i ca 1 

adcumulate while feldspar associated with the mottles is more 
orthocumulus in habit. 

The poikilitic habit adopted by pyroxene (both ortho- and clinopyroxene) 
in the LGMA yields the typical mottles developed within the anorthosite. 

These mottles are somewhat irregular and form discrete, dark, muffin­
shaped areas of intercumulus pyroxene. The texture and mineralogy of 
individual mottles is quite variable with clinopyroxene and orthopyroxene 
being the dominant intercumulus phases. Minor biotite and rare opaque 
phases are also present. The mottles are also quite variable in terms of 
the proportion of pyroxene and the optical continuity of the intercumulus 
gra i ns. I n some cases the pyroxene forms on ly a sparse i ntercumu 1 us 
lacework (Plate 4.8a, 8-10 at RPM) where the individual grains of cumulus 
plagioclase are in close proximity to each other. At the other extreme, 
where pyroxene is more robust (abundant), the ubiquitous subhedral 
plagioclase grains within the orthopyroxene are widely separated from 
each other. Mottles can be made up of either large, optically continuous 

ortho- or clinopyroxene (Plate 4.8b, AE-5 and Plate 4.8c, UA-7), or 

discrete, small, intercumulus pyroxene grains (Plate 4.9a & b, UA-16a and 
UA-14). A feature of the latter type (optically discontinuous ortho- or 
clinopyroxene) is that the associated cumulus plagioclase grains appear 

to have undergone some deformation as they display evidence of bending 

and secondary twinning (Plate 4.9a & b). 

The mottling in the Giant Mottled Middling (GMM) resembles that described 
as "robust" above, but here the mottles are smaller and more dense. This 
layer has in the past been described as a leuconorite (Cousins, 1969). 

The GMM layer was examined in profiles RPM, X, V, RD and UA and was found 
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Plate 4.8a Mottle within adcumulus mottled anorthosite (8-10 at RPM) 
showing a connected lace-work of intercumulus orthopyroxene between 
euhedral to subhedral cumulus plagioclase crystals. These plagioclase 
grains have distinctive tabular and lath-like shapes (uncrossed nicols). 
Plate 4.8b Mottle within adcumulus mottled anorthosite (LGMA, AE-5). 
Here the mottle is made up of optically continuous intercumulus 
orthopyroxene. 
Plate 4 .8c Mottle within adcumulus mottled anorthosite (LGMA, UA-7). 
Here the mottle comprises optically continuous intercumulus 
clinopyroxene . 



132 

..... ~ ~ r 
, '\(T, 

" .i -

..-. ( . 

I --t ~ \ 

. .t ... ~ 
mm 1 

I 
~ _____ ........ I: 

Plate 4.9a Mottle within adcumulus mottled anorthosite (LGMA, UA-16a). 
Here the mottle is made up of optically discontinuous. intercumulus 
orthopyroxene. 

Plate 4.9b Mottle within adcumulus mottled anorthosite (LGMA , UA-14) . 
Here the mottle is made up of optically di scontinuous intercumulus 
clinopyroxene. Bending and secondary twinning of feldspar are apparent. 
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to have cumulus orthopyroxene mottles with an abundance of plagioclase 
inclusions. Although plagioclase inclusions occur throughout the 
orthopyroxene oi kocrysts there is a tendency for them to concentrate 
around the margins of the grains (Plate 4.7a, UA-7). Small mottles may 

also be made up of intercumulus clinopyroxene). 

The Upper Giant Mottled Anorthosite (UGMA) was sampled in four profiles 
at RPM, X, V, and UA. Here the mottles are smaller and more irregular 
than those in the LGMA and the cumulus plagioclase is more lath-shaped in 
habit (especially within the mottles). The plagioclase grain size is 
variable between 0.5 and 3.5mm with the bulk of larger cumulus grains 
being in excess of 2.5mm in diameter. This sub-unit also has a 
distinctive, dull gray colour in hand specimen. Inverted primary 
pigeonite, now seen as orthopyroxene with its characteristic exsolution 
lamellae of clinopyroxene, occurs in the UGMA (8-26, 8-28 and 8-30 at 
RPM; V-722.4, V-740.5; X-735, X-745.44; UA-1, UA-2). The inverted 
pigeonite occurs as an anhedral intercumulus phase which takes up angular 

intercumulus space between lath-like plagioclase crystals (Plate 4.10a, 
8-28 at RPM), unlike the irregular anhedral habit seen in the LGMA. The 
habit of exsolved clinopyroxene varies from plates rigidly parallel to 
(l00) and relict (001) planes of the host (Plate 4.10b, UA-1) to more 
irregular, 
coalesced 
inclusions 

vermiform intergrowths (Plate 4.10c, UA-2), where augite has 
to form blebs and irregular, but optically continuous, 
within the host. These habits reflect varying degrees of 

subsolidus mobility of the clinopyroxene. A notable feature of the augite 
exsolution is that at grain boundaries, against plagioclase, acicular 
extensions of exsolved augite extend or "penetrate" into the larger 
cumulus plagioclase grains (Plate 4.11a, 8-28 at RPM). 

Oscillatory-zoned, cumulus plagioclase grains are common throughout the 
GMM and the UGMA. Grains which display several cycles of oscillations are 

generally larger that those of simpler design. The number of growth zones 
varies from grain to grain and in many cases a grain with complex zoning, 

displaying numerous zone cycles, may be juxtaposed with grains of simpler 
design - displaying little or no zoning at all (Plate 4.11a & b, 8-28 and 
X735.0). A more detailed study of two zoned grains is presented in 4.7.4. 
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Plate 4.10a Intercumulus inverted primary pigeonite now seen as 
orthopyroxene and exsolved clinopyroxene in the UGMA (8-28, RPM). The 
clinopyroxene occurs either as (a) discrete intercumulus phases (top 
right), (b) as irregular exsolved blebs or (c) as exsolved lamellae 
within the host grain. Note the zoning of the cumulus plagioclase grain 
at lower right. 

Plate 4.10b Intercumulus inverted primary pigeonite in the UGMA (UA-l). 
Here the exsolution lamellae of clinopyroxene are aligned parallel to 
(100) and relict (001) planes of the host orthopyroxene . 

Plate 4 . 10c Intercumulus inverted primary pigeonite in the UGMA (UA-2) . 
Here the exsolved clinopyroxene takes on an irregular, vermiform habit 
which is optically continuous within the host. 
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Plate 4.11a Orthocumulus mottled anorthosite (UGMA, B-28 at RPM) 
displaying two zoned cumulus plagioclase feldspar grains with complex 
growth patterns (dark grains in extinction). The larger grain displays at 
least 9 separate growth events. Note the acicular extensions of 
intercumulus clinopyroxene into the adjacent cumulus plagioclase grains. 

Plate 4.11b A single large euhedral zoned plagioclase feldspar crystal 
within the UGMA (X735.0). Here up to 10 growth zones are recognised and 
the crystal is juxtaposed with other feldspar grains which display no 
zoning at all. Note the intercumulus inverted primary pigeonite. 

Plate 4.11c Orthocumulus mottled anorthosite (UGMA, UA-1) with small 
areas of clear white intercumulus K-feldspar (centre and lower left) 
between cumulus plagioclase feldspar. Note the single large zoned 
plagioclase grain at centre right. 
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Potass i urn fe 1 dspar, in the form of orthoc 1 ase, appears as- an accessory 
intercumulus phase in the UGMA (Plate 4.11c, UA-l). Small (O.2-0.Smm) 
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 larger 
plagioclase crystals (sample 8-28 at RPM). No quartz was identified 
within the UGMA. 

The textures of the UGMA are unequivocally characteristic of plagioclase 
orthocumu 1 ates and th i s observat i on is supported by the higher 
concentrations of incompatible trace and minor elements (Rb, Zr, Y, K20, 
Ti02 and P205) 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 
1 itho 1 og i es. A 1 terat i on genera lly 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. 
Olivine, 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 is attributed to its 
close proximity to the ubiquitous bedding plane shear at the contact. 
This shear acted as a channelway for hydrothermal flulds. 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 lower part of the Giant Mottled 
Anorthosite (see 4.6.5). 
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4.7.6 Modal percentages of main mineral phases. 

Modal analyses were compiled for 33 samples in the profiles LEF, X, Yand 
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 203 levels also provide a measure of 
normative total feldspar in these rocks, where 

or + ab + an = 2.997 A1 203 + 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 45 Scatter plot of point-counted modes (PC) for plagioclase and 
orthopyroxene against the CIPW weight percent normative value$ 
(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 4.6 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 (19l.3) 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. 
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New electron microprobe data (Appendix C) are presented here for 
orthopyroxene (315 analyses) and plagioclase (853 analyses) in profiles 
LEF, V, X, RD, UA, and UC. Clinopyroxenes (52 analyses) were analysed in 
selected samples from V, 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 Cr203, Ti02, A1 203, M~O 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 leuconorite of UC-11 to a minimum of 0.536 in sample V740.5. 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 (8-26). 

Zoning within individual cumulus orthopyroxene grains was investigated in 
six samples from the lower part of profile 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 samp les within the first 8cm in RD and UC have MMF va lues 
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 th i ckness of th i slayer, 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 
rat io behaves coherent ly and changes a long a continuous trend across 
the lithological and textural boundary at the base of the LGMA. 
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Figure 4.7 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 line 
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 basa 1 part of the GMA. I n the case of prof il e Y, the reversa 1 
occurs at a lower stratigraphic level. 

* The exact position at which this reversal starts is not everywhere well 
constrained, because of a low sample density in some profiles, and 
alteration of this part of the sequence in the case of profile RD. 



142 

UNION RUSTENBURG 

--
MAIN 

, , , , 
I 

, 
ZONE , • , I 

I , 
CRITICAL 

~, '.' , I pbc 

ZONE ',' , 
',J :' I I • MZ I 

',' , , 
',' '.' CZ ,~ ,; • 

',J •• 
',I '.' 

,~ 

~) • c, ,', • 
',I ~) mainly .. , pc 

pc ,', ,~ • •• ',I - ,', 
'.J t' ,~ .. , 

:1 .-. .. 
'.J ':.1 - -- • I • 

!:: ~I • 
Z ',' ~. · • • .. 
::> .. -1 .. - - - -
C • " .. 

• ,. pbc • a: " 
pbc 

~ 
u • • -• • ......... - .1 en • " .. 

« ...... be 
8:-7. III be 

00. _0 :-::::. 
',' -- - -

" .. pc ,~ 

'.' ;. 
" 

pc 

~ 
, • ~ 

pbc .. , · " en ~ be ... 
!:: II " Z 

" 
pbc / • " 'peg • W Z / ,~ • f a: ::J .. • 

w / . ': 

== be / ,j · peg / • I ,', pc and • :::J - , ~ , pbc 
ct(- - • I , : -~z • ( ~ I 

O~ pbc , ,; • 
0 • .: , • u. 

, t~ -:. oc l',~ 

• 
0.5 0,6 0.7 0.8 0,9 0.5 0,6 0.7 0,8 0.9 

MMF in Orthopyroxene MMF in Orthopyroxene 

Figure 4.8 Diagram, modified after Naldrett et al. (1986, p.1107), 
showing the variation 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 bronzite 
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 profi le 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 
little 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: 

metres 

MMF 
sd 
No. analyses 
No. samples 
No. profiles 

Average MMF ratio of orthopyroxenes in the base of the 
Bastard pyroxenite. 

~2.3 ~1.9 ~1. 7 ~1.4 ~1.1 ~0.6 ~0.5 

0.804 0.804 0.804 0.803 0.803 0.801 0.801 
0.012 0.012 0.012 0.012 0.012 0.012 0.013 

75 67 64 59 56 51 46 
14 13 12 11 10 9 8 
8 8 8 8 7 6 6 
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The resu ltant pattern for MMF through the Bastard Unit has a doub le 
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 
rat i os is seen in the atomi c Cr I Aland Cr IT i rat i os 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 Un ita clear dec 1 i ne 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 lows 
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 
(Cr203, MnO, A1 203, Ti02 and NiO) are plotted in Figures 4.10 - 4.12. 
Absolute levels of Cr203 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 Cr203 is recorded in those samples 
adjacent to the basa 1 contact of the Un it, i. e. close to the basa 1 
chromitite layer in LEF, RD, UA and UC. The variation within anyone 
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 
MnO (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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MnO, especially so at RPM, UA and X. Orthopyroxene NiO 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 ana is indicated by "P" in Figure 4.7 (at RPM sample B-26, 
8-28 and B-30; Y-722.4, Y-740.5; X-735, X-745.44; and UA-l, 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 firs·t reported by 
von Gruenewaldt (1973) at Roossenekal in the eastern Bushveld. Here a 
value of En66 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 ftrst 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 En75 at 115m above the base of the Bastard Unit (i .e. into the lower 
part of the Ma i n Zone). Von Gruenewa 1 dt noted that the An content of 
cumulus plagioclase changes in sympathy with that of the inverted 
pigeonite, and that changes in composition from An76 to An68 occur at this 
level. A similar trend is recorded in the western Bushveld where values 
approaching An69 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 Un i on Sect i on. Mi tche 11 

(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 pigeon i te in the 1 ayered 
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 in 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 4.13 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 

F0 79 •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-ll = 32.6%; UC-13 = 

32.4%; and uC-l1 = 7.3% - see Figure 4.6). Compositions of grain cores 

range from F07S . 9 to Fo81.0 (Figure 4.14 and Table C4) and these levels do 

not differ marked ly from those measured in the Merensky (Fo 79 •4 ) and 

Pseudoreefs (FoSO •6 ) lower in the sequence. There is a suggestion that 

weak zonation occurs between grain cores and margins in the upper two 

samples (UC-ll 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 %Fo 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 (l979b) noted that, in many natura 1 and experimenta 1 assemb lages, 
olivine and orthopyroxene in equilibrium obey the approximate rule: 

MMFopx = 0.85 * MMFolivine + 0.15 

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

(Mg/(Mg+Fe2+))opx = (Mg/(Mg+Fe2+))olivine * 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 4.15 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 lower 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 Comp 1 ex. Th i s feature supports the content i on of 

Eales et ale (1988) that the northwestern sector of the Complex, and more 

specifically Union Section, displays more primitive characteristics and 

represents a "proximal facies" located 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 
zon i ng is presented 1 ater. The "with i n, samp 1 en compos i tiona 1 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 
pyroxenite has an average composition of An~ (range An46_M). 

Bastard 

* The average An content of intercumulus plagioclase increases upward 
through the pyroxenite, to values approaching An75 at the contact with 
the overlying melanorite. 

* Cumulus plagioclase makes its appearance within the melanorite and here 
the An content continues to rise until Anso 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 AnS5 are recorded. 
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Figure 4.16 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 leuconorites and 

cont i nues into the lower part of the GMA. Leve 1 s of An75 are seen in 

the middle of the LGMA. 

* This level of An75 remains fairly constant through the upper part of 

the LGMA, the GMM and the lower half of the UGMA. 

* A further decrease to An70 occurs in the UGMA of prof i 1 e 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 

accompan i ed by a concomitant increase in the range of va 1 ues with i n 

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 K20 and FeO in plagioclase is 
presented in Figure 4.17 and 4.18. Concentrations of K20 are shown only 
for profiles RPM, X and UA, (spuriously low K20 values were obtained 
in samples from profile V, RD and UC, attributed to an incorrect 

background value being used in the data reduction). K20 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 K20, 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 K20 
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Figure 4.17 Variations of %K20 in plagioclase plotted against height for 
three 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. 
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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 4.18 Variations of %FeO 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 FeD) in p lagioc lase throughout the 

Bastard Unit is similar to that reported in the UGIFW Unit (see 2.4.3) 

and is between 0.10 and 0.54%. As with K20, 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 reversa 1 in 
FeO content of plagioclase is seen in profiles RPM, V, 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 V-722.4 (UGMA). Analytical results are 
presented in Table C29. 

Sample X-768.S (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 intercumu1us 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 AnS1.2-70.S) and an average va 1 ue of An74.0 (std. dev. 2.27, n = 90) 
was obtained for all analyses. A lower value of An71.5 (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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Profi le A Ann.o 
Profi le B An80.9 
Profi le C An75.5 and An78.3 
Profi le D An75.4 

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 An72 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 An76 and An72 are recorded through 
the grain (Figure 4.19, Profile C). A notable feature of Profile C is the 
isolated high value of An78.4 at 1000 microns from the grain edge. This 
value is in sharp contrast to the surrounding lower values (c. An72) and 
is due to a small plagioclase chadacryst within the larger cumulus grain. 
The shape of the inclusion is 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 she 11 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 An60-75.2). A range of 9.1% An (An66.1-75.2) is indicated if the low 
value of An60, recorded at the grain margin of Profile 2, is excluded. 
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This variation of An9.1 is similar to that recorded in X-768.5 and the 

average An content for all analyses is An69.1 (std. dev. 2.10, n = 91 

analyses). This value is in excellent agreement with the average of An69.0 

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 An66 are seen at the grain boundaries in contact 

with orthopyroxene. 

* The An content rises to a peak within the prominent second shell 

(An71.3-75.2)' A second peak (An73.7) is seen at 270 microns in Profile 3. 
* A rise in An content is seen towards the core of the gra i n where a 

subdued high of An70.0-71.1 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 An15 but is more commonly c. An1o. 

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 gra in. Th i s phenomenon has a 1 so 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 An4.5 

and AnI.5' Similar reversals were evident in two of the three 

traverses r.eported 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.6l) in which he reported a marked An depletion of as much as An18 at 
grain margins in contact with orthopyroxene. The data of Naldrett et 
al. (1986, p.ll07) 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 (Homma1s 
classification, p.2l0 in Smith, 1974). The classification of IIIrregular­
oscillatory reverse (Vlr)1I zoning would perhaps best describe the 
observed pattern of zonat ion. Idea lly, cont i nuous 2 mi cron 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 
Amande 1 bu It, pointed out that random ana lyses 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, V, 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 UG1FW 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 
cat ions Cr, A 1, 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 
Crit i ca 1 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 o. 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 MgO, 
K20, P205 , 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, V, X, RD, UA, UB, ut, AE and AF 
are presented in Tables 05 - D7 (Appendix D), with total Fe represented 
as Fe203. The original data were recalculated to an assumed Fe203/FeO 
ratio of 0.1 and were normalised to 100% (Tables 09 - 014). 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 MMFwR ratios (atomic ratio of Mg/(Mg+Fe) where all Fe is 
expressed as Fe2+) closely reflects the pattern seen for the 
orthopyroxene MMF ratio (4.8.1). MMFwR ratios vary between 0.82 in the 
melanorites and 0.60 in the GMA. The stratigraphic variation of MMFwR 
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 profi les apart from LEF and V. MMFwR va lues 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 MMFwR 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 except i on to th i s genera 1 pattern is seen in prof il e V 
where an unusually low MMFwR ratio of 0.603 is recorded in the 
leuconorite. 

* MMFwR 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 in the whole-rock data. Apart from profile V, where the 
reversal is conspicuous, other profiles like UA and AE rather display 
a gradational increase in MMFwR above the inferred reversal level 
before decreasing again. 

* Levels in the GMM and UGMA (in V, X, RD and UA) have variable 
distribution patterns (range 0.751-0.601). In all cases the overall 
trend is one of decreasing MMFWR • Variability of the MMFwR ratio 
between prof i 1 es in the upper part of the GMA may in part be due to 
the relative proportion of clino- and orthopyroxene present in 
individual samples. 

* The pattern of decreasing MMFwR 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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for nine Bastard Unit profiles. Open circles in profile UC are 
olivine-bearing samples. Horizontal dashed line indicates the inferred 
position of a reversal in trend of MMF ratio in orthopyroxene 
demonstrated in Figure 4.7. 
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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~ • 0 

Si02 53.9 - 56.0 44.2 - 54.1 45.8 - 51.8 
Ti02 0.14 - 0.25 0.03 - 0.26 0.01 - 0.26 
A 1203 4.97 - 6.86 7.15 - 28.3 24.9 - 33.0 
Fe203 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 a - 0.08 
MgO 21.9 - 25.4 2.34 - 23.2 0.70 - 4.85 
CaO 3.49 - 4.91 4.87 - 17 .5 12.2 - 16.8 
Na20 0.28 - 0.92 0.56 - 2.82 1. 79 - 2.78 
K20 0 - 0.24 a - 0.29 0.04 - 0.51 
P205 a - 0.17 a - 0.08 0 - 0.17 

MMFwR 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 
Zr 6.9 - 28 a - 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 
Zn 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 Ti02 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 Ti02 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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K20 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.?4). The level 
of 0.2% is in close agreement with that reported for K20 in plagioclase 
(Figure 4.17). In almost all cases the K20 levels at the base of the 
Bastard pyroxenite start at 0.2% and falloff to a low of ~0.05% at the 
contact with the melanorites. At this level a general trend of increasing 
K20 is then recorded through the sequence to values in excess of 0.5% in 
the UGMA. Samples with values above 0.3% K20 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 MgO (or A1 203) 

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 linear 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 £ll 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 ll 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 limits, and also to test if two bivariate 
samples are from the same population. The linear model has the form 
y = ax + b and is calculated by the method of least squares. 

Slope: a - lx¥ - Nxy 
- lx - Nx2 

Where N = number of data pairs. 

Intercept: b = y - ax 

It assumes no error in X and implies that all error lies in the V-term. 
When conventional regression methods are used, the slope of the 
regression 1 ine 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 low 
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 = Std.dev. y 
Std.dev. 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 A 1203 - 13.1 Sr = 13.3 A 1203 - 12.6 0.9986 
X Sr = 12.8 A 1203 - 10.5 Sr = 12.9 A 1203 - 11.7 0.9952 
RD Sr = 19.3 A 1203 - 53.5 Sr = 19.7 A 1203 - 60.6 0.9952 
UA Sr = 374 - 12.5 MgO Sr = 375 - 12.6 MgO 0.9872 
X Cr = 132 MgO - 230 Cr = 134 MgO - 230 0.9898 

From this comparison it is 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 linear 
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 - MgO or A1 203). 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 aDd the amount of 
H20 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, V, 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 V, where only one 
pyroxenite sample is represented. 

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

6. 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 MgO 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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7. Other mineral phases in the system would also introduce error in the 

regression analysis approach. 

Chromite wi 11 increase the who 1 e-rock Cr va 1 ues. The occurrence of 

disseminated chromite within the Bastard Unit is rare and those 

samples which display anomalously higher Cr values are readily 

recognised by the presence of disseminated chromite in thin 

section and are excluded from the regress i on analysis . The 

additional Fe and Mg are considered to be trivial. 

Clinopyroxene may hold more Cr but less total MgO than orthopyroxene. 

Mica in the form of biotite holds Al, Ti and Cr in significant 

amounts. Those samp 1 es wi th an abundance of th i s phase 

(particularly some pyroxenites) should perhaps be screened out to 

give more emphasis to the low-mica samples . The pyroxenites in the 

Bastard Unit rarely have more than 5% biotite in the mode and 

usually less than 3% . These low amounts are considered to have 

very little effect on the regression line. 

Feldspars do have variable Al content but within the ranges of 

plagioclase compositions seen within the Bastard Unit (An60_80)' 

the variation is a maximum of 4% (30-34% A1 203) . 

Whole-rock estimates based on the regression analysis of LEF , Y, X and RD 
are not as well constrained as those at Union and Amandelbult. These 

profiles have a lower sampling density (especially within the more mafic 

lithologies) and in some cases there is an imbalance in the spread of 

data (prof i le V). It i s also recognised that regression analysis of 

samples with < 5% MgO y i eld different linear models to that for all 

samples in the profi le. Here a marked depletion of Co, V, Sc and In is 

noted in the intercumulus mafic minerals within anorthosites . 

4.9.2 Trace element variations. 

Trace element data for Sr, Rb, Y, lr, Co, Cr , V, In , Cu, Ni and Sc are 

presented for the 9 profiles discussed above while data for the latter 7 

elements are also included for an additional 2 profiles, Band C, at 

Amandelbult Section . These data are all presented in Tables D9 - D15 . 

Tr ace element vari ations are plotted aga i nst stratig r aphi c height while 

Sr, Co, Cr, V, In, Ni and Sc have been plotted in binary diagrams against 
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MgO. Sr is also plotted against ICWR for eight profi les (where ICWR is 
the sum of major elements compatible in pyroxene - Fe203 + FeO + MnO + 

MgO). Simp 1 eli near regress i on ana lyses have been performed for these 
elements in individual profiles and the equations are presented with the 
binary diagrams. 

4.9.2.1 Strontium (Sr) 

The range of whole-rock Sr levels seen within the Bastard Unit is between 
22ppm in UC-17 and 567ppm in RD-6 (Figure 4.28). These extremes may be 
somewhat anomalous as UC-17 is an olivine-bearing melanorite, while the 
whole-rock Sr values in all samples at RD appear to be higher than at 
other localities . This may in part be due to an alteration overprint. A 
more common range of Sr in all other profi les is from 60ppm in the 
pyroxenites to 400ppm in anorthosites. 

As was shown in 3.4, whole-rock Sr values have been effectively used to 
define the cyclic units of the Upper Critical Zone . Both Naldrett et al. 

(1984) and Eales et al. (1986, 1988) included a lateral dimension in 
their syntheses of the Bastard Unit by incorporating data from different 

parts of the Complex. Naldrett et al. (1984) plotted whole-rock Sr 
against MgO (16 samples at Union and 15 at Rustenburg), while Eales et 
al. (1988) plotted the Sr/A1 20/ ratio against stratigraphic height at 
both Union and Amandelbult Sections, and included the Sr/A1 203 ratios of 
plagioclase separates from Rustenburg analysed by Kruger (1982). Both 
these studies indicated 
the Bastard Unit at 
differences are seen in 

that comparable Sr concentrations were evident in 
these widely spaced localities. Only small 

the Sr/A1 203* ratio between Union and Amandelbult 
for both the Bastard and Merensky Units. The mid-value of the envelopes 
bracketing the data for individual units was compared (Eales et al. 1988, 

p.72) . This minor difference is within error and no real lateral 
variation in the Sr content of the feldspars in these rocks can be 
inferred. 

An estimate of the amount of Sr in cumulus plagioclase is derived from 
the Y - intercept of the projected regress ion 1 ine in Figures 4.29 and 

4.30. By inspection it is noted that in both figures this V-intercept in 
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eight profiles is close to 400ppm while that for RD is aberrant, in 
excess of 550ppm . Furthermore, the slopes of the regression lines are 
somewhat greater for the four profiles south of Union Section (LEF, X, Y 

and RD) with the X-intercept at Sr=O occurring below 28% MgO and 41% ~CWR 

respectively in these cases . At Union and Amandelbult Sections this 

intercept is at c. 30% MgO and c. 42% ~CWR' 

The estimated Sr levels in plagioclase in the eight profiles based on the 
Sr vs ~CWR regression, as well as the mineral separate data at RPM 

(Kruger and Marsh, 1985), are plotted against strike distance from LEF in 
Figure 4.31. The Sr content of plagioclase at RD is anomalously high 
(562ppm) and this is tentatively attributed to the introduction of Sr 
during alteration of the layered sequence at the time of intrusion of the 
Pilanesberg Complex. The indicated level of 418ppm at LEF may not be 
representative as the upper three samples at this locality are considered 
to be within the Main Zone. If one excludes the results obtained at RD 

and LEF then the maximum and minimum limits calculated for Sr in 

plagioclase occur at Union Section. A difference of 29ppm is seen between 

600,.-.--------------.---,r--,------------~I.--------nro------,-.--r 

500 

Srppm 

400 

300 

* 
* 

------ -------." 

LEF RPM Y x RD UAUBUC AEAF 
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Figure 4.31 Strontium levels for individual profiles indicated by the 
linear regression models . Open circles represent the Sr contents of 
plagioclase at kCWR = 0, with the bar indicating the standard error of 
estimate. Double circle at RPM denotes the average Sr level in 
plagioclase separates within the Bastard Unit, with the bar indicating 
the range of composition at this locality (Kruger, 1982). Calculated 
levels of Sr in intercumulus plagioclase at 34.9% kCWR are indicated 
by solid circles . Star symbols at Y and X are the analysed Sr contents 
of intercumulus plagioclase (see text for details). 
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UC (413ppm) and UA (384ppm). Values in all other profiles, including the 
average mineral separate data at RPM, fall within this narrow envelope. 
This observation would suggest that no significant difference of Sr 
content in cumulus plagioclase is apparent along 170km of strike in the 
Bastard Unit of the western Bushveld Complex. 

Intercumulus feldspar 

By ut iIi sing the regress i on data, and app lyi ng appropr i ate correct ions, 
an attempt has been made to estimate the Sr content of the intercumulus 
plagioclase of the Bastard pyroxenites. The approach is best explained · if 
one considers the simple linear regression of Sr vs :SCWR in profile UA 

(Figure 4.30): 

Regression model for UA: Sr = 383.5 - 9.04 :SCWR (cc.-0.9764) 

Here the Y-intercept, at :SCWR = 0, is at 384ppm Sr while at Sr = 0 the x­
intercept indicates a value of 42.4% :SCWR ' a value which compares 
favourably with the average microprobe orthopyroxene :SCopx content of 
41.83% (Table 4.7). If this regression line represents a simple modal 
mixing line, then it implies that the Sr content of the intercumulus 
plagioclase is similar to that indicated for cumulus plagioclase. To 
check this assumption, the following mass balance calculation is 
presented: 

(1) The upper limit of whole-rock Al 203 in feldspathic pyroxenites is 
taken at 6.5% (Figure 1.5) . This value would relate to 23.67% MgO 
according to the regression relationship between Al 203 and MgO 
defined for all Bastard Unit samples (Figure 4.26). Therefore, a 
rock with 24% MgO would be classified as a feldspathic pyroxenite 
where plagioclase occurs as an intercumulus phase. 

(2) Marginally different linear regression models were obtained for the 
individual profiles where Al 203 is plotted against :SC WR (Table 4.6). 
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(3) An average tCWR va 1 ue of 34.9% was obta i ned for 15 8astard Unit 
pyroxenite samples and tCWR is made up of the following components: 

Fe203 = 0.97% 
FeO = 9.72% 
MnO = 0.21% 
MgO = 23.99% 

tCWR = 34 .89% 

This value of 34.9% is representat i ve of an average (ideal) Bastard 
pyroxenite and has been adopted for the purpose of this calculation. 

(4) Utilising the linear regression models for A1 203 vs tCWR the whole­
rock A1 203 content for each profile is determined at tCWR = 34 . 9%. In 
the case of UA this value is 5.75% (Table 4.6) . 

Table 4.6: Results of simple linear regression analyses for A1 203 
plotted against tCWR in individual profiles. The A1 203 
level at 34.9% tCWR is also indicated. 

Std. No. Indicated 
Corr. error samples A1 203 at 

Profile Linear regression model Coef. of est. n tCWR = 34.9% 

LEF A1 203 = 32.46 - 0.767 tCWR -0.9989 0.42 6 5. 69 
Y A1 203 = 32.16 - 0.800 tCWR -0 . 9968 0.64 9 4.24 
X A1 203 = 31.59 - 0.747 tCWR -0 . 9973 0.70 9 5.54 
RD A1 203 = 32.14 - 0.754 tCWR -0.9982 0.64 8 5.83 
UA A 12°3 = 32.34 - 0.762 tCWR -0 . 9989 0.44 27 5.75 
UB A1 203 = 32.80 - 0.767 tCWR -0.9989 0.46 13 6. 04 
UC A1 203 = 33.42 - 0.770 tCWR -0.9882 1.80 20 6.53 
AE A1 203 = 32.40 - 0.769 tCWR -0.9982 0. 57 15 5. 55 
AF A1 203 = 32.44 - 0.759 tCWR -0.9983 0.56 17 5.95 

Regression analysis on all 124 Bastard Unit samples yielded 
A1 203 = 32 .41 - 0.759 tCWR -0.9950 0.94 124 

The major part of the 5.75% A1 203 in the UA pyroxenite i s contained 
within the intercumulus feldspar, while the remainder would be he ld 
mainly within the pyroxenes and to a very small degree in the micas 

(biotite). A close approximation of the amount of A1 203 held within 

pl agioclase can be made by correcting for the alumina content of 

orthopyroxene : 
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Al ° A10 (tc whole-rock X A1 203 oPUp.robe) 2 3 ass igned to p Jag = 2 3 who Ie-rock - "'c 

= 5.75 _ (34.9 X 1.19) 
41.83 

= 4.76% A 12°3 pJag 

'" opx (probe) 

in whole-rock (ideal) pyroxenite. 

From Figure 4.32 it is noted that orthopyroxenes with higher Fe 

levels would yield significantly higher tcopx values. The restricted 

range of MMF rat i os recorded for the orthopyroxenes in the basa 1 

Bastard pyroxenites implies that a further correction would be 

superfluous. 
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Figure 4.32 Plot of };Copx against MMFopx from data of Deer et al. 
(1967). The full range of orthopyroxene compositions in the Bastard 
pyroxenites fall within the shaded box. 
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(5) An approximation of the amount of plagioclase in this ideal 
pyroxenite is required, i.e. the wt% of plagioclase in the rock. 
Microprobe data of intercumulus plagioclase cores yielded an average 
value of 29.2% A1 203 in UA-27 (Table 4.7). The effect of normal 
zoning of plagioclase at grain boundaries would be to yield an 
average intercumulus feldspar composition some 10% lower in An 
molecule (i . e. 1.7% lower in A1 203) than in crystal cores. 

The average amount of intercumulus plagioclase in the rock is 
therefore: 

Modal % plag in rock 100 

= 4.76 x 100 29.2 - 1. 7 

= 17 . 31% 
(6) From the linear regression models of Sr vs ~CWR a whole-rock Sr value 

is der i ved where ~CWR = 34.9%. I n the case of UA the who 1 e-rock Sr 
content is 68ppm at 34.9% ~CWR (Figure 4.30). 
Therefore Sr in intercumulus plagioclase is 

Sr = ¥otasr ho~e,,-roc~ at 34.9UC in intercumulus plagioclase Mo al ,- p ag , in rock 
x 100 

=...illi x 100 17.31 
= 393 ppm. 

This agrees remarkably well with the estimate of 384ppm Sr yielded 

by direct extrapolation of the regression 1 ine to the Y-intercept. 
By utilising the appropriate electron microprobe data for the 
necessary corrections (Table 4.7), similar calculations were made 
for all profiles and the results are tabulated below (Table 4.8). 
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Table 4.7: Whole-rock Sr values and selected microprobe data for 
orthopyroxene and plagioclase in Bastard pyroxenite samples. 

Whole-rock Average Average Aver age A 1203 
Sr at %A 1203 tcopx %A 1203 correction 

SAMPLE tCwR = 34.9% in opx in plag for zoning 

LEF H998 . 1/T 62.8 1.38 40.94 31.58 1. 58 
RPM B-2 - 1.39 41.46 -
Y Y775 44.2 1.00 41.95 32.26 1.66 
X X791.8 57 . 7 0.94 42.24 30.32 1.67 
UA UA-27 68.0 1.19 41.83 29.20 1. 70 
UB 64.0 No mineral analyses - assume same as UA. 
UC UC-20 71. 5 I 1.18 I 40.74 I 30 . 44 I 1.68 
AE AE-15 64.1 1.16 41.01 30.79 1.69 
AF 70 . 9 No mineral analyses - assume same as AE . 

I J J I 

Table 4.8: Indicated Sr content of cumulus plagioclase at tCWR = 0 from 
individual Bastard Unit profiles (numbers in brackets are 
the estimates from the Sr vs MgO regression analyses) . These 
values are compared with the estimated Sr levels of 
intercumulus plagioclase. The X-intercept values (tCWR at 
Sr = 0) are also shown. 

Sr ppm Est. of Sr in %Diff. between 
in cumulus Std. X or tcWR intercumulus cumulus & 
plagioclase Corr. error intercept plagioclase intercumulus 
(tCWR = 0) Coef. of est . (Sr = 0) at 34 .9% tCWR plagioclase 

LEF 418 (414) -0.9997 2.7 41.1 417 0.1 
Y 404 (395) -0.9964 10.3 39 . 2 397 1.8 
X 392 (378) -0 . 9980 7. 7 40 .9 347 11.4 
UA 384 (374) -0.9881 17.2 42.4 393 -2.5 
UB 388 (376) -0. 9990 5. 3 41.8 349 10.3 
UC 413 (403) -0.9889 22.2 42 . 2 373 9.9 
AE 391 (378) -0.9799 23.4 41.8 409 -4 . 5 
AF 392 (380 i -0 . 9978 7.9 42 . 6 416 - 6.1 
Average and standard deviation. 

398 ±11. 6 388 ±26.5 
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(7) Within errors and approximations inherent to the method of 
calculation it is concluded that the Sr content of pure anorthosite 
(idealised) is the same as the Sr levels within intercumulus 
plagioclase (Figure 4.31 and Table 4.8). Similar calculations, using 
different abscissae like MgO, atomic proportions of ~CWR' and ~CWR 

where total Fe is expressed as Fe203 were made. Although similar 
results were obtained it is considered that the most reliable result 

is that outlined above. 

Four i ntercumu 1 us p 1 agioc 1 ase mi nera 1 separates from the Bastard Un it 
were analysed by Kruger (1982) at RPM (B1 - B4) and yielded values of 
385, 442, 414 and 481ppm, respectively. These values are similar to those 
calculated for individual Bastard Unit profiles. 

An add i tiona 1 observat ion drawn from Tab le 4.8 is that the X- intercept 
(at Sr = 0) for all the profiles at Union and Amandelbult Sections is c. 
42% ~CWR while in those profiles to the south of Union Section (RD, X, 
and Y) lower values of c. 40% ~C~ prevail before rising to 41% ~C~ at 
lEf. No systemat i c pattern is, however, seen for the mi croprobe ~Copx 

values of average Bastard pyroxenites (Table 4.7). A factor that could 
perhaps exp la i n the decrease the ~CWR regress i on intercept cou 1 d be a 
real reduction in the Sr content of the intercumulus plagioclase, 
relative to the cumulus phase. An attempt was made to establish whether 
in fact a reduced Sr content occurs in the intercumulus plagioclase at Y 
and X. Plagioclase mineral separates from the pyroxenite samples Y775 .0 

and X791,8 were prepared and analysed; the results are tabulated below 
(see also Appendix 0). 

ppm Sr Calc. Sr in Sr in 
Sample at intercumulus plag. 

~CwR=34. 9% plag at ~CwR=34.9% separate 

Y775.0 44.2 397 464 
X791,8 57.7 347 425 

In both cases the directly measured concentrations (Figure 4.31) are 
above calculated values. It must be emphasised, however, that only a 
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small « 2.5gm) and very finely crushed (63-180 micron) sample was 
available and that the method of crushing, washing and magnetic 
separation may have concentrated sodic plagioclase, relative to calcic 
plagioclase in the concentrate. 

In summary, the Sr content of the plagioclase in the Unit appears to be 
the same in both intercumulus and cumulus varieties and, apart from the 
RD profile, there is no marked change in Sr concentration in the Bastard 
Unit plagioclase feldspar throughout the Western Bushveld Complex. 

4.9.2.2 Chromium (Cr) 

Whole-rock Cr values in the Bastard Unit reflect the concentration within 
the mafic silicate phases. Chromite occurs only as a thin selvage at the 
basal contact of the Unit and occasionally as rare disseminated grains in 
the basal 10cm of the pyroxenite. The range of Cr values is 20 - 3806ppm 
(UA-14, UC-16) (Figure 4.33). Simple regression analyses of the data 
resulted in a negative Y-intercept of the regression line in all profiles 
when plotted against MgO (Figure 4.34) . The reason for this is that Cr 
levels in the intercumulus ferromagnesian minerals of the mottled 
anorthos ites are lower than those of the pyroxen i tes and norites. Th i s 
feature indicates that the intercumulus pyroxene crystallised from a 
fractionated and Cr-depleted interstitial liquid . 

Where suff i c ient samp les were ava i 1 ab 1 e, separate regress ion ana lyses 
were done for those rocks with less than 4% MgO (profiles UA, UC, AE and 
AF in Figure 4.34, insets). Clearly these four sub-set regression lines 
are quite different from the regression lines of the full datasets. The 
Y-intercept in these four cases is now closer to the origin and has 

reduced slopes (Table 4. 9). 
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Table 4.9: Comparison of linear regression models of samples 
with less than 4% MgO and those employing all data. 

All Data Data < 4% MgO 
Linear model cc. Linear model cc. 

LEF Cr = 116 MgO -27.4 0.9998 
Y Cr = 126 MgO - 193 0.9787 
X Cr = 132 MgO - 217 0.9898 
RD Cr = 136 MgO - 171 0.9905 
UA Cr = 122 MgO - 119 0. 9957 Cr = 71 MgO - 29 0.8754 
UB Cr = 124 MgO - 111 0. 9925 
UC Cr = 138 MgO - 230 0.9924 Cr = 63 MgO - 20 0.9187 
AE Cr = 139 MgO - 206 0.9920 Cr = 77 MgO - 41 0.9409 
AF Cr = 140 MgO - 231 0.9874 Cr = 56 MgO + 3.5 0.8081 

By employing regression analysis, and applying the appropriate 
corrections, an attempt has been to made to estimate the average bulk Cr 
concentration of the Mg-bearing phases in the Bastard pyroxenite. Two 
avenues of approach have been adopted in estab 1 ish ing th i s est imate . 
First, the whole- rock Cr - !CWR relationship was used and then that of Cr 

- A1 203• 

An indication of the average level of A1 203 in pyroxene is given in 
Figure 4.35 where whole-rock A1 203 is plotted against Sr for all Bastard 
Unit samples excluding those in RD . 

%A1 203 = 0.08 ppm Sr + 0.83 (cc. = 0.9920, n = 115 samples) 

Assum i ng that all Sr is contained within plagioclase the A~03 content at 
Sr = 0 would ideally be the residual levels contained within pyroxene. 
This is not quite the case as a value of 2ppm Sr is indicated within the 
orthopyroxenes of the Bastard pyroxenite (Kruger, 1982). If this is the 
case then a value of 0.99% A1 203 is indicated for the Bastard pyroxenites 
(at Sr = 2ppm). This value is in close agreement with the microprobe 
values shown in Figure 4.11 and the average values (0.94-1.39%) reported 
in Table 4.7 . 
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orthopyroxenes. Kruger (1982) reported a Sr level of 2ppm in the 
orthopyroxene fraction of the Bastard pyroxenite at RPM and this 
would suggest that a value of 0.99% A1203 is contained within 
orthopyroxene. 

If one adopts an average value of 0.99% A1 203 and 41.5% ~Copx as being 
representative of the concentrations in orthopyroxene in the Bastard 
pyroxenite at all localities, then the following estimates can be made: 

Consider profile UA 

a) The linear model for Cr vs ~CWR at this locality is (Table 4.10) 

Cr = 83.6 !CWR - 184 (cc. 0.9923) 

The Cr concentration at 41.5% ~CWR would be 3287ppm (std. error of 
estimate = 127ppm). 

b) The regression of Cr - A1 203 in profile UA yielded the linear model 

(cc. -0.9881). 
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At 0.99% Al 203 the estimated Cr concentration is 3245ppm (std. error 

of estimate = 159ppm). This value is marginally lower than the 

estimate at 41.5% ~CWR (i.e. 3287ppm) but still within error. 

The same procedure was adopted for all other profiles and the results are 

shown in Table 4 . 11 and Figure 4.36 . 

Table 4.10: Linear regression models for Cr - ~CWR and Cr - Al 203• 

Std. error Std.error 
Linear model cc . of est. Linear model cc . of est. 

LEF Cr - 80.9rCWR . 97.7 0.9999 7.2 Cr c 3163 - 99.2 Al203 -0.9982 24 
Y Cr - 85.7rCWR - 304 0.9694 218 Cr - 3102 - 105.4 A1203 -0.9569 258 
X Cr • 93 . 7rCWR - 382 0.9874 191 Cr c 3550 - 123.8 A1203 -0.9769 258 
RD Cr • 92.6rC WR - 252 0.9798 273 Cr • 3658 - 120 .4 A1203 -0.9690 338 
UA Cr - 83.6rCWR - 184 0.9923 127 Cr • 3353 - 109.2 A1203 -0.9881 159 
UB Cr • 91 . 3rCWR - 225 0.9904 164 Cr • 3670 - 118.4 A1203 -0.9858 200 
UC Cr - 98.1rCWR - 326 0.9897 214 Cr • 3900 - 125.8 A1203 -0 .9896 215 
AE Cr - 101 rCWR - 340 0.9896 180 Cr - 3898 - 130.5 A1203 -0.9858 210 
AF Cr - 101 rCWR - 375 0.9866 211 Cr • 3941 - 132.7 A1203 -0 .9823 243 

Table 4.11: Estimation of Cr concentrations in the Mg-bearing phases of 
the Bastard Unit, utilising the regression analyses on the 
whole-rock Cr - ~CWR and Cr - Al 203 relationships. The 
results in parentheses are those calculated from the Cr -
MgO relationship at 29% MgO. 

Avg. Cr in 
Cr at Cr at orthopyroxene 

41.5% (29%) Std. error 0.99% Std .error % Probe 
PROFILE rCWR (MgO) of est. A1203 of est. Diff. Sample 

LEF' 3260 (3334) 7 (11) 3065 24 6.0 
Y 3254 (3461) 218 (182) 2998 258 7.9 Y775 
X 3507 (3620) 191 (172) 3427 258 2.3 X791.8 
RD 3592 (3773) 273 (188) 3539 338 1.5 RD-19 
UA 3287 (3407) 127 (88) 3245 159 1.3 UA-27 
UB 3565 (3485) 164 (145) 3553 200 0.3 -
UC 3745 (3772) 214 (184) 3775 215 -0.8 UC-20 
AE 3851 (3825) 180 (158) 3769 210 2.1 AE-15 
AF 3833 (3829) 211 (205) 3810 243 0.6 -

• Note that both regress ion ana lyses for LEF were done on on ly 5 
samples with rCWR val ues below 17% (12% MgO) and A1203 
values between 15-32%. Projections to 41.5% rC WR and 1.2% 
A1203 must in this case be somewhat suspect . 

(microprobe) 
ppm Cr Cr203% 

3079 0.45 
2053 0.30 
1984 0.29 
2942 0. 43 
2600 0.38 

- -

2874 0.42 
1711 0.25 

- -
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Figure 436 Estimations of Cr levels in orthopyroxene for individual 
profiles indicated by the regression data. Whole-rock Cr estimates at 
41. 5% :£CWR are indicated by solid circles while the Cr estimates at 
0.99% Al203 are shown by open circles (bars represent the standard 
error of estimate). Mineral separate data for three samples from the 
basal 4m of the Unit at RPM are shown by solid squares (Kruger, 1982). 
Average microprobe Cr values for orthopyroxenes in the Bastard 
pyroxenites are shown by a circled dot. 

Good agreement is evident between the two estimates in individual 
profiles apart from those at LEF and Y where the regression lines are not 
as we 11 constra ined. Average Cr va 1 ues for orthopyroxene obta i ned by 
microprobe analysis (Table 4.11) are in all cases lower than the whole­
rock estimates. These microprobe Cr values are for orthopyroxene only and 
other Cr bearing phases could be contributing to the higher whole-rock 
estimates. It might be noted that as little as 0.2% chromite present in 
the rock sample could account for this discrepancy. Mineral separate data 
for Cr in orthopyroxene in three samples from the basal 4m of the Bastard 
Unit at RPM yielded values of 3109, 2855 and 2775ppm (Kruger, 1982, see 
Figure 4. 36). 

On a regional basis there appears to be a systematic decrease in Cr 
levels of orthopyroxene from north to south (exclude LEF)(Figure 4.36). 
Locally, a pronounced systematic increase is seen at Union Section from 
3287ppm at UA in the south to c. 3745ppm at UC in the north . The levels 
of Cr indicated by ~CWR fa 11 within a narrow range between 3254ppm (V) 
and 3851ppm (AE) - a 597ppm difference, while the range yielded by the 

Al z03 estimates is 565ppm (excluding LEF and V) . 
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4.9.2.3 Cobalt (Co) 

Values of Co in the Bastard Unit range between 4ppm, at the base of the 
LGMA (UA-15), and 107ppm in the Bastard Reef pyroxenite (AE-14) (Figure 
4. 37). Regression lines for individual profiles show a positive y­
intercept at MgO ~ 0 in all cases (Figure 4.38) and may in part be due to 
the lower MgO content of orthopyroxene and the presence of clinopyroxene. 
These factors effectively shift the points, in the anorthosite field, to 
the left. A marked depletion of Co is evident in the intercumulus ferro­

magnesian phases of the anorthosites. This feature is illustrated in 
those profiles which have a sufficient number of anorthosite samples to 
permit construct i on of a separate regress i on 1 i ne (UA, ue and perhaps 
AF) . A line drawn through those samples with less than 5% MgO projects 
through the origin (Figure 4.38). 

An estimate of the Co content of the Mg-bearing phases was made based on 
the MgO content of orthopyroxene at an average of 29% and the results are 
presented in Figure 4.48 and Table 4.13. The ind icated average Co content 
of the pyroxenes in all profiles is 111ppm (range 104 - 116ppm) and no 
marked systematic regional trend is seen for the Bastard Unit Co content . 

4.9.2.4 Vanadium M 

Levels of V vary from 6ppm (Ue-9) to values approaching 140ppm in the 
Bastard pyroxenite. A maximum V content of 190ppm was recorded for UC-14 

(F i gure 4.39). Pos it i ve Y - intercepts at c. 30ppm were recorded for an 
regression lines (Figure 4.40). This is because vanadium concentrations 
in the anorthosites have a different distribution from that in the 
norites and pyroxenites. Kruger (1982) showed that V levels in both 
intercumulus ortho- and clinopyroxenes (in the LGMA) are higher than in 
the cumulus phases lower in the sequence. This phenomenon is clearly 
illustrated in UA where a sufficient number of samples have been taken in 
the anorthosites. Here a separate regression analysis for rocks with less 
than 3% MgO, clearly shows a steeper slope with an intercept close to the 
origin (Figure 4.40, inset at UA) . The reason for this different 
distribution is that there is proportionately more clinopyroxene, in the 

form of i ntercumu 1 us mott 1 es, than orthopyroxene. The reverse is true 
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where pyroxene occurs as a cumu 1 us phase. As was discussed in 2.5.2 
vanadium di stributes preferentially into clinopyroxene (DVX = 1. 5) 
compared with orthopyroxene (D~X = 0.3) and hence a higher V content is 
expected in the anorthosites with minor amounts of pyroxenes. 

The average estimated V content of the Mg-bearing phases at 29% MgO is 
145ppm. There is a suggestion of an increase in the V levels in a 
southerly direction away from the Amandelbult and Union Sections in the 
northwestern sector of the Complex (Figure 4.48 and Table 4.13). 

4.9.2.5 Zinc (Zn) 

The stratigraphic distribution of Zn is very similar to that of V. Zn 
levels vary between 7.4ppm, within the anorthosites (Y765.48, UA-15 and 
16a). and an average high of 90ppm in the basal pyroxenites (Figure 
4.41). Two anomalously high values of 124 and 131 are recorded in the 
Bastard pyroxenite of profile C (C-16 and 18) . Although more scatter is 
evident in the binary diagrams than that for V, all profiles indicate a 
positive V-intercept of the regression line at MgO = 0 (Figure 4.42). The 
intercept value varies between 2.7ppm (Y) and 12 . 4ppm (AF) . The presence 
of sulphide phases at the base of the unit does not have a marked 
influence on its concentration. Like V, there is a suggestion of 
increasing Zn values away from the northwest sector of the Complex 
towards the south. 

4.9.2.6 Copper (Cu) 

Copper va 1 ues in the Bastard Un i t vary between 4 and 461 ppm. As was 
pointed out in 2.5.2, this element behaves as an almost perfect 
chalcophile element; its distribution is directly related to the presence 
of sulphides and it is incompat ible with respect to the other cumu lus 
phases. The low levels of Cu throughout the Bastard Unit (apart from the 
sulphide-rich basal zone) are attributed in part to microscopic grains of 
sulphides throughout the column and Cu within plagioclase . Analyses of 
plagioclase separates of Bastard Unit at RPM by Kruger (1982) (excluding 
the basal pyroxenites) yielded an average value of 17.4ppm (13 samples, 
sd = 7.31). 
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The distribution of Cu in all the profiles indicates the presence of 
abundant sulphides at the base of the Bastard Unit (Figure 4.43). Samples 
with values in excess of 30ppm were considered to have more than 
background 1 eve 1 s present and were de 1 eted from the tota 1 dataset; a 
background Cu value of 17.4ppm was obtained for the Bastard Unit (128 
samples, sd = 6.1). This value is only marginally higher than that 
mentioned earlier (3.5.2) for the Bastard Unit at Union Section (UA, UB 

and UC) where an average value of 14.0ppm was obtained (Table 3.2). 

4.9.2.7 Nickel (Ni) 

Ni concentrations vary from 15ppm in the LGMA (UA-12) to 1457ppm (B-32) 
in the Bastard pyroxenite (Figure 4.44). High Ni values within the basal 
pyroxenites are due to the presence of base-metal sulphides. These 
sulphide-bearing samples are readily recognised in the Ni - MgO plot, as 
they fall well above the regression line through the sulphide-poor 
samples. Naldrett et al. (1986, p.1109) suggested that a line could be 
drawn in such a variation diagram, below which no sample points would 
fall. This line they defined from the origin to a point represented by 
700ppm Ni at 29.5% MgO, corresponding to the expression Ni = 23.729 MgO. 
This lower limit line they applied to the Bastard, Merensky and Footwall 
Units at Union and Rustenburg Sections . Naldrett et al. (1986) suggested 
that those samples falling on or close to the line are sulphide-free and 
those which plot above the line contain excess Ni due to the presence of 
sulphides. 

This base line has been included in Figure 4.45. The average Ni 
concentration in the Mg-bearing phases (no sulphides) at 29% MgO is 
648ppm (Figure 4.48). This value compares favourably with that of 688ppm 
calculated from the linear model for the Bastard Unit reported by 

Naldrett et al. (op cit.) at 29% MgO. 

The (excess Ni)/Cu ratio was calculated for sulphide-bearing rocks in the 
Bastard Unit as well as for the Bastard basal sulphide samples and 
yielded average ratios of 1.11 and 1.37 respectively (Table 4.12). These 
values compare favourably with those quoted by Naldrett et al. (1986) of 
1.12 and 1.77 for the Bastard Unit and are also very similar to the 1.2:1 
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Figure 4.44 Whole-rock Ni (ppm) plotted against stratigraphic height for 
eleven Bastard Unit profiles. Open circles in profile UC indicate 
olivine-bearing samples. 
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va 1 ue in the Merensky Un it. By contrast, the pub 1 i shed Ni/Cu rat i 0 for 
the Merensky Reef itself is 2.3:1 (Cousins, 1964; and Naldrett et al. 
1986) . 

Table 4.12: Calculated (excess Ni)/Cu ratios for the Bastard Unit 
and the basal sulphides for all profiles. 

MgO Cu Ni Ni Excess Excess 
Sarnole (Wt%l (ooml (oom) • 23 .7MaO Ni Ni/Cu 

Bastard Unit 

H997.26 2.70 102.2 231.9 64.2 167.7 1.64 
RO-17 22.12 102.9 603 .8 524.9 78.9 0.77 
UA-24 24.28 109.9 670.4 576.1 94.3 0.86 
UC-19 23.94 238.9 881.8 568.0 313.8 1.31 

AE-14 22.92 101.6 647 .0 543.9 103.1 1.02 
AF-14 23.53 103.7 669.0 558.4 110.6 1.07 
Average 1.11 

Basal sul~hide-bearing Bastard Unit samQles 
H998 .1 21.08 214.2 889.3 500 .1 389.2 1.82 
Y775 21.86 166.3 749.5 518.7 230.8 1.39 
X791.8 23.95 178.3 796.5 568.2 228.3 1.28 

RD-18 22.35 208.0 824.2 530 .4 293.8 1.41 
UA-25 24.33 216.3 845.1 577 .2 267 .9 1.24 
UA-26 24.06 207.6 790.3 570.9 219.4 1.06 
8235/6 24.45 278.0 912.0 580 .1 331.9 1.19 
8232/12 25.40 300.0 1100. 0 602 .7 497.3 1.66 
UC-20 23.97 293.3 1001.4 568.9 432.6 1.48 

AE-15 23.40 239.0 871.0 555.3 315.7 1.32 
AF-15 23.69 135.0 728.0 562.1 165.9 1.23 
Average 1.37 
Average for all 8astard Unit samples 1.28 

4.9.2.8 Scandium (Sc) 

The range of Sc values within the unit is from 2ppm (UA-15) in the LGMA 
to 34.7ppm (RD-17) in the Bastard pyroxenite Figure 4.46). Like Co, V and 
Zn this element shows a positive Y-intercept for the regression line when 
plotted against MgO (Figure 4.47). Kruger (1982) has shown that very 
1 itt 1 e var i at ion is seen in the Sc concentrat ions of both ortho- and 
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clinopyroxenes through the Bastard Unit (orthopyroxene 30-40ppm and 
clinopyroxene 70-80ppm). The average Sc concentrations in the Mg-bearing 
phases of the Bastard pyroxenites (at 29% MgO) is 35ppm which is 5ppm 
higher that the 29ppm obtained in two mineral separates of orthopyroxene 
from the lower 2m of the Unit at RPM (Kruger, 1982) (Table 4.13). This 
discrepancy is accounted for by the presence of cl inopyroxene. 
eli nopyroxene separates of these samp les reported by Kruger (op. cit.) 
yielded values of 80 and 75ppm respectively which is in keeping with the 
recommended va 1 ues of Dsc = 3.1 for c 1 i no pyroxene , and 1.1 for 
orthopyroxene (Frey et al., 1978). On a regional basis there is again a 

suggestion of increasing Sc values away from Amandelbult Section towards 

Rustenburg in the south. 

Table 4.13: Estimated trace element concentrations in the Mg­
bearing phases, calculated at 29% MgO from the linear 
regression model for individual profiles. Standard 
error of estimates in parentheses. Data for RPM are 
orthopyroxene mineral separates from the basal 2m of 
the Unit (Kruger, 1982). 

PROFILE Co V Zn Ni Sc 

LEF 116 (3.5) 159 (4.3) 99 (8.9) 618 (9.1) 37 (0.6) 
RPM 101 133 87 743 29 
Y 112 (4.0) 155 (14.0) 119 (7.9) 680 (21. 7) 38 (1. 3) 
X 108 (4.1) 144 (17.7) 94 (10.0) 651 ( 9.2) 36 (2.4) 
RD 116 (3.7) 162 (14.0) 113 (11. 7) 739 (35.5) 40 (3.0) 
UA 104 (2.7) 119 (9.4) 84 (4.1) 618 (13.8) 34 (1.4) 
US 110 (4.1) 141 (9.1) 83 (6.9) 612 (7.0) 35 (1. 5) 
UC 109 (6.6) 141 (9.6) 91 (8.6 ) 662 (34.0) 34 (2.3) 
AE 116 (6.2) 142 (9.6) 91 (4.2) 634 (5.0) 32 (1. 3) 
AF 109 (5.0) 139 (11.1) 92 (4.9) 622 (9.5) 29 (1. 5) 

Average 111 145 96 648 35 
(excludiflQ RPM1 



ppm 
120 

110 -
100 

160 

140 

120 

120 1-

-
100 ,-

-
80 -

800 I-

-
600 

40 

30 ,-

20 

212 

, 

@ ! ! c 
T i f 

f f f f 
0 

! 0 +-1- -- ---J ---- -Il----l-j: 
0 

f -

0) J --J___ _ t 
--- - ---

t -~ff--- !J_ 0 

-+ 0 

t e • •• + • . . -
• @ 

0 

L~F RPM 
, 
o 20 40 

-+---f--- - ! ----------+,-t ----I 
; 

60 

X 

80 

Distance (km) 

~D 

100 

-t-

U~~B~C A,E ";F 
120 140 160 

Figure 4.48 Levels of Co, V, Zn, Ni and Sc in pyroxenes in individual 
profiles indicated by the regression data at a whole-rock MgO content 
of 29%. Bars show the standard error of estimate. Open circles at RPM 
indicate values in orthopyroxene mineral separates from the lower 2m 
of the Bastard pyroxenite (Kruger, 1982). 

Interelement ratios 

-

From the above discuss i on it is apparent that there are strong moda 1 
controls on the behaviour of individual elements. The use of interelement 
ratios can to a large degree nullify the modal effects and the variation 
of interelement ratios can indicate the geochemical evolution that takes 
place during crystallisation . 

Bulk distribution coefficients are greater for Ni than for Sc in mafic 
rocks and the Ni/Sc ratio has been shown to be a useful indicator of 
increasingly primitive character towards the bases of cyclic units . 
Anomalous values may be introduced by the presence of sulphides, but 
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these samp les are i dent if i ed by thei r anoma lous ly high Cu or Ni va lues 
and are accordingly rejected. The pattern for the Ni/Sc ratio through the 
Upper Cr it i ca 1 Zone shows marked cyc 1 i city and has been used to good 
effect by Eales et al. (1988) to define the limits of individual units, 
espec i a lly when other geochemi ca 1 parameters do not read ily defi ne the 
unit limits. Figure 4.49 shows the characteristic trend of the Ni/Sc 
ratio for all the Bastard Unit profiles. Here the Ni/Sc ratio decreases 
upward through the pyroxenite - norite sequence and into the LGMA. A 
minor yet distinctive reversal to more primitive values occurs at or near 
the top of the LGMA - especially in profiles AE, UA, X, B and to a lesser 
degree in AF and Y. The ratio then remains reasonably constant between 5-
10 throughout the remainder of the GMA. This reversal is coincident with 
that of the reversa 1 in orthopyroxene MMF rat i os (see 4.8.1). N i /Sc 

ratios within the UC profile are anomalously high and may be a reflection 
of the generally more primitive character (reflected by the occurrence of 

olivine) in the area. 

The V/Cr ratio also displays a distinctive pattern through the Bastard 
Unit (Figure 4.50) and here the UA and AE profiles best depict the 
behaviour of this ratio. Low values « 0.1) are evident through the 
pyroxenite - norite sequence. An increase in the ratio is apparent 
through the lower half of the LGMA to a peak (c. 0.6) before reverting to 
intermediate values (c. 0.3). The values above the reversal gradually 
increase through the remainder of the Unit without exceeding 0.5. 
Mitchell, (1986) has shown that low V/Cr values (below. 0.35) persist 
through the first 500m of the Main Zone before a gradual increase is seen 

to levels above 12.0 at the top of Subzone B (below the Pyroxenite 
Marker). The reversal within the LGMA is more pronounced at UA, AE and X. 

In the absence of magnetite, variations in this ratio are attributable to 

clinopyroxene. 
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Trace elements incompatible in aU phases of the Bastard Unit. 

4.9.2.9 Rubidium (Rb) 

Concentrations of Rb in the unit would, at first glance, appear to have a 
rather erratic distribution (Figure 4.51) with values ranging from a high 
of 17.6ppm (UA-25) to those below detection limits ($1.3ppm) - mainly in 
the norites and the LGMA. A generalised pattern of distribution through 
all the profiles is, however, recognised and is as follows. 

* Moderate ly high va lues, in excess of 5ppm, occur wi th i n the basa 1 
Bastard pyroxenite. 

* A sharp drop, to notab ly low va 1 ues, occurs at the pyroxen ite -
melanorite contact. Rb values remain low through the norites « 3ppm). 

* A progressive increase is then seen within the leuconorites and upward 
through the entire GMA. Peak values in excess of 15ppm are recorded at 
the top of the Bastard Unit. 

This distinctive stratigraphic distribution of Rb suggests that a 
geochemical break, to lower values, occurs 5-10m above the basal contact 
of the Unit. This geochemical displacement is perhaps explained by late­
stage fractionated interstitial liquid being squeezed out from the 
Merensky Unit below, resulting in a concentration of Rb in the basal part 
of the Bastard Unit. 

The upward increase in Rb from the base of the norites through the 
remainder of the unit is recognised in all profi les. This trend of 
increasing Rb was also recognised by Mitchell (1986) and he clearly 
showed that the pattern cont i nues into the basa 1 part of the Ma i n Zone 
(Unit I), before reverting to values below 5ppm, 50m above the Bastard 
Unit, and remaining at these levels through the first 500m of the Main 
Zone. 

4.9.2.10 Zirconium (Zr) 

An almost identical distribution pattern to that of Rb is seen for this 
element although values are generally double those of Rb (Figure 4.52). 
Levels vary between ultra-trace amounts within the norites to 38.6ppm (Y-
722.4) at the top of the UGMA. Mitchell (1986) reports a similar Zr 

increase towards the top of the Bastard Unit and upward into the basal 
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part of the Main Zone. A reversal to lower values (c. 10ppm) occurs 100m 
above the base of the Bastard Unit . 

4.9.2.11 Yttrium (y) 

Although a wide range of Y is observed (ultra- trace values - 18.9ppm in 
UA-14), the bulk of samples in all profiles indicate levels below 10ppm 
which is in agreement with the levels reported by Mitchell (1986) in the 
Bastard Unit. No obvious systematic distribution pattern is seen through 
any of the profiles in th i s study (Figure 4.53). The work of Naldrett et 
a1. (1984, Figure 4.25) does, however, show a marked similarity in 
distribution to that of Rb, Zr and K20 and their Y values are generally 
higher, being in excess of 10ppm. Naldrett et a1. (1984) clearly indicate 
va lues of 20-30ppm within the Bastard pyroxenite whi 1e the norites and 
the bulk of the GMA have values between 10 and 20ppm. A progressive Y 
increase is seen at the top of the GMA where values of c. 32ppm are 
reported. This increase is again similar to that observed for the 
elements Zr, Rb and K20. 

4.9.3 Summary of whole-rock data. 

Features indicated by the whole-rock data of the Bastard Unit are as 
follows . 

a) Whole-rock %A1 203 is an excellent indicator of the modal feldspar 
content in the cumulates and has been used effectively in the 
classification of the different lithologies (Figures 1.5, 4.22 and 4.26). 

b) The whole-rock MMFwR ratios in all the profiles closely match the 
trend of the MMF rat ios for orthopyroxene. All Bastard Un it prof i 1 es 
around the western limb of the Complex display a characteristic cryptic 
variation pattern through the basal pyroxenite - norite sequence (Figure 
4.21). Almost no variat ion is seen for MMFwR ratios within the base of 
the pyroxenite at different localities (0.80) which is in close 
agreement with the MMF ratios in orthopyroxene at this level. Generally 
lower MMFwR values, with a greater degree of variability, are seen within 
the GMA. MMFwR ratios within the LGMA (c. 0. 65 - 0.70) are more primitive 

than those in the UGMA (~ 0.6). 
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Figure 454 Plots of % intercumulus plagioclase, Sr, ZMgO and MgO/Sr 
ratios for the basal Bastard pyroxenites against map distance (km) 

from the centra l part of Union Section. Trend lines are drawn in by 
eye. The map s hows the spatial distribution of the various profiles 
and their distances from Union Section. 

c) Absolute %MgO values of the basal pyroxenite samples around the 

western limb of the Complex are not the same at all localities. The 

highest %MgO contents are recorded at Union Section while the lowest 

levels are at LEF (Figure 4.54). The progressive decrease in %MgO away 

from Union Section is also reflected by the MgO/Sr ratio and increasing 

Sr levels - a measure of the amount of intercumulus plagioclase of the 

rock. It is therefore clear that the basal part of the Bastard Unit 

becomes progressively less mafic away from Union Section . Whole-rock 

interelement ratios like MMFwR • Sr/A1 203*, Ni/Sc and V/Cr do not vary 

along strike but display similar values at all localities. However, there 
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does appear to be an increase in V, Zn and Sc values within the basal 
pyroxenites in a southerly direction away from Amandelbult and Union 
Sections. This trend probably reflects an increase in the modal 
proportion of clinopyroxene at this level. 

d) Stront i um has been shown 

within the Upper Critical 

to be an effect i ve 
Zone each unit 

indicator of cyclicity 

displaying its own 
characteristic Sr signature. Two effective measures of Sr signature are 
the Sr/A1 203* ratio (Eales et al., 1986) and the linear regression models 
yielded by individual units when Sr is plotted against MgO or ~CWR 

(Figures 3.6, 4.29 and 4.30). 

The bulk of the Bastard Unit, excluding the lower pyroxenite, displays 
the lowest recorded Sr/A1 203* ratios for a cyclic unit in the Upper 
Critical Zone and the first 900m of the Main Zone (Figure 4.55). Levels 
of Sr/A1 203* can be bracketed by an envelope between 11.3 - 13.0 . The 
mid-value of the Bastard Unit envelope is 12.2 while those of the 
underlying Merensky and Footwall Units are 13.3 and 14.8 respectively . A 
value of c. 13.4 is recorded for the first 900m of the Main Zone. It is 

notable that the Sr/A1 203* ratios recorded for the GMA match those of the 
underlying norites . The anorthosites do not therefore appear to be 
derivatives of a discrete liquid (contrary to the propos~l of Irvine et 
al., 1983) unless this liquid was undergoing continuous contamination. 

Apart from the anomalous ratios recorded in the leucocratic lithologies 
at RD, all Sr/A1 203* values from different localities around the western 
limb of the Complex fall within the narrow range of 11.3 - 13 .0. It is 
concluded that little or no variation of Sr content occurs in plagioclase 
over a distance in excess of 170km. 

The linear regression model, illustrated in Figure 3.6, for all the 
Bastard samples at Union Section is 

Sr = 382 - 12 .8 MgO (cc. = -0.994, n = 57 samples) 

while all Bastard Unit samples, excluding the RD data, yield the 

expression: 

Sr = 379 - 12.9 MgO (cc. = -0.956, n = 116 samples) . 
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Figure 4.55 Composite plot of Sr/AlzO/ ratios against stratigraphic 
height for the Footwall, Merensky and Bastard Units of the Critical 
Zone as well as the first 1000m of the Main Zone in the western 
Bushveld Complex (see Mitchell, 1986 for a more detailed geological 
log of the Main Zone). The representative stratigraphic column has 
a bias towards that in the NW sector of the Complex. Vertical scale 
is indicated by 10m (CZ) and 100m (MZ) inte r vals on the right side 
of the column (note scale change at the top of the Bastard Unit); 
pg = porphyritic gabbro. Data for RPM are for plagioclase mineral 
separates (Kruger, 1982) and the field envelopes for the Critical 
Zone as well as the data for VB are from Eales et a1. (1986). 
Broken-line boxes at the top of the fields suggest infiltration of 
residual liquids from underlying units. 
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Indirect determination of the Sr concentrations in intercumulus 
plagioclase suggests that no discernible difference is evident between 
plagioclase of cumulus and intercumulus habit. This observation is mainly 
based on the profiles in the northwestern sector, where sufficient 
samples through the Unit were able to define rigidly the regression 
lines. This is also supported by direct analysis of intercumulus 
plagioclase separates at RPM and to a lesser degree the single analyses 
at Y and X. In summary, there is no marked difference in the Sr content 
of cumulus and intercumulus plagioclase within the Unit and no marked 
lateral variation is evident over a distance of 171km. 

e) Regression analysis of other "compatible" trace elements (Cr, Co, V, 
In, Ni and Sc) indicate that minor variations are evident between 
profiles (Figures 4.36 and 4.48). The bulk compositions, shown by the 
regress ion data of Cr, V, In and Sc, show that there is a d i st i nct 
decrease in compos i t i on ina souther ly direct i on away from Amande 1 bu It 
and Union Sections. No discernible trend is, however, recognised for Co 
and Ni which display lateral consistency around the western Bushveld 
Complex. Lateral fractionation within the Bastard Unit is therefore 
recognised for Cr, V, In and Sc. 

f) Levels of Cr, V, Co and Sc are different in the mafic phases when the 
habit changes from cumulus to intercumulus (whole-rock MgO < 4%). This 
suggests that these elements were preferentially included into the 
earl ier-formed cumulus mafic phases, lower in the sequence, and by the 

time the i ntercumu 1 us pyroxene crysta 11 i sed the 1 i qu i d was dep leted of 

these components. 

g) A number of geochemical parameters suggest that the composition of the 
basal part of the Bastard Unit has been affected by the infiltration of 
late-stage fractionated fluids which have been expelled from the 
underlying Merensky Unit. This phenomenon is described by Irvine (1980b) 
as postcumulus magmatic infiltration metasomatism. Only some of these 
parameters display clear geochemical breaks some distance above the base 
of the Unit, while most others indicate a more subtle influence, or 
overprint, from the under lyi ng Merensky Un it, and cont inue the trend 

established in that Unit. Evidence of infiltration is provided by the 

following observations: 
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* Some samples at the base of the Bastard Unit display Sr/A1 20/ ratios 
which are higher than those in the main body of the unit and are more 
characteristic of those in the underlying Merensky Unit (Figure 4.55). 

* Breaks in the trends of particular incompatible trace elements are not 
always coincidental with the base of a cyclic unit and it is often 
noted that a trend established in one cyclic unit continues into the 
overlying unit before reverting to more primitive values. Evidence of 
this phenomenon in the Bastard Unit is seen where trace element data 
are also available for the underlying Merensky Unit (AE in Field 
(1987); UB, UC and UA in Chapter 3; and the two profiles of Naldrett 
et al. (1984) in Figure 4.25). Incompatible trace elements which best 

display this feature are K20, Rb, Y and possibly Zr. Uninterrupted 
trends over the basal contact of the Bastard Unit, preceding a 
reversal to lower values, are indicated in the following profiles: 

Rb 
Zr 

Y 

Both Union and Rustenburg profiles of Naldrett et al. (1984) -
Figure 4.25. 
UA, UB and UC in Figure 3.5 
AE in Field (1987, Figure 5.2). In contrast to all other 
profiles, there is an increase in K20 within the first 2 (AE) 
or 3 (AF) samples at the base of the Bastard Unit at 
Amandelbult (Figure 4.25). 
UA, UB and UC in Figure 3.10. AE in Field (1987, -Figure 5.5) 
AE in Field (1987, Figure 5.5) 
AF Figure 4.52 
Rustenburg profile of Naldrett et al. (1984) - Figure 4.25 (Not 
evident in their Union profile). 

MnO - UA and UC in Figure 3.4 and 4.22. 

* The infiltration of late-stage fractionated fluids may also have 
contributed to the depression of both the whole-rock MMFwR and 
orthopyroxene ratios at the base of the Bastard Unit. 

The orthopyroxene MMF va 1 ues here cou 1 d have been depressed by the 

more evo 1 ved rat i os « O.75) at the top of the Merensky Un i t (F i gure 
3.3 and 4.57) and thus yielded a reversed fractionation trend seen at 
the base of the Bastard Unit. Conversely, it is possible that the 
reversed fractionation trend is a primary feature. 
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h) A progressive increase in the concentration of incompatible trace 

elements occurs towards the top of the GMA (Ti02, K20, P20S' Rb, Zr and 

Y). The· highest concentrations of these elements, for leucocratic 

cumu 1 ates in the Upper Cri t i ca 1 Zone, are recorded at the top of the 

Bastard Unit (Figure 4.56). Incompatible trace element concentrations in 

cumulates have been shown to be good indicators of the amount of trapped 

intercumulus liquid (Henderson, 1968; Naldrett et al ., 1984). The higher 

concentrations of these trace elements within the UGMA would therefore 

indicate more efficient trapping of intercumulus liquid at this level, 

related to increased primary porosity . 

Note: In Figures 4.56 and 4.57 an idealised, or "average". stratigraphic section was compiled 
for the Footwall. Merensky and Bastard Units in the western Bushveld Complex. 
Samples from separate profiles have been incorporated into this idealised column and 
are proportionately placed according to lithology and relative stratigraphic 
position . 

i) Ni/Sc and V/Cr ratios display distinctive cyclicity within the units 

of the Upper Critical Zone (Figures 3.5 and 4.56). A suggestion of a 

reversal in the normal fractionation trend within the LGMA, simi lar to 

that seen for MMF rat ios in orthopyroxene, is ev i dent for both these 

parameters. Ni/Sc levels are particularly high at UC (Figure 4.49) in 

comparison with the other profiles and this factor, coupled with the 

occurrence of 01 i vine in the prof i le, is perhaps a ref lect i on of the 

overall increased mafic (or primitive) nature of the sequence at this 

locality. 

j) Background Cu concentrations in the Bastard Unit are lower than those 

for the Merensky and UG2 Uni ts, i ndi cat i ng an overa 11 dep let i on in the 

amount of sulphide available within the unit. This feature indirectly 

emphasises the minor economic importance of this Unit. 
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4.10 Diagnostic characteristics of the Bastard Unit. 

The detailed cryptic variation pattern of the Bastard Unit is best 
illustrated in those profiles where a high sampling density has been 
achieved, best exemplified by UA and RPM. Other profiles reinforce the 
trends seen in these two and provide more detailed information about the 
lower part of the Un it. Any mode 1 wh i ch is invoked to exp 1 a i n the 
petrogenesis of the Bastard Unit in the western Bushveld Complex must 
account for the following characteristic features. 

a) The Bastard Unit is the last of the cyclic units of the Upper Critical 
Zone and is appreci ab ly th i cker than those units in its footwa 11 above 
the UGI chromitite. The basal 20-25m of the Unit represents an almost 
exact duplication of the lithological sequence seen in the Footwall and 
Merensky Units but it differs from other units in having an abnormally 
thick sequence of leucocratic rocks in its upper h~lf, above the 
pyroxenite - norite package. The textural characteristics and gross 
features of the LGMA are akin to those of the mottled anorthosites at the 
top of the Footwall and Merensky Units. In contrast, however, the 
overlying GMM and the UGMA, although comprising anorthosites, are quite 
different in appearance, texture and chemical composition. 

b) It differs from units lower in the sequence by not having a 
lithologically well-defined top contact. This contact between leucocratic 
rock types of subtly differing textures is rather diffuse over 20cm. It 
is occasionally difficult to recognise in borehole cores and a degree of 
confusion has been evident, both in the literature and in exploration 
borehole logs. The positioning of the upper GMA contact has sometimes 
been erroneous ly taken at the more prominent top of the LGMA . It is, 
however, readily recognisable in underground haulage and crosscut 
exposures. Well -defined contacts are evident at the base of the Unit, the 
base of the GMA and the top of the LGMA, while the pyroxenite -
melanorite boundary is more gradational. These features and the internal 
layering of the sequence emphasise the distinctive layering displayed 
within the Unit, in marked contrast to the more massive character of the 
Main Zone where layering features are subdued . 



229 

c) Apart from the "gap zones" mentioned . in 4.4, the Unit occurs 
throughout the western limb of the Complex over a strike distance of c. 
200km. 

d) The thickness of the Bastard Unit is reasonably consistent at c. 60m 
between Rustenburg and Amande1bu1t. A thinning of the Unit is apparent in 
an easterly direction from RPM through WP (42m) and then further to the 
east where a particularly thin sequence is encountered at Brits (LEF 
2.61m) . The more common thickness of c. 60m is closely matched in the 
eastern Bushve1d (Cousins, 1969) . 

e) Footwall rocks of the Unit are in all cases mottled anorthosites. This 
indicates that, unlike the Merensky Reef , the Bastard pyroxenite has the 
same footwall lithology throughout the western Bushve1d Complex. 

f) The basal contact of the Unit is characterised by a pervasive bedding 
plane shear. Occasional undisturbed exposures of the basal contact are 
seen where the shear is absent or displaced into the footwall or hanging 
wall succession . Here the contact is undulatory with a thin chromitite 
seam developed between the footwall mottled anorthosite and the overlying 
Bastard pyroxenite. 

g) The basal part of the Bastard pyroxenite, within the first 20cm , is 
characterised by the ubiquitous presence of base metal sulphides and PGE 
mineralisation and the occasional development of a coarse-grained 
pegmatoida1 texture. 

h) There is a change from orthocumu 1 ate texture with i n the pyroxeni te 
(± pegmatoid) to mesocumu1ate in the me1anorites and norites and f i nally 
adcumu1ate texture in the 1euconorite and anorthosite (LGMA) in the lower 
ha 1f of the Un i t. Th i sis a gradat iona 1 change. The adcumu late texture 
then gradually gives way through the GMM to orthocumu1ates which are 
domi nant wi th in the UGMA. Th i s change is mirrored by the progress i ve 
upward increase in plagioclase zoning and higher concentrations of 
incompatible trace elements towards the top of the Unit. 
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i) Olivine-bearing lithologies, especially norites and troctolites, are 
rare in the Upper Critical Zone, particularly above the level of 
the Merensky Reef . Olivine does, however, occur in the paragenesis within 
the Bastard noritic sequence of profile UC. The olivine composition 
(F 079 _ 81) is character i s tic of other Upper Cr i t i ca 1 Zone occurrences . 

j) Abundant small, rounded and embayed plagioclase i nclusions 
(primocrysts) are enclosed within poikilitic cumulus orthopyroxene and 
anhedral olivine in the norites and to a lesser degree the basal 
pyroxenites. These plagioclase inclusions 
throughout the orthopyroxene grains and 

are randomly scattered 
are not preferentially 

concentrated along the margins or in the cores of grains. There is also a 
suggestion that these small plagioclase inclusions have been incorporated 
into larger cumulus plagioclase crystals, especially in the GMA (4 .8.3 
grain in X-768.5). 

1) Orthoclase (K-feldspar) appears as a minor intercumulus phase in the 
upper part of the GMA (see 4.6.4). This observation is reinforced by the 
whole-rock data which indicates higher concentrations of K20 and Rb in 
the UGMA. A marginal increase in the K20 concentration of plagioclase is 
also evident at this level (Figure 4.17, RPM). 

m) The variation of An content for cumulus plagioclase through the 
Bastard Unit displays a trend different to that of the fractionation 
pattern shown by the MMF ratios in orthopyroxene. There is a distinctive 
decoupling of cryptic variation trends between these two phases . 

n) The Bastard Unit displays a particularly wide range of orthopyroxene 
MMF values (0.536 - 0.835) and the vertical cryptic variation pattern 
through the Unit has a distinctive double-cuspate form, quite different 
from the cycles below. The upper is more evolved than that at the base 
(Figure 4.57). This double-cuspate pattern is recognised in all the 
studied profiles, though minor deviations do occur (4 .8.1). A remarkable 
feature of the bas a 1 Bastard pyroxen i te samp les is that 1 itt le or no 
vari at ion occurs in orthopyroxene MMF rat ios over a str i ke distance of 
171km - a constant value of 0.804 is indicated at this level . A reversed 
fractionation trend is evident within the first 4m of the Unit before 
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Figure 4.57 Composite plot showing the variations in the orthopyroxene MMF 
ratio, ZAn in plagioclase and the initial Sr isotope ratio through the 
Footwall, Merensky and Bastard Units and the lower part of the Main 
Zone. Vertical scale is indicated at 10m intervals on the right-hand 
side of the co lumn; note scale change within the Main Zone. 
MMF orthopyroxene. Main Zone data have been compiled from Union 
Section and the LEF (Brits) area (Mitchell, 1986 and 1989) . Merensky 
Unit data at Union Section has been extracted from de Klerk (1982) and 
Naldrett et al. (1984) while that for Amandelbult is from AE (Field, 
1987) and RPM (Kruger, 1982) . Footwall Unit data are from Naldrett et 
al. (1984) . The occurrence of inverted pigeonite is also indicated at 
the top of the Bastard Unit and the lower part of the Main Zone . 
%An in plagioclase. - Main Zone data from Mitchell (1986). Data for the 
Bastard Unit have been compiled from RPM (Kruger, 1982), Y, X, VA, ve , 
AE, and Naldrett et al. (1984). Data for the Merensky and Footwall 
Units are from VB (de Klerk, 1982), AE (Field, 1987), and open circ le s 
in the Merensky Unit indicate the average composition of cumulus 
plagioclase (10 14 analyses) at RPM (Lee, 1983) . An envelope 
indicating the range of composition reported in Naldrett et al. (1986) 
is shown for the Footwall and Merensky Units. 
Ini tial Sr isotope (Sr iL This plot incorporates data for both the 
eastern and western Bushveld Complex. 
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peak MMF va lues of 0.82 are recorded at the gradational pyroxenite -
melanorite contact. From this level the MMF ratios decrease through the 
norites and LGMA (to 0.62-0.68) before a marked reversal to higher MMF 
ratios (0.70-0.75) is seen within, or at the top, of the LGMA. This 
d i st i nct i ve reversa 1 is a 1 so evi dent for other geochemi ca 1 parameters, 
notably %FeO in plagioclase (Figure 4.18), whole-rock MMFwR (Y and AE in 
Figure 4.21), Ni/Sc, and especially V/Cr (Figures 4.56). 

The stratigraphic position of the reversal is variable and is not 
coincident with any marked change in lithology nor is it confined to the 
mottled anorthosite. The majority of profiles indicate that it occurs 
either at the top or middle of the LGMA and it is only in profile Y that 
it occurs below the LGMA in the leuconorite. An important facet of this 
trend is that it does not matter what the textural status of the pyroxene 
is (intercumulus or cumulus), the MMF ratios behave coherently and lie on 
a continuous trend across the textural boundary. The pattern above the 
reversa 1 is one of gradua lly decreas i ng MMF through the GMM before a 
marked drop to va 1 ues be low 0.60 is seen in the UGMA. Th i s decrease is 
coincidental with the occurrence of inverted pigeonite with its 
characteristically higher Fe content. Low MMF values ($ 0.60) continue 
across the upper Bastard Unit contact into the Main Zone for c. 30m 
before gradually reverting back to MMF ratios of c. 0.70. 

0) Primary inverted pigeonite occurs as a crystallising phase in the 
upper half of the GMA and remains in the paragenesis for c. 30m into the 
basal part of the Main Zone . 

p) The Bastard Unit is geochemica lly coherent with regard to Sr and 
displays its own characteristic signature when compared with other 
underlying units of the Upper Critical Zone and the overlying Main Zone 
(see 4.9.3d). Sr content is the same for both cumulus and intercumulus 
plagioclase in the same profile and no discernible lateral variation is 
seen around the western limb of the Complex. 

q) Trends for some incompatible elements like K20, Rb, Zr, and to a 
lesser degree Y, indicate a degree of infiltration (metasomatism) within 
the basal part of the sequence . Geochemical breaks to lower va lues for 
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these elements are not at the basal contact of the Unit but are displaced 
upward into the Bastard Unit and are located at, or near, the pyroxenite 

melanorite boundary. Parameters such as the Sr/A1 203* ratio and 
possibly the reversed fractionation of MMF ratios (both whole-rock and 
orthopyroxene) at the base of the Unit support the concept of 
infiltration of residual liquids from the top of the Merensky Unit. 

r) There is a progressive increase in the concentration of incompatible 
trace elements towards the top of the GMA (see 4.9.3h). 

s) Simple regression analysis of whole-rock data for individual Bastard 
Unit profiles indicates that little or no lateral variation occurs for 
Sr, Co and N i throughout the western Bushve 1 d Comp lex. A degree of 
lateral variation does, however occur in the case of Cr, V, ln, and Sc. A 
pattern of decreasing Cr levels is observed in the pyroxenes at the base 
of the Unit from the northwestern sector of the Comp lex towards the 
south. V, ln and Sc levels display an overall increasing trend from north 
to south and possibly reflects an increase in the amount of clinopyroxene 
in the system . Some differences between profiles are explained by 
insufficient sampling densities within the profiles and localised 
secondary alteration of the succession. There is a general decrease in 
the absolute whole-rock MgO and increase in Sr contents of the basal 
pyroxenite samples away from Union Section (see 4 . 9.3b and Figure 4.54) 

t) Widely spaced samples through the Bastard Unit at RPM (Kruger, 1982) 
and Union Section (Eales et al., 1990a) suggest that the values for 
initial Sr-isotope ratios lie on a trend which is intermediate between 
those characteristic of the Merensky Reef and the underlying Upper 

Critical lone (c. 0.7063) and those typical of the Main lone - 0.7087 
(Kruger and Marsh, 1982; Mitchell, 1986) (see Figure 4.57). 

u). The occurrence of a mafi c i nterva 1 be low the LGMA is recorded in 
profile X and has also been r~ported at several localities in the eastern 
Bushveld Complex (Cousins, 1969; von Gruenewaldt et al., 1985). 
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4.11 Discussion. 

The bas a 1 contact of the Bastard Un it, where preserved, is not as 
distinctly dimpled as that at the base of the Merensky Reef and can be 
described as undulatory. These embayments, or "subdued dimples", in the 
anorthosite footwall, indicate removal of anorthosites before chrome­
spinel accumulation. Fine-scale lamination of the cumulus plagioclase has 
been truncated which indicates that this feature is not due to slumping 
or loading within the crystal pile. Removal of the anorthosite could have 
taken place either by resorption, mechanical erosion or replacement. The 
absence of fragments of anorthosite within the Bastard pyroxenite 
suggests that resorption, perhaps aided by mechanical loosening, was the 
dominant erosive process in response to the influx of a hotter, more 
primitive magma pulse. Experimental studies of natural basalts by Hill 
and Roeder (1974) indicate that plagioclase appears on the liquidus 
between 1150° and 1200°C and these temperatures wou ld therefore be a 
reasonable estimate for the temperature of magma at the time of 
crystallisation of the Bastard Unit. Further work of Roeder (1975) shows 
that the 1 i qu i dus temperature of an 01 i vi ne-saturated basa It is 
essentially a function of its MgO content and, with this in mind, 
Campbell et al. (1983) estimated that the temperature of the parental 
melt added to the Bushveld magma chamber was about 1325°C - assuming an 
MgO content of 13%. Campbell et al. (1983) estimated a difference of 
100 ±50°C between the temperature of the res ident crysta 11 is i ng magma 
(supernatant liquid) in the chamber and that of a new pulse which formed 
the cyclic units of the Upper Critical Zone. This temperature difference 
aided limited resorption of the footwall plagioclase cumulates. 

The origin of chrome-spinel at the base of major cyclic units in other 
intrusions has been the subject of much debate in the literature. 
Henderson and SUddaby (1971), who worked on the Rhum chromites, proposed 
that the chromite at the base of the cyclic units was the consequence of 
the position of chromite on the liquidus of the Rhum parent magma, early­
formed chromi te bei ng concentrated by sett 1 i ng into 1 ayers. They a 1 so 
recognised that post-cumulus reaction of chromite with olivine, 
plagioclase, and intercumulus l iquid had taken place to give a more 
aluminous chrome-spinel. A subsequent explanation was offered by Huppert 
and Sparks (1980), who proposed that an influx of picritic liquid into a 
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magma chamber hybridized with a little evolved liquid already present in 
the chamber, and that this was able to melt the anorthositic floor, with 
chrome-spinel resulting from the reaction of floor melt and hybrid 
liquid. 

Limited exposures of the Bastard basal chromitite seam show that it is a 
more robust layer in the Union Section area and is made up of larger 
cumulus grains. In contrast, however, the chrome-spinel layer at LEF is 
thinner, patchy and highly irregular with a significantly reduced grain­
size. It appears therefore that cumulus chromite settled out of a newly 
emplaced magma in the Union Section area and that the finer irregular 
chromite at LEF precipitated in. situ at the mush-magma interface in 
response to mixing of liquid expelled from the underlying porous cumulate 
pile (Irvine, 1980b) with the newly emplaced Bastard magma in the 
chamber. This mechanism was also proposed by Young (1984) to account for 
the irregular fine-grained chromitite layer at the Unit 7-8 boundary in 
the Eastern Layered Series of the Rhum intrusion. 

The occasionally coarse-grained pegmatoidal nature of the Bastard 
pyroxenite, within the first 10 - 15cm of the basal contact, is 
considered to be the result of recrystall isation of the early- formed 
orthocumulate by late magmatic fluids . Barnes and Campbell (1988) and 
Na 1 drett et a 1. (1987, p. 387) invoked th i s mechan i sm to exp 1 a i n the 
distinctive pegmatoidal nature of the Merensky Reef. The pegmatitic 
texture in the 01 i vi ne-Beari ng Zone of the St i llwater Comp lex (wh i ch 
hosts the J-M Reef) is also ascribed by Campbell et a1. (1983) to a 
generally higher abundance of trapped intercumulus liquid, resulting in 
localised late-stage recrystallisation. 

Lauder (1970) hypothesised that a final volatile-rich fluid was expelled 
from the floor rocks after the formation of the Merensky Unit and 
infiltrated the base of the Merensky pyroxenite. Kruger and Marsh (1985) 
suggest that th i s caused the otherwi se refractory pyroxen ite to rema i n 
part i a lly mo lten for an extended peri od. They attri bute the pegmatoi da 1 
character, unusual chemistry, and redistribution of the sulphides (noted 
by Brynard et al. (1976) and Mostert et al. (1982)) to the extended time 
available for crystallisation and the presence of additional fluid. 
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Barnes (19B6) pointed out that three principal factors must be taken into 
account when interpreting mineral compositions in cumulate rocks: 

1) redistribution of elements due to sub-solidus re-equilibration between 
minerals. 

2) superimposed modification of mineral compositions as a result of 
crystallisation of trapped intercumulus liquid; 

3) changes in the compos it i on of the parent magma due to fract i ona 1 
crystallisation, contamination, magma mixing etc. 

The absence of any marked pattern of zoning between the cores and margins 
of cumulus orthopyroxene grains suggests that diffusion occurred between 
the cores and the margi ns wi th i n the overgrown cumu 1 us orthopyroxene 
grains. The final composition is now the weighted average of the original 
cumulus (i . e. liquidus) composition and that of the postcumulus 
overgrowth . Subsolidus re-equilibration has also had the effect of 
smoothing any compositional gradients that may have been present at the 
time of crystallisation . Barnes (1986) argues that subsolidus 
redistribution of Fe and Mg in response to changing distribution 
coefficients with falling temperature is small or even negligible in 
comparison to the effects of the trapped liquid shift. The data of Sack 
(198-0) show that the olivine/orthopyroxene Ko is virtually independent of 
temperature in the range 1200 - 800°C for compositions typical of layered 
intrusions . Measured Ko's between co-existing olivine, orthopyroxene and 
clinopyroxene from the Stillwater Complex are indistinguishable from 
experimental values obtained at magmatic temperatures (Barnes and 
Naldrett, 1986) . 

Barnes (1986) suggested that the effects of "trapped liquid shifts' from 
that of the initial precipitated cumulus crystals to the final 
composition after solidification in orthocumulates would be greater than 
subsolidus re-equilibration effects. Barnes (op. cit.) modelled the 
effect of the trapped liquid shift on a typical cyclic unit of the Upper 
Critical Zone and made use of the data of Kruger and Marsh (1985) at RPM. 
He assumed that the start i ng compos i t i on of the orthopyroxene was EnB4 
and, without the benefit of petrography and whole-rock trace element 
data, assumed that the initial porosity of the cumulate pile was 30% 



237 

throughout the sequence from the base of the Bastard Unit to the top of 
the LGMA. The mode lled fi na 1 compos i t i on of orthopyroxene after 
solidification (Barnes, 1986, p.527) approximates the measured values 
reported by Kruger and Marsh (1985). 

An estimate of the initial porosity in the rock (i.e. the initial 
proportion of trapped liquid in intercumulus space), based on 
petrographi c ev i dence and the leve 1 s of who le-rock i ncompat ib 1 e trace 
elements, has been made for the Bastard Unit. Levels of incompatible 
trace elements have been shown to be an effective indicator of the amount 
of trapped interstitial liquid at the time of crystallisation (see 
4.9.3h), and levels of Rb and Zr (Figure 4.56) indirectly indicate the 
porosity of the crystal pile. By adopting the 30% porosity estimate used 
by Barnes (1986) in the basal pyroxenite an estimated "porosity index", 
based on the whole-rock Rb levels in Figure 4.56, was calculated for the 
UA profile. Within the basal pyroxenite the assumption is made that a 
va 1 ue of 8ppm Rb wou 1 d represent a poros ity of 30% (% poros ity = Rb x 
3.75). By assuming the same starting composition of orthopyroxene (En84) 
and utilising the theoretically calculated curves for final bulk 
composition of cumulus plus adcumulus orthopyroxene versus initial 
composition of cumulus grains (Barnes, 1986, p.525, Fig.1a and 1b) the 
effect of trapped liquid shift was modelled in the UA profile 
(leucocratic rocks above 10m in UA were modelled on Barnes· Fig. 1b). 

As shown in Figure 4.58 the pattern of the modelled trapped liquid shift 
compositions approximates the actual measured orthopyroxene compositions. 
These modelled compositions are in all cases more magnesian than the 
measured va 1 ues and th i s cou ld be attri buted to either an inaccurate 
porosity estimate, an over-estimate of the original Mg-content of the 
orthopyroxene or a combination of both these factors . The greater 
divergence between actual and modelled values seen through the GMM and the 
UGMA (Figure 4.58) is a function of: 

1) the use of marginally inaccurate theoretical curves which are based on 
a 40% concentration of cumulus orthopyroxene (in reality rocks within 
the GMA contain up to 10% intercumulus orthopyroxene), and 

2) progressive fractionation and blending within the last remaining 

volume of residual (supernatant) Critical Zone liquid. 
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Figure 4.58 Comparison of the average measured orthopyroxene MMF 
ratios ( filled circles) with the modelled "trapped liquid shift " 
compositions (open circles) in profile VA. The layer is assumed 
to start with a constant orthopyroxene composition of En84' An 
estimate of the initial porosity, based on Rb concentrations, is 
indicated by filled triangles (% Porosity = Rb x 3.75). 

The adoption of a trapped liquid shift model to account for the observed 
cryptic variation through the Bastard Unit does at first glance appear to 
be an attractive one, but is perhaps too simplistic. The model implies 
that the cumu 1 ates comp lete ly re-equ i 1 i bra ted wi th trapped 1 i qu i d. The 
stratigraphic significance of cryptic variation would, in this case, be 
suspect as it must have been modified by intercumulus reactions, and 
these would depend critically on the mode of the cumulus assemblage and 
the proportion of the trapped magma . Other reasons for not adopting this 
approach would include the following: 
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I} The MMF ratio of the intercumulus liquid is unknown. 
2} The shift does not necessarily have to be one of solid to solid but 

could rather be the result of a mixing of liquids to yield the same 
trends, i.e . by the primary crystallisation of mixed and fractionated 
liquids. 

3} A trapped liquid shift could not account for the appearance of 

inverted pigeonite as this would imply that solid orthopyroxene (MMF 

= 0.84) would shift to pigeonite . It would seem more likely that the 
pigeonite crystallised directly from a liquid as it is typically 
intercumulus in habit, occupying "angular" intercumulus space between 
larger euhedral to subhedral cumulus plagioclase crystals. 

4} The %An in plagioclase (Figure 4.57) does not show a shift to sodic 
compositions when orthopyroxene goes to Fe-rich compositions. 

5} The Vier ratio (Figure 4. 56) shows the highest values in the middle of 
the LGMA where the indicated porosity is the lowest. 

6} It is difficult for the trapped liquid shift to account for the 
additional pyroxenite below the GMA in profile X. Here the Rb content 
is below detection limits (indicating a low porosity) yet the MMF 
ratios are low. This would imply a considerable shift and that an 

enormous porosity, in excess of 60%, would be required to shift a 

pyroxenite to MMF 0.75 . 

It is thus evident that the trapped liquid shift model is unconvincing, 

and that the same results could be achieved by assuming that the effects 
are primary. It is considered that fractionation linked to mixing with an 
overlying fractionated supernatant liquid produced the resultant profile 
of MMF ratios through the Bastard Unit (both whole-rock and 
orthopyroxene). The trapped liquid shift might have had some influence on 
the final orthopyroxene composition and was perhaps more significant in 
the lower part of the Unit where the mafic cumulates are more 

orthocumulus in 
recogn i sed at the 
robust, i nf 1 ux of 

crystallisation of 

character. The mi nor, yet d i st i nct i ve, reversa 1 
level of the LGMA is suggestive of a final, less 

primitive magma which was unable to initiate the 
cumulus orthopyroxene . It should be appreciated that 

the liquid-shift approach represents, in effect, a modification of the 
broader principle of mixing. What it implies is, effectively, a liquid­
sol id mixing event. The results of the calculations would not differ 
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greatly from those relying on liquid-liquid mixing, or the mlxlng of 
mushes of crystals and liquids . Hence apparently successful modelling of 
the process does not yield a definitive answer . 

The reversed fract i onat i on trend d i sp layed by i ncreas i ng orthopyroxene 
MMF ratios in the basal 4m of the Unit can be attributed to the mode of 
crystallisation and the amount of trapped interstitial liquid in the 
cumulate pile . Factors which aided in depressing the MMF ratios towards 
the base of the Unit could have been the following: 

(a) Assimilation (resorption) of the floor rocks with significantly lower 

MMF ratios (0.75, Figure 4.57) at the time of emplacement of a new 
magma influx. The "dimpling" of the footwall anorthosite suggests 
that this is a factor. 

(b) A basal flow model for the emplacement of the Bastard magma may 
account for sma 11 amounts of fract ionated supernatant 1 i qu i d that 
cou 1 d be incorporated into the base of the f low-front by turbu lent 
mixing . This residual liquid could have become incorporated into the 
basal part of the flow and would have had the effect of shifting the 
compositions of cumulus orthopyroxene to more evolved compositions. 

(c) Infiltration of residual liquid from the underlying Merensky Unit is 
considered to have been a continuous yet waning process. After 
crysta 11 i sat i on of pr imary cumu 1 us orthopyroxene add it iona 1 growth 
from the infiltrated residual liquid occurred in interstitial space. 

This had the effect of both lowering the MMF ratios and elevating 
the incompatible trace element concentrations within the basal 

pyroxenite. 

Plagioclase compositions through the Unit vary in a manner inconsistent 
wi th norma 1 progress i ve fract i onat i on of a me It and do not fo 11 ow the 
same down-temperature pattern of fractionation established for 
orthopyroxene. The indicated compositional range of plagioclase in 
Figures 4.16 and 4.57 is perhaps not representative of the total range, 
as the majority of analyses in these profiles were done on the cores of 
grains alone. The two profiles of Naldrett et al. (1986) do, however, 
highlight the wide range of plagioclase compositions and the extent of 
the zoning within the orthocumulates at the top and bottom of the Unit. A 
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more restricted compositional range is evident within the middle part of 

the Unit where the rocks are more adcumulate in nature. The An content 
within one cumulus grain alone can vary by as much as 15% but is more 
commonly c. 10%. Intercumulus plagioclase within the basal pyroxenite 
(orthocumulate) has a lower An content than that of cumulus habit in the 
norites and LGMA. Compositional ranges of intercumulus plagioclase are 
also much greater, being in excess of 15% An. The zoned plagioclase 
crystals which are evident within the upper part of the GMA (GMM and the 
UGMA) are considered to be relict cumulus grains which preserve some of 
the magmatic history of the Upper Critical Zone. These oscillatory zoned 
crysta 1 s, of varyi ng zona 1 comp lex i ty, represent gra i ns that were not 
incorporated into the cumulus pile for some time but were buoyed upward 

in the accumulated supernatant liquid before being trapped near the top 

of the Bastard Un i t. The zona 1 overgrowths therefore represent crysta 1 
growth associated with earlier magma pulses that produced the underlying 
cyclic units of the Upper Critical Zone. 

A decoupling of the trends of cryptic variation in feldspars (%An) and 
pyroxenes (MMF in orthopyroxene) for the Footwall, Merensky and lower 
part of the Bastard Unit has been well establ ished (Cameron, 1982; Lee, 
1983; Naldrett et al., 1984; Kruger and Marsh, 1985; and Eales et al., 
1986 and 1988). Within the Bastard Unit the decoupling of trends is 
especially pronounced through the norite and LGMA succession (Figure 
4.57). Pronounced decoup 1 ing is a 1 so ev i dent through the GMM and the 
UGMA. Reversals of trend in one need not be matched by reversals in the 
other, and upward Mg depletion in orthopyroxene may accompany Ca 
enrichment in plagioclase. Eales (1987, p.160) noted that it is difficult 
to accept that the decoupling of cryptic variations is in response to the 

lowering of the liquidus temperatures by accumulation of volati les, or 
intracyclic intrusion of new magma. Morse (1979c) pointed out that 
plagioclase by itself may account for only about a quarter of the total 

Ca depletion during fractional crystallisation of augite-rich systems. In 
augite-poor systems, like the Upper Critical Zone, it accounts for most 
or conceivably all of the Ca depletion. 

Evidence for Fe-enrichment at the base of the Main Zone (directly above 
the Bastard Unit - GMA) has been reported from severa 1 parts of the 
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Bushveld Complex both in the east and west (Meyer, 1969; von Gruenewaldt, 
19?3; Mitchell, 1986). This study and that of Kruger (1982) also show 
that iron enrichment, coupled with the presence of inverted primary 
pigeonite, occurs in the upper part of the Bastard Unit at a number of 
localities in the western Bushveld Complex. It would thus appear that 
this phenomenon is not localised but is in fact a fundamental 
characteristic of the boundary between the Critical and Main Zone 
throughout the Complex. Mitchell (1990a) suggested that the iron 
enrichment at the base of the Main Zone is not the result of infiltration 
metasomatism (Irvine, 1980b) from the underlying GMA, because 
crysta 11 i sat ion of these 1 eucocrat i crocks wou 1 d have produced a dense 
rejected solute, which could not have migrated upwards into the overlying 
magma. He argues that the rejected so lute from crysta 11 isat i on of the 
leucocratic cumulates at the base of the Main Zone (his Macro-Unit I) 
would be charged with mafic components, particularly iron, and would 
therefore be relatively dense (Tait et al., 1984: Morse, 1986, 1988b). 
Tait et al. (op. cit.) showed that the concept of compositional 
convection need not necessarily apply only to liquids, but also to porous 
media like a crystal mush. If this were the case in the Main Zone Macro­
Unit I, drainage and ponding of dense rejected solute would result in 
iron-enrichment, or crystallisation of iron-rich minerals, at the 
crystalline floor of the Main Zone magma chamber. Mitchell cites the 
presence of intercumulus inverted pigeonite as evidence of ponding of 
iron-rich liquid at this level. 

The relative Fe-enrichment and the occurrence of primary inverted 
pigeonite within the upper half of the GMA, and upward into the base of 
the Main Zone, is here considered to be the result of fairly rapid 
crysta 11 i sat i on of the accumu 1 ated and fract ionated supernatant 1 i qu i d 
enriched in Fe and other incompatible elements. 

The concept of a "proximal and distal facies" for the layered sequence, 
relative to a feeder system, was introduced by Eales et al. (1988, p.??). 
They noted that a consistent decline in whole-rock MgO values is evident 
in equivalent basal mafic lithologies of individual Upper Critical Zone 
units at Union, Amandelbult and Rustenburg Sections. This observation 
indicated that Union Section may be located closer to an irruptive centre 
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than are exposures to the north-east, or along the southern limb of the 
Complex. This hypothesis is supported by the work of Teigler (1990) in 
wh i ch he proposes that the concept of a proxima 1 and d i sta 1 fac i es is 
appropriate to explain the differences along strike of the Lower Zone and 
the lower Critical Zone in the western limb of the Complex. Eales et al. 
(1988) noted that particular layers at Union Section are invariably more 

mafic when compared to equivalent members some distance away from Union 
Section. The Merensky Reef is rich in olivine at Union Section; the 
amount is variable at Amandelbult and at Rustenburg the Reef is a 
pyroxenite with only isolated occurrences of olivine. The Pseudoreef Unit 
harzbur9ite declines from c. 36% MgO at Union to 31% at Amandelbult 
Section. Similar evidence to suggest a more primitive character at Union 
Section is cited for other units as well (see Table 1 in Eales et al., 
1988). They indicate, further, that a good correlation is obtained when 
the stratigraphic thickness between the top of the UG2 pyroxenite and the 
Merensky Reef is plotted against the map distance from Union Section. The 
attenuation of this interval is at its extreme at Union Section and is 
doubtless due to a complex interplay of a number of factors. The 

corre 1 at ion between inferred prox ima 1 i ty to a feeder, and the 
contribution of cumulus plagioclase-bearing rocks to the total thickness 
of this interval also supports the hypothesis. 

Results in this study, for the basal pyroxenites alone, broadly support 
the findings of Eales et al. (1988). Figure 4. 54 shows the progressive 
decrease in whole-rock MgO and the MgO/Sr ratio with a concomitant 
increase in the amount of intercumulus plagioclase and whole-rock Sr 
levels away from Union Section. Some scatter is evident, especially for 
profile X but it must be noted that this point is based on one sample 
which is not quite at the base of the Unit and may be spurious. Although 
no whole-rock MgO values are available for the Bastard pyroxenite at RPM 

both the Merensky Reef pegmatoid and the Merensky pyroxenites do display 

lower MgO va lues than those reported at Amande 1 bu It and Un i on Sect ions 
(Eales et al., 1988). It is considered unlikely that a deviation from 
this trend would be evident within the Bastard pyroxenite at RPM. The 
MgO/Sr ratio in Figure 4.54, which is a measure of the proportion of 
mafic phases to intercumulus feldspar , also reflects a progressive 

decrease in both directions away from Union Section (the highest ratio of 

0.45 is recorded in US). 
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If an irruptive feeder system is located in the vicinity of Union 
Section, then the Bastard magma influx would have had to be particularly 

mobile and remain as a coherent basal flow for a distance in excess of 
132km. The more fe 1 dspath i c nature of the basa 1 pyroxen ite towards LEF 

suggests that the Bastard magma influx was charged with a fairly high 
proportion of primary orthopyroxene crystals which settled out under 
gravity as the flow advanced through the chamber. The presence of olivine 
within the Bastard Unit norite at UC and the overall elevated Ni/Sc 
ratios at this locality would also lend support to the hypothesis that 
Union Section is located proximally to a feeder system and is therefore 
more primitive in character. Support for this hypothesis is also found in 
the work of Hartzer (1989, p.123) who reported on the stratigraphy, 
structure and tectonic evolution of the Crocodi le River Fragment of 
Transvaal sediments (located c. 30km east of Union Section). He concluded 
that 

"Sedimentation of the Transvaal Sequence was terminated by the intrusion of the 
mafic magma of the Bushveld Complex through a feeder zone situated between the 
north-western edge of the basin and the fragmenl." 

The exact nature of the feeder system is at best speculative but it is 
envisaged that fresh magma was channeled along the base of the cumulate 
pile in close proximity to the underlying sediments. It is thus 
postu 1 ated that fresh magma i nf 1 uxes entered the chamber, c lose to its 
outer flanks, and flowed inward into the arcuate chamber. The resultant 
cumu 1 ate pi 1 e of maf i c and u ltramafi c rocks has the genera 1 shape of a 
tapering , inward-dipping sheet (see 1.2). 

The stratigraphic succession of the Unit is much the same at all 
localities . Profile X is anomalous as it includes an additional mafic 
layer (7.34% A1 203) below the GMA. This 
glance, to be a duplication of the 

localised in areal extent. Apparent 

additional layer seems, at first 

Bastard pyroxenite, apparently 
dup 1 i cat ions of the Bastard 

pyroxenite - melanorite sequence have also been recorded in the eastern 
Bushve 1 d Comp lex at Maandagshoek, Eerstege 1 uk and St George (Cous i ns, 
1969); more detail at Maandagshoek was provided by von Gruenewaldt et al . 
(1985). This apparent duplication could possibly be explained in the 

following ways: 
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1) Duplication by reverse faulting. 

2) The Bastard pyroxenite was intruded/emplaced as an intact "sill" into 
a partially crystalline pile, with a coherent anorthosite footwall , 
and offshoots of the "sill" were developed locally. These secondary 
sill-offshoots were obliquely transgressive through the proto-norites 
and were then arrested at the base of the LGMA where they now 

prevail, parallel to the lower parent pyroxenite. 

3) Localised gravitational settling 
cotect i ca lly crysta 11 is i ng with 

of orthopyroxene, wh i ch 
plagioclase, resulted in 

was 
the 

development of the additional pyroxenitic layer and the overlying 
LGMA. 

The first mechanism is considered unlikely as no shearing was noted in 
the X borehole core. Reverse faulting in this part of the Complex is not 
common and where present the vert i ca 1 d i sp 1 acement is usua lly no more 
than 5m (the interval between the two layers at X is 8m) . 

In its most extreme form the concept of multiple intrusion for the 

layered sequence of the Bushve1d Complex was first proposed by Coertze 

(1958, 1974). He envisaged that the individual layers of differing rock 
types were intruded as a series of sills. This type of mechanism has been 
shown to be highly unlikely for the Bushve1d Complex but a similar type 

of mechanism, on a much smaller scale, was proposed by Bedard et a1. 
(1988) for peridotite sills which they recognised in the Eastern Layered 
Series (ELS) of the Rhum Complex. The peridotite and allivalite layers 
were found to be 1 atera lly d i scont i nuous and were a 1 so seen to vary in 
both th i ckness and 1 i tho logy. Bedard et a 1. (op . cit.) propose that many 
of the peridotite layers in the ELS of Rhum formed as thick sills of 
picritic magma emplaced into a partly solidified, layered troctolite. 

If the (apparent) duplication of the Bastard pyroxenite was the result of 
a sill injection mechanism one would expect that geochemical 
characteristics of the two pyroxenites would be similar . This is not 

found to be the case, as the MMF ratios of orthopyroxene determined by 
microprobe in the upper pyroxenite are significantly lower (0.75) than 
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those in the basal Bastard pyroxenite (0.82). The sample taken from the 
upper pyroxenite clearly 1 ies on the orthopyroxene MMF fractionat ion 
trend which is also seen in other profiles as well (Figure 4.7). Whole­
rock MMFwR ratios also show this phenomenon with a ratio of 0.803 
recorded in the Bastard pyroxen ite and 0.779 in the upper pyroxen ite 
(Figure 4.21). A further reason why the sill hypothesis is unlikely to be 
appl icable for the origin of the Bastard pyroxenite is that one would 
expect to see (a) more cross-cutting intrusive relationships, (b) sharp 
1QQ and bottom contacts (with associated thin chromitite layers) and (c) 
local thinning and lensing of the pyroxenite. These features are not 
evident. More importantly, if the Bastard pyroxenite is the result of an 
intrusive mechanism it is difficult to envisage how such a "sill", of 
essentially uniform thickness (c. 5m) and constant stratigraphic 
position, could have been emplaced over such a vast area in this limb of 
the Complex (200km in length). 

The third mechanism is considered to be the most plausible explanation 
for this duplication but it is difficult to explain why this layer is not 
more widely developed, as appears to be the case in the eastern Bushveld 
Complex. Eales et al. (1990a) suggested that the influx of a hot 
primitive liquid into the base of a column of residual liquid would cause 
resorption of some of the suspended plagioclase primocrysts in the 
residual liquid and would allow settling of the pyroxene crystals. On 
subsequent cooling, the residual liquid would have been in the primary 
phase volume of plagioclase, in which case anorthosite would have 
separated as a layer. The stratigraphic position of this pyroxenite layer 
is unique within the entire column, as it is located within the 
transition zone between the Critical and Main Zones. The composition of 
this additional layer may therefore have been influenced by the residual 
liquids of Critical Zone lineage interacting with the Main Zone liquids; 
this could possibly explain the lower MMFopx ratios. Other possible 
reasons for the melanocratic nature of the layer are that 

a) there was localised acceleration in the nucleation of orthopyroxene, 
or conversely, plagioclase nucleation was inhibited. 

b) there was localised enrichment in heavy cumulus phases due to either 
settl ing processes or density currents. If density currents were 
responsible then one would perhaps expect MMF ratios which would 
not necessarily fall on the well-defined fractionation trend in 
this part of the sequence. 
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The initial strontium isotope (Sri = 87Sr /86Sr ) work of Hamilton (1977) 
was the first to establish that a significant increase in the Sri ratio 
was evident just above the Merensky Reef (from 0.7066 in the Merensky 
Reef to 0.7086 in Ma i n Zone) . More deta iled work by Kruger and Marsh 
(1982) at RPM (Rustenburg). and that of Sharpe (1985) in the eastern 

• 
Bushveld confirmed this increase to values characteristic of those in the 
Main Zone. A further Sri profile through the Middle and Upper Critical 

Zone (Eales et al., 1990a) and into the Main Zone (Mitchell, 1986) has 
been compiled at Union Section and displays a similar pattern to those of 

Kruger and Marsh (op. cit.) and Sharpe (op. cit.). Kruger and Mitchell 

(1985) report Sri values below the Merensky Reef at Union Section to be 
0.7064 and those of the Ma in Zone to be c. 0.7090. A 11 of the above 
studies were based on fairly wide-spaced sampling intervals, generally in 

excess of two metres. 

Strontium isotopic data for the Bastard Unit in the western Bushveld ~ 
~ are rather limited (UB - 3 samples; RPM - 6 samples) and suggest that 
the Sri ratios (0 . 7073 - 0.7080) are transitional between those typical 
of the Critical Zone below the Merensky Reef (c. 0.7064) and the higher 
values within the Main Zone (c. 0.7087) (Figure 4.57). Eales et al. 
(1986) point out that as Sri ratios cannot be affected by crystal 
fractionation, a mixing of new liquid (Sri = 0.7087) with an older liquid 

(Sri = 0.7064) through a vertical interval of 300m is a feasible 
hypothesis (i.e. from the base of the Merensky Unit into the Main Zone). 

An alternative explanation is that the magma influxes which formed the 
Merensky and Bastard Units had a significantly higher Sri signature, the 
bulk-rock value of which was modified by residual liquid (with a lower 
signature of c . 0.7064) which moved upward through the crystal pile from 

below. 

A number of authors, including Kruger and Marsh (1982, 1985) and Sharpe 
(1985) have attributed the isotopic shift to an influx of isotopically 
distinct magma and have suggested that the presence of the Merensky Reef 
is related to this influx. Naldrett et al. (1987) concluded that the 
mixing of two somewhat different magmas can also account for the observed 
major and trace element compositional variations. Naldrett et al. (1987) 
do, however, point out that if the change in isotopic composition is 
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co i nc i dent with the change in Sr content of p 1 ag i oc 1 ase in the eastern 

Bushveld at Jagdlust, it impl ies that the major influence of the new 

influx on the cumulate record was felt during formation of the Bastard 

Unit, not the Merensky Unit. Naldrett et al. (1987) report that the major 

decrease in the Sr content of plagioclase at Jagdlust occurs in the 

anorthosite of the Bastard Unit and not in the Merensky Unit . They raise 

the question as to whether the onset of crystallisation of this 

isotopically distinct magma is as important to the origin of the Merensky 

Reef as has been suggested. In addition, if a model is adopted that 

requires an influx of primitive magma to account in .part for the 

deve lopment of the Bastard Uni t then the ava i 1 ab 1 e Sri data for the 

western Bushveld presents a problem as a resetting of the Sri ratio to 

lower va 1 ues (c. 0.7064) wou 1 d have been expected at the leve 1 of the 

Bastard pyroxenite. 

These questions can perhaps in part be answered by the recently reported 

detailed isotopic work that was carried out by Lee and Butcher (1990) at 

Atok Platinum Mine in the eastern Bushveld Complex (Atok is a JCI-managed 

mine and is now called Lebowa Platinum Mine). Here the Sri profi le 

through the Merensky Reef, Merensky Unit and lower part of the Bastard 

Unit shows a distinctive saw-tooth pattern of variation, quite unlike the 

simple step-like geometry generally reported (Kruger and Marsh, 1982, 

1985; Sharpe, 1985; Eales et al., 1986; 1990a). Here, close-spaced 

sampling shows that the Sri ratios of the entire Merensky Reef are at 

0.7064 - a value akin to those reported for the underlying Upper Critical 

Zone . Lee and Butcher (1990) showed that the increase to higher Sri 

rat i os, descri bed by Kruger and Marsh (1982) and Sharpe (1985), starts 

above the Merensky Reef and reaches 0.7074 at the top of the Merensky 

Un i t (a va 1 ue approach i ng those character i st i c of the Ma i n Zone). A 

prev ious ly undetected reversa 1 to 0.7064 at the 1 eve 1 of the Bastard 

Reef, before a return to higher Sri values with increasing stratigraphic 

hei ght, is a 1 so reported by Lee and Butcher (op. cit . ). Th i s reversa 1 

supports the hypothesis that the basal part of the Bastard Unit 

represents the product of a magma influx with Critical Zone 

characteristics at the time that mixing was occurring between the (newly 

emplaced) Main Zone liquid (0.7087) and a column of residual supernatant 

Critical Zone liquid (0.7064) as originally proposed by Eales et al. 

(1986). 
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Lee and Butcher (op. cit.) report that this cyclicity is coincident with 
lithological variation, indicating that the mafic and felsic portions of 
these units did not form by simple, closed-system fractional 
crystallisation . More importantly, they report that there is no evidence 
for the mixing of magmas with contrasting Sr-isotopic 
strat i graph i cleve 1 where concentrat ions of the 
mineralisation occur in the Merensky and Bastard Reefs. 
Kruger and Marsh (1985), that the Bastard and Merensky 

signatures at the 
platinum element 
The suggestion of 
Unit crystallised 

from a single batch of (blended) magma does not therefore receive 
support . The Atok data now suggests that the simple "mixing-line" trend, 
established by earlier workers, is in fact a saw-tooth pattern . At 
present there is no evidence from available Sri data in the western 
Bushveld that such a reversal is evident at the base of the Bastard Unit. 
The existence of such a reversal is suspected by the author and a 
detailed series of close-spaced samples over the Merensky - Bastard Unit 
contact is needed for confirmation. 

The degree of geochemical similarity shown by both whole-rock trace 
element data and mineral compositions within the Bastard Unit profiles 
spread along strike suggests that there was efficient communication 
within a single or connected magma chamber at the time of 
crystallisation. Parts of the Upper Critical Zone sequence have 
subsequently been removed and the remaining "islands" of Lower, Critical 
and Ma i n Zones are now separated by the Gap Areas. What is now seen as 
quite separate exposures of Upper Critical Zone rocks was a connected 
chamber at the time of crystallisation . 

Lateral variations of cryptic and phase layering in cumulate rocks have 

in the past only received limited attention. As was mentioned in 4.1 the 
conventional method of investigating a sequence of layered rocks, 
espec i a 11y in the Bushve 1 d Comp 1 ex, has been to co 11 ect a su ite of 
samples along one traverse or vertical profile which i s accepted as being 
representative in a particular area and to document phase and cryptic 
variations through the sequence. Studies involving close-spaced lateral 
variations in layered intrusions are now being recognised as being vital 
it the understanding of layered sequences. Wilson and Larsen (1982, 1985) 
and Wilson et al. (1987) have comprehensively described a two-dimensional 

study of a layered intrusion, the Fongen-Hyll ingen layered mafic complex 

in Norway . The spatial relationships they report provide new insights 
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into the complexities of layered rocks. Wilson and his co-workers have, 
through their very detailed investigation, established that well 
developed rhythmic layering is marked ly discordant with phase and cryptic 
layering in the southern part of the Fongen-Hyllingen Complex. Here 
eleven profi les (3-4km long) spaced over a strike distance of 10km of 
were investigated (an area similar in size to that at Union Section). The 

apparent angle between cryptic and modal layering was found to be 520· 
and lateral variations in mineral composit ions are in some cases as great 
as those recorded in vertical profiles. Wilson et al. (1987) concluded 
that in situ crystallisation of a compositionally zoned magma took place 
along an inclined floor and this resulted in the discordant relationship 
between modal and cryptic layering . They suggested further that influxes 
of dense, primitive magma pooled at the floor of the chamber and elevated 
the compositionally zoned residual magma. Wilson et al. (op. cit.) 
established that the start of a major regression , reflecting the influx 
of fresh magma at the floor of the chamber, is concordant with modal 
layering and implies that the modal layering represents the 
crystallisation front. They envisaged that crystallisation of 

compositionally zoned magma took place along an inclined floor, with 
modal layering representing the crystallisation front and cryptic 

layering reflecting the composition of the stratified magma (Wilson et 

al., 1987, Fig. 14) . 

Other studies incorporating a lateral element in the synthesis include 

the work by Weibe and Wild (1983) at the relatively small Tigalak layered 
intrusion in Labrador (dominantly dioritic), while Klemm et al. (1985) 
investigated the vertical and lateral compositional variations across the 
Pyroxenite Marker in the upper part of the Main Zone. This latter study 
was carried out in an area 6km wide by c . 17km along strike in the 
Roossenekal area of the eastern Bushveld Complex. Like the work done by 
Wilson and his co-workers, both these studies revealed a degree of 
discordancy between modal and cryptic layering . The lateral strike­
spacing of the profiles in this study was such that the distance between 
profiles was too great to reveal any subtle variations similar to those 
reported by the workers ment ioned above . Further ana lys i s of prof i 1 es 

both up- and down-dip of existing Bastard Unit profiles may well reveal 

some form of discordant relationship. Union or Amandelbult Sections, with 

the i r relatively close-spaced profiles, may be ideally suited for such a 

study in the future. 
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4.12 Upper limit of the Bastard Unit and the 

Critical - Main Zone boundary. 

From Figure 4.1 and the discussion presented in 4 . 1 it is evident that no 
final consensus has as yet been reached regarding the position of the 
Critical - Main Zone boundary. Despite SACS (1980) formally placing this 
boundary at the top of the Bastard Unit (i.e. top of UGMA) , the issue is 
as yet not resolved, and is still being debated by some (Kruger, 1990). 
Over the years it has been moved up and down the stratigraphic column, 
between the base of the Merensky Reef and the top of the Bastard Unit, by 
various researchers. These moves have, in many cases, been made without 
any concerted effort by the author concerned to provide supportive 
evidence for placing the boundary at a particular stratigraphic level, 
and all too often the exact contact has not been defined. 

The early ideas regarding the position of this boundary were based on 
limited data, as workers on the Bushveld Complex at this time used gross 
1 ithological characteristics to sub-divide the layered sequence of the 
Complex, while mainly lithostratigraphic and petrographic criteria were 
used by workers between 1960 and 1970. A refinement of the criteria used 
for demarcating these boundaries, since the 1980's, has been supplemented 
by an ever-increasing body of geochemical and isotopic data. 

A chronological review of the literature has revealed the following 
sequence of events regard i ng the def i n it ion of th i s cruc i a 1 boundary 

(Figure 4.1) : 

Hall (1932) appears to have been the first to adopt formally the term 
Critical Zone, but the exact position of this zone, defined by him in the 
eastern Bushveld, is vague (p.275): 

"The Critical Zone (Critical Level) answers to the upper and greater portion of what P.A. 
Wagner termed the Differentiated Series south-west of the Pilanesberg in the Western 
Transvaal. The qualification of "critical" is chosen to emphasise the delicate conditions of 
adjustment in chemical and physical factors that must have existed in order to lead to the 
enormous variety of differentiates - some of extreme type - which form such striking features 
in this zone ...... .. The upper limit of the Critical Zone is taken along the base of the overlying 
Main Zone, which is nowhere far off the eastern foot of the Lulu Range, ... " 
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Lombaard (1934), whose work was largely based on the Main Zone of the 
eastern Bushveld Complex, placed the boundary at the ~ of the Merensky 
Reef. Wasserstein (1936), working on the Critical Zone in the 
northwestern Bushveld, adopted Lombaard's division, in the vicinity of the 
Merensky Reef, but noted that the 

"anorthositic rocks which immediately succeed the Merensky Reef should be included in the 
Critical Zone to which they seem to bear a closer genetic relationship" (loc. cit. p.2l?). 

The views of these two early workers represent the different schools of 
thought that have persisted regarding the position of the Critical - Main 
Zone boundary . 

Feringa (1959), Cousins (1964, 1969) and van Zyl (1970), all geologists 
who have worked on the Critical Zone of the western Bushveld, favoured 
Wasserstein's (op. cit.) approach and placed this boundary at the top of 
the Bastard Unit. Those working on the Main Zone in the east, namely 
Willemse (1969), Molyneux (1970, 1974) and von Gruenewaldt (1971, 1973) 
favoured the base of the Merensky Reef, i.e. the contact between the 
basal chromitite and the Footwall mottled anorthosite . 

Wager (1968) noted this confusion and in his interpretation he placed the 
contact at the top of the GMA of the Bastard Un it; th i s pos it ion has 
formally been adopted in the SACS (1980) recommendations (partly modified 
by Vermaak and von Gruenewaldt, 1986) and has been widely used in the 
literature (Cameron, 1982; Irvine, 1982; Eales et al., 1986, 1988; 
Viljoen et al., 1986a, 1986b; Naldrett et al., 1984, 1986, 1989; Gain, 
1986; Leeb-du Toit, 1986; and Mitchell, 1986). These authors have not had 
the final say, for more recently Kruger and Marsh (1982, 1985), Sharpe 
(1985) and Kruger (1989, 1990) have strongly supported the case for 
the boundary to be placed at the base of the Merensky Reef, mainly on the 

basis of strontium isotope systematics. 

Kruger (1990) argues that the level of the Merensky Reef marks the 
position of a major magma influx with the concomitant development of 

unconformable and transgressive relations with respect to the previously­
deposited layered cumulates. He goes further to say that the Merensky and 
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Bastard Units should be combined into a Transitional Macro-Unit of the 
Main Zone as this would then take into account the intermediate character 
of the two un i ts wi th respect to the Crit i ca I and Ma in Zones. In an 
apparent move from his ori gina I (1986) stand, Mi tche 11 (1988) supported 
Kruger and Marsh (1985) by placing both the Merensky and Bastard Units 
into their Transitional Macro-Unit of the Main Zone at Union Section . In 
a I ater paper on add it iona I magma i nf luxes i n the Ma i n Zone, however, 
Mitchell (1989), reversed his position and once again placed the boundary 
at the top of the Bastard Un i t . 

The findings of Lee and Butcher (1990) discussed in 4.11 strongly support 
the view that the basal part of the Bastard Unit represents the product 
of a magma influx with Critical Zone characteristics at the time that 
mixing was taking place between the newly emplaced Main Zone magma and a 
column of residual (supernatant) Critical Zone liquid . 

A number of possible stratigraphic alternatives regarding the position of 
the Bastard Unit can be considered (Figure 4.59). 

1. On the basis of initial strontium isotope studies the Merensky and 
Bastard Units could both be included in the Main Zone, in accordance 
with Kruger's idea (1989 and 1990) of combining both into a 
Transitional Macro-Unit within the lower part of the Main Zone. 

2. Recognising that both Critica l and Main Zone characterist i cs are 
evident in the Merensky and Bastard Units it could be argued that 
they should be incorporated into a separate "Hybrid Zone" which is 
transitional between the Critical and Main Zones. 

3. On the bas i s of geochemi ca I, petrograph i c and new stront i um isotope 
criteria (Lee and Butcher, 1990) both the Merensky and the Bastard 
Unit could b~ viewed as an integral part of the Critical Zone . This 
would not contradict the formally adopted position at the top of the 

UGMA (SACS, 1980). 
4. The upper limit of the Bastard Unit could be taken at the top of the 

LGMA and both the GMM and UGMA incorporated into the Ma in Zone . 

Essentia l ly, only two Main Zone characteristics favour option (1) above . 

These include the elevated initial strontium isotope ratios and the 
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Figure 4.59 Four possible stratigraphic alternatives for the 
delimitation of both the Bastard Unit and the Critical - Main 
Zone boundary . 

presence of inverted primary pigeonite in the upper part of the Bastard 
Unit . Mitchell (1986) showed that the occurrence of inverted pigeonite 
continued for a short distance into the overlying Main Zone leuconorites 
before reappearing again in the layered cumulates c. l050m above the 
Merensky Reef. Inverted pigeonite is characteristic of the ,Main Zone but 

this minor occurrence within the Bastard Unit is thought to be an 
integral part of the final crystallisation of a fractionated supernatant 
residuum produced by crystallisation of a series of Critical Zone magma 
pulses. 

By introducing a "Hybrid Zone" additional to the layered sequence (option 

2), there wi 11 no doubt be inevitable objections to yet another name 
being added to the literature; an added complication which is not 
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justified in the light of the lack of support for this redefinition . 
Option (4) has distinct appeal as the contact at the top of the LGMA is 
well defined. Kruger (1982) re-defined the top of the "Bastard cyclic 
unit" at RPM Rustenburg Section at this level largely on the basis of its 
distinct lithological break and the fact that a compositional reversal 
occurred at this level. It was perhaps fortuitous that both these factors 
coincided at this level at RPM as this study has shown that the position 

of the reversal in cryptic variation is stratigraphically variable. 
Furthermore, the , elevated incompatible trace element levels within the 
GMM and the UGMA suggest that these 1 ayers are an integra 1 part of the 
Critical Zone as they represent the final crystallisation products of the 
most extreme fractionate produced by successive pulses of Upper Critical 
Zone magma. 

Factors which favour option (3) include the following: 

(a) Both the Merensky and Bastard Units are well developed and have 
striking petrographic similarities which are more in the style of 
the underlying UG1, UG2, Pseudoreef and Footwall Units of the Upper 
Critical Zone than of the overlying Main Zone. They both have mafic 

lithologies at their bases which become progressively more 
leucocratic upward through the sequence and, 1 i ke the underlying 
Footwall Unit, they are both terminated at the top by mottled 
anorthosites. An important difference at the top of the Bastard Unit 
is that no sharp lithological contact (with a further cyclic unit) 
is seen . The contact is rather one of a textural difference between 

two leucocratic sequences - mottled anorthosite and leuconorite. 

(b) Both Units contain the uppermost chromitite layers in the Bushveld 
layered sequence. Robust chromitite layers, as well as numerous thin 
seams and disseminations, typify the Critical Zone, whereas the Main 
Zone is essentially spinel-free. 

(c) There is a high concentration of platinum group element (PGE) and 
sulphide mineralisation at the base of both the Units. Anomalously 
high concentrations of PGE mineralisation occur within other units 

of the Upper Critical Zone, which is a marked characteristic of some 
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layers (UG2, Pseudoreef, Merensky Reef and Bastard Reef). The Main 
Zone does not have any known significant PGE mineralisation. 

(d) The base of the Merensky Unit, and to a lesser degree the Bastard 
Unit, typically has a well developed coarse-grained pegmatoidal 
texture in the pyroxenite. This pegmatoidal texture is also commonly 
seen in other Upper Critical Zone rocks . 

(e) Magnesian olivine-bearing rocks (>F076 ), like harzburgites and 
olivine-bearing norites , are only encountered in the Lower and 
Critical Zones of the Complex. Abundant magnesian olivine is 
encountered in the Merensky (Reef) and Bastard Units. The Bastard 
Unit is generally devoid of olivine but profile UC, at Union 
Section, has an abundance of this phase in the norites (F079_80). No 
olivine is reported from the Main Zone but the iron rich species, 
fayalite, reappears in the Upper Zone . 

(f) Cryptic variation trends established by Naldrett et al. (1984 , 1986) 
and Eales et al. (1986, 1988) through both the Merensky and Bastard 
Units display distinct Critical Zone characteristics, particularly 
the decoupling of the An% of plagioclase and the MMF ratio of 
orthopyroxene . Cyclic variation in interelement ratios such as 
whole-rock MMF and Ni/Sc from primitive to evolved values, shows 
that the sequence conforms wi th the wi de ly he 1 d concept of cyc 1 i c 
un its. 

Eales et al. (1986, p.573) showed that plots of whole-rock ratios 
MMF, Cr/Co, Co/V and Ni/Sc for the mafic rocks of the Upper Critical 
Zone (including the Bastard pyroxenite) exhibit ranges of values 
that are significantly different to the mafic lithologies within the 
first 1000m of the Main Zone, with virtually no overlap . Whole-rock 
MMF ratios for the Bastard pyroxenite are akin to those of basal 
mafic lithologies in other Critical Zone units (c. 0. 7), while the 
MMF ratios of Main Zone mafic rocks are lower (c. 0.6). An abrupt 
change in geochemical signature occurs immediately above the Bastard 
Unit. Maf i c rocks of the Upper Critical (including the Bastard Unit) 
and Main Zones thus appear to belong to discrete lineages. 
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In conclusion, the majority of diagnostic characteristics of both the 
Merensky and Bastard Units favour option (3) above . It is recognised that 
both these Units are transitional in nature, with respect to Sri, but it 
is the author's view that both Units display more Critical Zone 
characteristics than of the overlying Main Zone. Furthermore, the contact 
at the top of the GMA has already been formally adopted (SACS, 1980) and 
is well entrenched in the literature. The upper contact of the Bastard 
Unit, although not glaringly obvious in the field, is nevertheless easily 
recognisable and can been used as a mappable contact for this important 
boundary in the layered sequence. 

4.13 Synthesis and model for the development of the Bastard Unit. 

In the light of an ever-increasing body of knowledge about the physics of 
magmatic processes, researchers in the field of layered rocks have 
developed several magmatic models in an attempt to explain the sequence 
of events which produced these igneous rocks. Because of the economically 
important platinum deposits in the layered sequence of the Sti llwater 
Comp lex and that of the Upper Cri t i ca 1 Zone in the Bushve 1 d Comp 1 ex, 
close parallels have been drawn between them. Genetic models to explain 
these platinum ores have received considerable attention and they 
incorporate fundamental principles that have emerged from the work on 
other 1 ayered comp lexes such as Skaergaard, Rhum, Duke Is 1 and, 
Jimberlana, the Zimbabwean Great Dyke and others. These principles have 
been used to constrain genetic models which endeavour to explain the 
layered sequence in the Bushveld Complex. A brief account of some models 
that have been proposed during the last decade is presented below. 

Various magmatic models. 

A.) From detailed petrological and geochemical studies of igneous rocks 
and geophysical investigations of active volcanoes it is known that magma 
chambers are peri od i ca lly rep 1 en i shed by influxes of new and genera lly 
hotter primitive magma from depth. Huppert and Sparks (1980) present a 
model which is based on the fluid dynamics of an influx of hot, dense, 
ultrabasic (picritic) magma into a chamber containing lighter, 

fractionated basaltic magma. This model suggests that the ultrabasic melt 
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does not immediately mix with the basalt, but spreads out over the floor 
of the chamber, formi ng an independent layer . A non-turbu lent interface 
forms between this new layer and the overlying fractionated magma layer 
across which heat and mass are transferred by a process of molecular 
diffusion . Both layers convect vigorously as heat is transferred to the 
upper layer at a rate which greatly exceeds the heat loss to the 
surrounding country rock; convection continues until the two layers have 
almost the same temperature . 

Huppert and Sparks (1980) propose that the layers remained distinct 
because of the low diffusivity of mass compared to that of heat. They 
suggest that for a layer of u ltrabas i c me lt (18% MgO) a few tens of 
metres thick under a layer of more fractionated basaltic magma (10% MgO), 
a few kilometres thick, the temperatures of the two layers will approach 
each other over a period of between a few months and a few years. They 
suggest that during this time the turbulent convective velocities in the 
basal primitive layer are far larger than the settling velocities of 
olivines which crystallise within the layer during cooling. Olivines only 
settle after the two layers have nearly reached thermal equilibrium. At 
this stage the residual ultrabasic melt segregates as the olivines 
sediment in the lower layers and, depending on its density, the released 
residual ultrabasic melt can either mix convectively with the overlying 
fractionated basaltic layer, or can continue as a separate layer . 

Because of the basic assumptions made regarding the initial starting 
compositions of the two melts, olivine is the dominant crystallising 
phase at the base of the new 1 i qu i din th i s mode 1. Huppert and Sparks 
(1980) di d recogni se, however, that more comp lex crysta 11 i sat i on 
sequences are possible in basic and ultrabasic magmas, depending on 
pressure, temperature, volatile content and bulk magma compositions. 
Thus, for example, some ultrabasic magmas can precipitate highly calcic 
plagioclase. Other types of cumulates, like pyroxenites, could form 
before the residual magma in the lower layer becomes sufficiently l i ght 
to mix with the overlying layer. 

B.) Irvine, Keith and Todd (1983) and Irvine and Sharpe (1986) propose 
that the characteristic layering and cyclicity in both the Stillwater and 
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Bushveld Complexes can be explained by the interaction of two 
distinctively different magma types, i.e. the magmatic sequence is the 
product of the interact i on between two parenta I Ii qu i ds: an u ltramaf i c 
(UD) and an anorthositic (AD) liquid. This model attempts to explain the 
origin of the J-M Reef (Sti llwater) and the Merensky and UG2 Reefs 

(Bushve I d) in terms of the unusua I nature of both the St i llwater and 
Bushveld U-type liquids which they recognise as being boninitic in 
composition. These two postulated liquids (U- and A-type) had contrasting 

densities which enabled the two to form separate layers within the magma 
chamber, and the crystallisation and mixing was controlled by double­
d iffus i ve convect i on. The mode I has a I so been invoked to exp I a i n the 
mass i ve chromi t ite and magnet ite I ayers in both the Cr i t i ca I and Upper 
Zones respectively (Irvine and Sharpe, 1986). 

The mode II i ng of these two Ii qu ids requ ires that an assumed start ing 
composition of each liquid is known. The postulated A-type liquid is 
calculated to be denser than the U-type liquid and its derivatives, with 
which it mixed. This then implies that the A-type magma was emplaced 
below the U-type magma and its derivatives. The fact that the overlying 
U-type is less dense because it is somewhat hotter than the underlying A­
type results in finger mixing between the two magmas. 

The field and geochemical evidence presented in this study tends to 

disprove Irvine et a1. 's (1983) model of stratification and onlap 
transgress ion of magma. Laterally continuous layers are the norm both 

along strike and down-dip, 
defined in this study) 

and individual Upper Critical Zone units (as 
have been shown to display their own 

characteristic geochemical signature . An additional difficulty with 
Irvine's model is that, although U-type chilled sill phases have been 
recognised in the floor rock of the Bushveld Complex, no A-type 
equivalents have as yet been identified. 

c.) Campbell et al. (1983) suggest that the PGE-rich sulphide reefs of 

the Stillwater and Bushveld Complexes were formed by a new pulse of 
picritic magma which entered the chamber js a jet or plume. During the 

early stages of fractional crystallisation, when olivine and 

orthopyroxene are crystallising, the density of the residual magma 
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decreases. If a new magma pulse enters the chamber it will be denser than 
the magma within the chamber and it will spread out across the floor as a 
basal flow. If the new pulse enters the chamber with sufficient momentum 
it will initially jet upwards into the overlying magma then fall back on 
itself when negative buoyancy overcomes the jet's initial momentum. 
During jetting the new pulse mixes with the host magma to form a hybrid 
melt which collects at the floor of the chamber, producing a gravity 
stratified layer with warm primitive magma overlain by cooler, more 

fractionated magma. On cooling the gravity stratified zone breaks up into 
a number of double diffusive convection cells . 

Once plagioclase becomes a cumulus phase the density of the magma 
increases with increasing crystallisation. Eventually the density of the 
magma in the chamber becomes greater than that of the parental magma. A 
new pu 1 se enteri ng the magma chamber at a stage beyond the dens ity 
crossover point will rise as a plume to the top of the chamber. During 
ascent the new pulse will mix turbulently with the host magma to produce 
a density stratified hybrid layer at the top of the chamber. In this case 
hot primitive magma will overlie cooler, more fractionated magma . 
Campbell et al . (1983) point out that the mixing of different magmas can 
produce sulphide liquation and that the turbulence associated with either 
jets or plumes can produce a very high R value (silicate/sulphide mass 
ratio). They suggest that the most favourable condition for producing a 
high R va 1 ue is when a new pu 1 se of hot magma iss 1 i ght ly 1 i ghter than 
the resident magma in the chamber. The new pulse wi 11 rise to its own 
density level, then spread laterally to form a density stratified 
intermediate layer in the form of a plume, which will rapidly lose heat 
to the cooler overlying host magma. 

D.) An elegant model has been developed by Naldrett et al. (1984, 1986 

and 1987) to account for both the J-M Reef at Stillwater and the Merensky 
Reef and its associated Upper Critical Zone sequence within the Bushveld 
Complex . This model i s essentially a refinement and modification of that 
proposed by Campbell et al. (1983). Their contention is that the changes 
in the MMF ratio of orthopyroxene, Sr content of plagioclase and 
variations in the Sri ratio argue in favour of successive influxes of new 
magma into the chamber. They report that the rate of upward change in 
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these compositional variables was inconsistent with the different 
minerals (or even the different elements in any single mineral) coming 
from a single body of magma and conclude that fractional crystallisation 
cannot, by itself, account for the observed compositional variation. They 

suggest that the resident magma in the chamber was density stratified 
into a series of doubly diffusive convection cells (McBirney and Noyes, 
1979) and that new magma entered the chamber of the intrusion with a 
density that was lower than that of the residual liquid overlying the 
crystal pile, but greater than that at the roof of the chamber. 

The result of this density contrast was that the new magma rose rapidly 
as a turbulent plume, drawing within itself and mixing with some of the 
res i dua 1 magma through wh i ch it was ri sing. The new i nf 1 ux then spread 
out laterally at an intermediate level of neutral buoyancy within the 
chamber. This layer of partially mixed new (hot) magma lost heat to the 
overlying cooler magma and caused the new layer to convect vigorously at 
first. As more heat was lost, mafic minerals (orthopyroxene and/or 
olivine) started to crystallise but remained in suspension while 
'convection was still turbulent. With progressive cooling, the rate of 
heat loss decreased and convection then became laminar and the suspended 
crystals (plus sulphides) and some entrained liquid sank through the 

underlying magma as a series of down-spouts to spread out over the floor 
of the chamber. 

Based on the work of Huppert et al. (1984) they hypothesise that 1 ittle 
mixing would occur between the down-spouting crystal/liquid stream and 
the res i dua 1 magma. The resu 1 tant mi xture of mafi c crysta 1 s, su 1 ph ides 
and liquid then crystallised to form the Merensky Reef. Naldrett et al. 
(1986) suggest that further cool ing of the suspended new layer would 
increase its density and mixing with the underlying residual magma would 
occur to form a second, less primitive hybr id liquid which wou ld 
crystallise orthopyroxene, followed by orthopyroxene plus plagioclase to 
form a noritic sequence. They further argue that this type of model can 
also account for the Pseudoreef and Bastard Units, which represent 
separate influxes of primitive magma. They conclude that the parental 
magmas have normal PGE contents for flood basalts, and that the platinum 

ores are due to scavenging by sulphide-laden plumes downspouting through 

the evolved magma . 
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Eo) On the basis of a detailed study of cryptic variation of the main 
silicate phase and the strontium isotope signature of the Upper Critical 
Zone at RPM Rustenburg Section, Kruger and Marsh (1985) suggest that both 
the Merensky and Bastard Units were formed from the blended product of a 
new magma influx and the residual magma in the chamber. They argue that 
the Bastard Unit formed from the same batch of magma as the Merensky Unit 
and suggest that each cyclic unit may not necessarily be associated with 
a new magma influx but only with the crystallisation of the basal portion 
of a double-diffusive system. They also conclude that cyclic units are 
not necessari ly associated with influxes of magma that are more dense 
than the residual liquid already present in the chamber. 

f.) Eales et a1. (1986, 1988 and 1990a) proposed a model which argues 
that the Upper Critical Zone at Union Section developed during a period 
of repeated influxes of primitive magma, emplaced along the interface 
between the floor and an overlying supernatant column of residual liquid. 
Largely on the basis of (i) wide variations in the proportions of 
leuconori tes and anorthos ites with i n separate cyc 1 i c uni ts, (i i) the 
decoupling of cryptic variation in pyroxenes and feldspars and (iii) 
var i at ions of Sq rat i os between bases and tops of un i ts, Ea 1 es et a 1. 
(1986) argue that the lower, ultramafic members of units are derivatives 
of new pr imi t i ve mafi c i nf luxes. The upper, leucocrat i c members 
crystallised during progressive hybridization of the fractionated residua 
of each influx with the supernatant liquid column. 

Both the Bushveld and Sti llwater complexes are now regarded as the 
products of crystallisation of high-Mg, high-Si boninitic magmas. The 
capacity of the primitive liquid to deposit chromite and olivine at the 
base of Upper Critical Zone units, and their Sr-isotope and other 
geochemical characteristic led Eales et al. (1986) to link this liquid 
with a primitive, magnesian, Si-poor facies of the basaltic (tholeiitic) 
B2 type of marginal rocks defined by Harmer and Sharpe (1985). 

The sequence of cyclical units in the Upper Critical Zone has been well 
documented and there is abundant evidence that individual units have been 
truncated or "beheaded" at various stages of growth. Eales et al. (1986) 
point out that units that terminate in pyroxenites in some areas, 
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continue upward into more feldspathic layers when followed along strike 
and conclude that a supernatant column of fractionated residua had 
collected above the crystalline floor. This supernatant liquid was 
relatively depleted in Mg and elements with high bulk distribution 
coefficients (Cr, Ni, and Co) which had gone into the formation of the 
mafic lithologies at the bases of individual units. It also had a 
depressed MMF rat io and an enr i chment in the components of potent i a 1 
feldspar. Incompatible elements as well as H20 would have been elevated 
in the supernatant column. 

GENESIS OF THE BASTARD UNIT. 

The Bastard Unit clearly continues the cyclical pattern of 
crystallisation recorded in the Upper Critical Zone and any model that is 
invoked to explain the development of this Unit must also account for the 
underlying units. Wagner (1929, p.196) was first to speculate on the 
origin of the Bastard Reef, based on its close similarity to the Merensky 
Reef ( "main horizon") , and he had the following to say: 

"The Bastard Reef thus clearly owes its origin to differentiation of the same type as that which 
gave rise to the main horizon. It, however, normally carries only traces of platinum. It is to be 
concluded from this that when the process of differentiation normally accompanied by the 
magma segregation of platinum came to be repeated in this portion of the norite magma in 
question, this had been so depleted of that metal that a degree of platinum concentration 
comparable with that in the main horizon could not be attained." 

The model of magmatic events leading to the development of the Upper 

Critical Zone, which is adopted in this study, is based largely on the 

genet i c mode 1 proposed by Ea les et a 1. (1986) and Scoon and de K 1 erk 
(1987). This model argues that the cyclic units of the Critical Zone 
developed in response to numerous influxes of primitive (p) magma that 
were emplaced into the chamber as hot, dense basal flows which reacted 
and mixed with an overlying less dense supernatant (5) liquid. Because it 
is relatively dense, the new magma remained at the floor of the chamber 
and elevated the overlying liquid column in a manner similar to that 

described by Huppert and Sparks (1980) and illustrated in experiments by 
Huppert et a 1. (1982) . 
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In this study, the model is extended to account for the observed 
characteristics of the Bastard Unit which have been enumerated in section 
4.10. The sequence of magmatic events which led to the formation of the 
Bastard Unit specifically, is schematically portrayed in Figure 4.60. It 

is perhaps prudent at this stage to summarise some of the salient 
magmatic events proposed in the Eales et al. (1986) model prior to the 
development of the Bastard Unit and the reader is referred to the 
synthesis and schematic diagram in Eales et al. (1986, p.580) for more 

detail . 

UNITS BELOW THE BASTARD UNIT 

1. Reconstruction starts with a crystalline floor, made up of the 
Pseudoreef and UG2 Un i t pyroxen i te over 1 a i n by a co 1 umn of supernatant 
(residual) S-liquid with a Sri ratio of c. 0.7063 - characteristic of the 
Upper Critical Zone rocks. This liquid represents the accumulation of 
residual magma which had been partially depleted of mafic components 
after the crystallisation of successive inputs of a primitive P-liquid 
which produced the underlying UG1, UG2 and Pseudoreef Units; all of these 
units are considered to be incomplete or "beheaded". The supernatant 
liquid is considered to be chemically evolved (fractionated) and also 
H20-enri ched, wi th a fa i r ly high concentrat i on of sma 11 p 1 agioc 1 ase and 
pyroxene primocrysts in suspension. 

2. An influx of hot dense P- liquid was emplaced as a basal flow into the 
chamber and resulted in subsequent limited crystallisation of mafic 
cumulates at the base. As crystallisation proceeded, the liquid density 
of this layer declined and the diffusive interface with the overlying 
supernatant liquid column broke down. 

3. Mixing now occurred with the overlying S-liquid. This was followed by 
the crystallisation of norites to form the lower half of the Footwall 
Unit and the distinctive anorthosites at the top of the Footwall Unit . 
The Sri ratio through the Footwall Unit remains the same as in the floor 
rocks while the compatible element ratios like MMF, Ni/Sc, Cr/V and Co/V 
are shifted towards those of the compatible element-depleted supernatant 

column. 
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A problem remains with the accumulation of anorthosites, in which there 
is no cumulus orthopyroxene and which could thus not have crystallised on 
the orthopyroxene - plagioclase cotectic, without efficient gravitative 
extraction of the orthopyroxene phase. A solution to this problem was 
presented in Eales et al. (1990a, p.40) where it was suggested that the 
influx of the hot primitive liquid into the base of the column of 
residual S-liquid caused resorption of some of the suspended plagioclase, 
and allowed settl ing of the pyroxene crysta ls. Consequent ly, on 
subsequent cooling, the S- liquid would have been in the primary phase 
volume of plagioclase, in which case anorthosite would have separated as 
a 1 ayer. 

4. At this stage it is hypothesised that a substantial volume of Main 
Zone 1 i qu i d was emp 1 aced some hundreds of metres above the crysta 11 i ne 
floor and the column of S-liquid, at a level where it was stable i n terms 
of its temperature and density characteristics, i.e. commensurate with 
neutral buoyancy within the stratified liquid column . This new magma had 
a Sri ratio of c. 0.7090 and compatible element ratios characteristic of 
the composition of the Porphyritic Gabbro Marker in the Main Zone. 

5. Subsequent progressive mixing of the Main Zone magma with the older 
(underlying) S-liquid yielded a hybrid liquid with gradational Sri ratios 
between 0. 7063 and 0.7090. 

6. A pulse of primitive hot, dense P-liquid now occurred at the 
crystalline floor (in this case anorthosite) and produced the mafic 
cumulates at the base of the Merensky Unit. These rocks display the same 
geochemical characteristics as the underlying Critical Zone lithologies 
in terms of their Sri ratios and various compatible element ratios. 
Important at this stage is the fact that this primitive liquid was above 
the feldspar 1 iquidus and resulted in the partial resorption of the 
mottled anorthosite floor. This produced the distinctive dimpling at the 
bottom contact of the Merensky Reef. The assimilation products would have 
been incorporated within the basal liquid layer, changing its bulk 
composition and lowering its density . 
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7. Crysta 11 i sat i on of maf i c phases wi th i n the basa 1 part of the co 1 umn 
resulted in the lowering of the density of the liquid and, as in 
paragraph 3, the interface with the overlying hybrid liquid layer broke 
down and mlxlng between these two liquids occurred. Geochemical 
attributes now shifted towards those of the hybrid S-liquid layer and it 
is at this level that the first indication of a shift to higher Sri 
ratios is seen (Figures 4.57 and 4.60A). The liquid entered the primary 
phase volume of plagioclase by the same mechanism described in paragraph 
3, c . 5 atomic % richer in anorthite than the underlying norites, and 
mottled anorthosites were crystallised at the top of the Merensky Unit. 
At this stage the distinctive saw-tooth pattern of cryptic variation is 
well developed (MMFopx )' A cyclical repetition of the events, similar to 
those which produced the Merensky Unit, now occurred, resulting in the 

succeeding Bastard Unit. 

8. THE BASTARD UNIT 

Progress i ve stages in 
schematically depicted in 

the development of the Bastard 
Figure 4.60 - stages A to E. 

Unit are 

Stage A. Crystallisation of the bulk of the Merensky Unit was almost 
complete, although the crystal pile had not yet solidified. It is 
proposed that at this stage fractionated interstitial liquid was still 
crystallising in intercumulus space within the anorthosite. 

Extrapolation from the data embodied in Chapter 4, specifically 

Figures 4.55, 4.56 and 4.57, suggests the potential of the S- and 
P-liquids to deposit cumulates with the following attributes at 
the time of the development of the Bastard Unit: 



S-liquid 

P-liquid 
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Sri ratio c. 0.7075 - a blended product of Main Zone 
(0.7090) and residual Upper Critical Zone (0. 7064) 
liquids, 

- MMF potential orthopyroxene c. 0.75, 
- Potential plagioclase c. Anso (maximum), 
- Whole-rock Ni/Sc < 10 and V/Cr ~ 0.25, 
- Sri A 1203 * c. 12 . 1 , 
- Relatively high concentrations of incompatible trace 

e lements, 
Numerous small plagioclase primocrysts in suspension. 

Sri ratio c . 0. 7064 - characteristic of Upper Critical 
Zone lithologies, 

- MMF potential orthopyroxene c. 0.84, 
- Potential plagioclase c. AnB8 (maximum), 
- Whole-rock Ni/Sc > 20 and V/Cr ~ 0.05, 
- Sr/A 120/ c. 12 .6, 
- Relatively low concentrations of incompatible trace 

e lements , 
- Some primary orthopyroxene crystals (and chromite closer 

to the feeder) carried in suspension . 

Stage B. Crysta 11 i sat i on of the Merensky Un i t mott led anorthos i te was 
then interrupted by an i nf 1 ux of hot, dense 
chamber. The adoption of either a "plume" 
Naldrett et al. 1986) or a "basal flow " model 

P- liquid into the magma 
(Campbell et al., 1983; 
(Eales et al. , 1986) for 

the emplacement of the new magma into the chamber is largely dependent on 
the density difference between the resident magma in the chamber and the 
influx of fresh P-liquid. It is considered that a convincing case for 
either the "basal flow" or the "plume" mechanism could be argued for the 
development of the basal part of the Bastard Unit, as both models could 

explain the textural and geochemical features observed in the sequence . 
However , it appears more 1 ike ly that the new pu 1 se of P- liqu id had a 
component of primary mafic crystals in suspension (see 4.11) and would 

have included orthopyroxene, and perhaps chromite and olivine closer to 

the feeder lone. Only a small percentage of crystals within the new magma 

pulse would have been sufficient to raise the density of the incoming 
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Bastard Unit through stages A - F (see text f or detail). 
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magma well above that of the residua l liquid in the chamber . The 
resultant effect would be that jetting (Campbell et al., 1983) may have 
been important at the site of entry but that the newly emplaced magma 
would have behaved as a basal flow away from the feeder area between the 
partly crystalline floor and the hybridized S-liquid column. 

The remarkable degree of consistency displayed by the MMF ratio of 
orthopyroxene in the basal pyroxenite layer of the Bastard Unit (Table 
4.3 and Figure 4.7) suggests that the magma flow maintained its integrity 
away from the feeder zone and that only limited interaction occurred with 

the S-liquid. It is hypothesised that as the flow advanced through the 
chamber, a small amount of S-liquid was entrained and turbulently mixed 

into the flow front . Once again this primitive liquid was initially above 
the feldspar liquidus. The resultant effect was that part of the 
crystalline anorthosite floor was removed by thermal resorption and 
mechanical erosion prior to the accumulation of chromite, resulting in an 
undulatory floor contact . Suspended chromite in the magma settled out in 
the vicinity of the irruptive feeder and contributed to the development 
of a more robust chromitite layer in the Union Section area. Additional 
chromite crystallised in situ on the uneven floor interface in response 
to mixing of fractionated liquids expelled during compaction of the 
underlying porous Merensky Unit and the newly emplaced primitive magma. 

Stage C. Suspended orthopyroxene settled out of the magma flow and growth 
of these pr imary phases cont i nued. Further crysta 11 i sat ion of the new 

primitive magma resulted in mafic cumulates (orthopyroxene) at the very 
base of the Unit which poikilitically incorporated the newly 
crystallised, irregularly shaped chromite crystals . Orthopyroxene MMF 
ratios recorded at the base of the unit are c. 0.801 while more 
"primitive" ratios, above 0.820, are recorded a few metres (~ Sm) higher 
in the sequence. This apparently anomalous minor reversal here is 
interpreted as being the result of the combined effect of limited 
incorporation of S-liquid at the flow front and the infiltration of 
fractionated interstitial liquid from the Merensky Unit below. This 
resulted in an increase in the iron, and incompatible trace element 
content of the P-liquid at the base of the column. The influence of this 

type of process only occurs within the basal Sm of the Unit. Progressive 
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upward crystallisation of mafic phases yielded a reversed cryptic 

variation trend up to a level where these two factors no longer had any 

effect. 

Continued crystallisation of mafic phases resulted in the lowering of the 

density of the liquid and the interface with the overlying hybrid S­

liquid layer broke down and mixing between these two liquids occurred. 

Geochemical attributes now shifted towards those of the hybrid S-liquid 

layer which produced a gradational composition profile. This then 

resulted in the crystallisation of the noritic sequence - becoming more 

leucocratic upward. Here the norites have the distinctive texture of 

orthopyroxene enclosing small resorbed plagioclase primocrysts. The low 

incidence of these plagioclase inclusions within the Bastard pyroxenite 

(Plate 4.6) is indicative of only limited interaction between the P­

liquid and the hybrid S-liquid . Continued fractional crystallisation, 

coup 1 ed with the 1 ess pronounced i nfl uence of a trapped 1 i qu i d sh ift, 

resulted in the continued decrease in the MMF ratio of orthopyroxene to 

values below 0.70 within the LGMA. The resultant geochemical profile 

through the noritic sequence and the LGMA is one of a gradational 

decrease in the orthopyroxene MMF ratio, from c. 0.8 to <0.7 (Figure 

4.57) . 

The Sri ratio at the base of the Unit in the eastern Bushveld (Lee and 

Butcher, 1990) clearly indicates a reversal to more primitive values 

(0.7064) before again reverting to progressively higher levels 

approach i ng those characteri st i c of the Ma in Zone. The fact that no 

reversal is recorded in the west is here attributed to the inadequate 

number of samples taken at this level and an added factor may have been 

that mixing between the hybrid S-liquid column and the new influx of P­

liquid took place sooner in the west than in the east. This earlier 

mixing event would have effectively suppressed the reversal in the west. 

Stage D. The data indicate a final small influx of P-liquid at this 

level to account for the distinctive reversals seen in the MMF ratios of 

orthopyroxene and in particular the whole-rock ratios of V/Cr, Ni/Sc 

(Figure 4.56) and to a lesser degree MMFwR (Figure 4 . 21). This less 

robust pulse of P-liquid was unable to initiate the crystallisation of 

cumulus orthopyroxene alone but nevertheless had the ability to alter the 

character of the crystallising liquid . The position of this reversal is 
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stratigraphically variable and is perhaps a direct consequence of varying 
rates of nucleation and crystallisation of the cumulates, below the 
reversal, at different localities. 

Stage E. During crystallisation of the GMM a limited amount of cumulus 
orthopyroxene crystallised and incorporated small plagioclase inclusions. 
The higher frequency of these inclusions at the margins of the 
orthopyroxene crystals suggests that as the mafic components were locally 
depleted during crystallisation the growth rate decreased and more 
inclusions were captured within the orthopyroxene. The marked zonation of 
mi nor elements in orthopyroxene with a simi 1 ar texture in the Merensky 
Unit, shown by Kruger and Marsh (1985) (increase in Ti02 and decrease in 

Cr203 and A1 203 content), supports this view. Further crystallisation of 
the fractionated (and hybridized) S-liquid resulted in the first 

appearance of primary pigeonite in the upper part of the GMA . Once again 
the level at which pigeonite started to crystallise is not the same at 
all localities and this is attributed to variability in the progressive 
concentration of fractionated components in different areas. Where 

. primary pigeonite appears in the paragenesis the MMF ratio of 
orthopyroxene drops to va 1 ues be 1 ow D. 6 before gradua lly revert i ng to 
higher values some 30m into the Main Zone. Crystallisation of 
interstitial K-feldspar with a concomitant increase in whole-rock K20, 
Ti02, P20S' Zr and Rb values at this level would also indicate 
crystallisation from a fractionated liquid. Sri values within the upper 
part of the GMA are at this stage dominated by the Main Zone signature 
and approach 0.7080. 

Stage F represents the crystallisation of the remainder of the hybridized 
S-liquid at the base of the Main Zone. Here the accumulated fractionated 
products of successive influxes of Critical Zone magma are finally 

incorporated in the crystallising phases, resulting in the orthocumulates 

at th i s leve 1. The UGMA and the lower pdrt (c. 40m) of the Ma i n Zone 
effectively constitute a "sandwich horizon" between the Critical and Main 
Zones of the Complex . It is at this level that the highest levels of 
incompatible trace elements like K20, Rb and Zr are recorded for 
cumulates in the Critical Zone . Sri ratios at this level are dominated by 
the Main Zone magma signature. 
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4.14 Conclusion. 

The development of the Bastard Unit sequence represents the final stage 
in the crystallisation of a dominantly mafic magmatic event which 
produced the Cr i t i ca 1 Zone before the onset of crysta 11 i sat i on of the 
anorthositic A-type liquid responsible for the development of the Main 
Zone. The Bastard Unit is considered to be the result of crystallisation 
of a final influx of primitive liquid, with Upper Critical Zone 
characteristics, and subsequent mixing with a column of supernatant 
liquid which had in part hybridized with the newly emplaced overlying 
Main Zone magma. This Unit is quite unique as it represents the only 
cyclic unit within the Critical Zone that has crystallised to completion 
without the interruption of an additional major influx of magma (which 
would have resulted in yet another cyclic unit). The waning intensity of 
the periodic influxes of P-liquid into the chamber is clearly 
demonstrated in the Bastard Unit with the recognition of a second minor 
influx of magma midway through the Unit. It also displays unique 
characteristics compared with other Upper Critical Zone units; the 
highest concentrations of incompatible trace elements, in normal 
cumu 1 ates of the Upper Crit i ca 1 Zone, are recorded at the top of the 
Bastard Unit . 

After the i nf 1 ux of fresh P- liquid the crysta 11 is i ng sequence of the 
Bastard Unit can be viewed as a two-stage process: 

1) Crystallisation in the lower half of the unit was dominated by 
properties (chemical and physical) which were introduced by the fresh 
input of primitive magma. Here the lithologies which have been 
produced up to the top of (or within) the LGMA are very similar to 
other (relatively complete) units of the Upper Critical Zone 
(pyroxenite - norite - anorthosite). 

2) Crysta 11 i sat ion of the upper 1 eucocrat i c sequence, i . e. above the 
reversal, was from the combined product of the final (minor) influx 
of P-liquid and the reservoir of supernatant liquid which had in part 
been hybridized with the overlying Main Zone magma . This residuum had 
built up in response to the crystallisation of the underlying cyclic 

units . 
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Scoon and Teigler (1990) report a very similar synthesis in the formation 
of other units of the Upper Critical Zone. They suggest that each unit 
reflects two periods of mixing: 

- the lower, ultramafic members are derivates of contamination between 
the new influx and the eroded floor material with minor quantities 
of entrained residual magma; Scoon and Teigler (1990) call this 
MIXING EVENT (A). This event accounts for basal chromitite layers. 

- the upper, leucocratic members crystallised during hybridization of 
the fractionated residua of the contaminated influx with the 
supernatant liquid column; MIXING EVENT (8). They suggest that such 
an event would explain the juxtaposition of ultramafic and 
leucocratic cumulates. 

The upper leucocratic lithologies (GMM and the UGMA) display geochemical 
characteristics transitional between the last crystallising phases of the 
Critical Zone and the overlying Main Zone (see 4.12) and can be regarded 
as a mixed hybrid or sandwich layer. The overall features of the Bastard 
Unit, however, show a greater number of Cri t i ca 1 Zone character i st i cs 
than those of the Main Zone and clearly it must be retained as an 
integral part of the Critical Zone. This interval provides crucial 
lithological and geochemical evidence which enables a clearer 
understanding of the processes that were operative at the level of the 
Critical - Main Zone boundary; the interface between two major styles of 
magmatism which were responsible in the development of the Bushveld 
Complex. 

If the above synthesis for the development of the Bastard Unit is deemed 
acceptable then the models of Eales et al. (1986, 1988 and 1990a) and 
that of Campbell et al. (1983) receive support. It is concluded that 
fresh influxes of magma were intruded along or near the crystalline floor 
prevailing at the time and progressively inflated the magma chamber -
jetting may have been important at irruptive feeder zones which are 
ind i cated to be prox ima lly located in the northwestern sector of the 
Complex, in the vicinity of Union Section. Emplacement by pluming is not 
thought to have been important during the formation of the Critical Zone 
but may have become dominant within the Main Zone . 
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CHAPTER 5 

SUMMARY 

1. In Chapter 2 of th i s thes i s the MG3 and UGI Footwa 11 Un its of the 
Upper Critical Zone, as exposed in a long tramming crosscut at Union 
Section, are described and studied. The investigation includes the 
following aspects: 

* Stratigraphy from 22m below the MG3 chromitite to the base of the UGI 
chromitite layer - an interval of 350m. 

* Documentation of the macroscopic features encountered within the 
layered sequence in the upper part of the UGIFW Unit, ie. within the 
norites, leuconorite and anorthosites. 

* Petrography of the silicate phases. 

* Mineralogical investigations of orthopyroxene, clinopyroxene and 
plagioclase feldspar by electron microprobe. 

* Whole-rock major- and trace-element geochemistry of the silicate 
cumulates by XRF analysis . 

* Sr-isotope variations on whole-rock samples as well as selected 
mineral separates - investigated by Eales et al. (1990a). 

Conclusions which can be drawn from a synthesis of the above 
investigations are as follows: 

1.1 Stratigraphy. The MG3 Un i t sequence (45m) is somewhat unusua 1 when 
compared to other Upper Critical Zone Units. Unl ike other units 
which usually have a mafic base and a leucocratic top, the MG3 Unit 
is essentially an upward gradation from norite to pyroxenite with a 
thin capping of anorthosite (1.2m) which forms the immediate 
footwa 11 of the MG4 chromit i te. The strat i graph i c sequence of the 
UGIFW Unit (294m), although very much thicker than the MG3 Unit, has 
a more normal sequence with mafic lithologies at the base giving way 
to more leucocratic lithologies towards the top. The Unit is divided 
into roughly equal proportions of an upper noritic and a lower 

pyroxen it i c sequence of 1 ayered cumu 1 ates. The norit i c sequence is 
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capped by anorthos ite, wi th inter 1 ayered 1 euconori te, wh i ch forms 
the footwall of the UGI chromitite. It is within this anorthosite 
that the complex inter-layering of anorthosite and UGI chromitite 
occurs. 

1.2 Macro-layering features throughout the study section are only readily 
apparent in the upper part of the UGIFW Unit, in the norite, 
anorthos i te and chromit i te layers. Here phase layeri ng and moda 1 
variations, emphasized by colour differences of the various mineral 
constituents, are the distinctive features of layering in the 
sequence (Plates 2.4 and 2.5). The contact between the UGIFW and UGI 
Unit is distinctive because of the variety of textures produced by 
the anorthosite - chromitite associations at this level. The lower 
pyroxen it i c sequence appears more mass i ve in character with on ly 
minor, discrete layers and lenses, which contain marginally higher 
proportions of intercumulus feldspar, being apparent. 

1.3 Petrography. Although the sequence has a relatively simple 
minera logy, the textures disp layed by these cumu lates vary between 
extreme adcumu 1 ates, usua lly at the bases of sub-cyc les, and meso­
to orthocumulates at the tops of sub-cycles. A significant texture 
recorded though the entire study section is the ubiquitous presence 
of small plagioclase inclusions within orthopyroxene of both 
pyroxenites and norites . The texture indicates partial · resorption of 
pre-existing feldspar primocrysts within the melt prior to their 
being poikilitically incorporated within the cumulus orthopyroxene 
grains . An additional variety of plagioclase occurs in the form of 
rare laths and/or clusters within some pyroxenites, and mineral 
separates of this plagioclase have been shown to have widely 
differing Sri ratios, indicating a mixed feldspar population. 

1.4 Mineralogy. Cryptic variation trends established for orthopyroxene in 
the UGIFW Unit (MMF ratios, Cr/Al ratios and Cr203 content) do not 
follow an expected normal fractionation trend from Mg - rich species 
at the base to more Fe-rich varieties at the top of the Unit. There 
is, rather, a pattern of cyc 1 i ca 1 vari at i on through the sequence 
with an overall increase in these parameters towards the top of th 
UGIFW Unit. Lowest MMF ratios are recorded in the basal pyroxenitic 
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sequence (0.783) and these values increase through the noritic 
sequence to a peak va 1 ue (0.849) in the leuconori te at the top of 
the Unit. The range of composition of plagioclase cores varies 
between An57_85 and the overa 11 trend through the UG1FW Un i tis one 
of increasing An content. Analysis of plagioclase inclusions within 
host orthopyroxene grains shows a distinct bias to more sodic 
compositions when compared to the normal cumulus and/or intercumulus 
grains of the same sample. In addition, there is sympathetic 
variation in %An between the inclusions and the non-included 
feldspar. These trends define a clear cyclical pattern through the 
UG1FW Unit and this pattern, in conjunction with other geochemical 
parameters, was used to define the 1 imits of the sub-cycles within 
the UG1FW Un i t. 

1.5 Whole rock data. The sequence displays oscillatory fluctuations in 
whole-rock MMF, FeO/TiOz, Ni/V, Cr/Co and other ratios with 
stratigraphic height, and reinforce the demarcation of the eight 
sub-cycles within the UG1FW Unit. Distinct breaks in the trends are 
also recognised for these ratios, across the boundary between the 
MG3 and UG1FW Units and significant differences are evident 
(espec i a lly for V and Cr) between these two un its when plotted 
against %MgO. Regression analysis of whole-rock V and Cr plotted 
aga i nst %MgO (or Sr) ind i cates that these two uni ts are 
geochemically quite different and that crystallisation of the MG4 
chromitite left the residual liquid depleted of these constituents, 
a feature now reflected in the lower pyroxenitic sequence of the 
UG1FW Unit. 

1.6 Model. From the textural, geochemical and isotopic evidence it is 
conc 1 uded that the sequence has deve loped in response to per i od i c 
influxes of small volumes of primitive liquid which hybridized with 
a resident column of supernatant liquid residuum produced by 
crystallisation of earlier cumulates with a Sri ratio of c. 0.7054. 
This resident S- liquid had abundant plagioclase feldspar primocrysts 
in suspension and 
orthopyroxene more 

incoming P- liquid, 
cumu 1 ates -of the 

was crystallising plagioclase more sodic and 
Mg-poor compared to those in equi 1 ibrium with 
which is hypothesised to be parental to the 
Upper Critical Zone (Sri c. 0.7064) . The 
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significance of the MG3 and UGIFW Units lies in the preservation of 
incompletely resorbed small plagioclase inclusions within host 
orthopyroxene gra i ns of pyroxen ites and nor i tes. Th i s ev i dence is · 
a lso used to support the view that mixing of new liquids with older 
res i dua 1 1 i qu i ds may be a more genera 1 process than is common ly 
apprec i ated, and may a 1 so have operated with i n other cyc 1 i c un its 
where the plagioclase primocrysts have been destroyed by more 
complete reaction. 

2. Chapter 3 of this work offers descriptions of two additional Upper 
Critical Zone sequences along strike at Union Section, between the 
base of the UG2 and UGI chromitite respectively, and the Bastard 
Unit . These two profiles, UA and UC, compliment an existing centrally 
located profile (UB) which was investigated at an earlier date. New 
who le-rock major and trace element data , coveri ng the same i nterva 1 

as UB, are presented. An additional series of samples were taken 
through the UG2 Unit in three borehole profiles (UD , UE and UF) which 
were analysed for trace elements alone. All of these profiles provide 
a closer-spaced samp 1 ing i nterva 1 through the Upper Crit i ca 1 Zone 
than UB and the study includes the following aspects. 

* Stratigraphic sequence of the UA, UC , UD, UD and UE profiles in 
relation to the UB profile. 

* Petrography of the silicate rocks. 

* Whole-rock geochemical variations of the silicate cumulates by XRF 
analysis . 

2.1 Close exami nation of the lithologies and their thicknesses within 
individual units reveal that only minor variations along strike are 
evi dent. Th i s study does, however, emphas i se that caut ion must be 
exercised when making generalised correlations between strike 
profiles, as local aberrations of the sequence do occur, especially 
in close proximity to potholes (see 3.3). Petrographic investigation 
has revealed the occurrence of olivine (F079~1) in the Bastard Unit, 
30m above the level of the Merensky Reef, which had previously been 
accepted as the level at which Mg- rich olivine left the paragenesis 
in the Bushveld Complex. This olivine occurs within the noritic 
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sequence of profile UC and displays typical Critical Zone 
characteristics. A detailed account of these olivine-bearing norites 
is presented in chapter 4. 

2.2 New whole-rock data in Chapter 3 provide a more comprehensive 
geochemical database for individual Upper Critical Zone units at 
Union Section, and constitute the foundation for any future 
investigation which may be undertaken in this part of the Complex. 
The whole-rock data in all profiles show remarkable similarity to 
the data of UB and little geochemical variation along strike is 
readi ly apparent. The Sr abundance data re i nforce the observat ion 
that each Upper Critical Zone unit has its own characteristic Sr 
level in plagioclase. 

3. The Bastard Unit. A major section of this thesis is contained within 
Chapter 4 which embodies a detailed investigation of the Bastard Unit 
along 171km of strike in the western Bushveld Complex. This Unit is 
located at the top of the Critical Zone and constitutes the last of 
the well-defined cyclic units which are so characteristic of this 
Zone. Aspects of the investigation included the following: 

* Field characteristics and the stratigraphic sequence of the Bastard 
Unit and correlation with other profiles around the western Bushveld 
Complex. 

* Petrography of all lithologies sampled in profiles at various 
localities around the western arc of the Complex . 

* Mineralogical investigations 
orthopyroxene and plagioclase 
electron microprobe. 

of the silicate phases olivine, 
feldspar (and limited chromite) by 

* Whole-rock major- and trace-element geochemistry of the silicate 
cumulates by XRF analysis. 

The main conclusions reached from a synthesis of the above studies 
are as fo 11 ows : 

3.1 Stratigraphy. The lithologies which constitute the Bastard Unit are 
recognisable throughout the western Bushveld Complex. The thickness 
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and stratigraphic sequence of the Unit remain essentially the same 
between Amande 1 bu It Sect i on, in the north, and Rustenburg in the 
south and a thinning of the sequence is recognised towards the east 
between Rustenburg and Br i ts. Minor aberrations in the normal 
sequence of the Unit do occur locally , e.g., an additional 
pyroxenite is interpolated below the GMA in profile X. 

3.2 Petrography. Petrographic examination revealed that the base and top 
of the Bastard Unit are orthocumulate in character while the bulk of 
the Unit (norite, leuconorite, LGMA and GMM) is essentially an 
adcumulate. Apart from the dominant cumulus phases (orthopyroxene, 
plagioclase and clinopyroxene) being recognised, other phases and 
textures of significance are described. Such include the appearance 
of cumulus olivine in the noritic sequence of profile UC, and 
intercumulus inverted pigeonite in the GMM and the UGMA at the top 
of the Unit. K-feldspar also joins the paragenesis at the top of the 
Unit and occurs both as intercumulus orthoclase and within areas 
dominated by antiperthite. Complex oscillatory-zoned cumulus 
plagioclase grains, with varying degrees of zonal complexity, are 
common in the upper part of the Bastard Un i t. These gra i ns are 
interpreted as records of growth episodes during earlier influxes of 
magma which were responsible for the development of the underlying 
cyclic units. The occurrence of abundant small, corroded plagioclase 
inclusions within cumulus orthopyroxene and olivine is regarded as 
proof of the presence of plagioclase primocrysts, suspended in a 
column of supernatant liquid, prior to crystallisation of the mafic 
phases. 

3.3 Mineralogy. Cryptic variations of orthopyroxene compositions define a 
distinctive pattern through the Unit which is recognisable 
throughout the western Bushveld Complex. This pattern is described 
as being double-cuspate in form, with the lower cusp (through the 
pyroxenite-norite-LGMA) being more primitive in character while the 
upper cusp d i sp lays more evo 1 ved tra i ts . A feature of the 
orthopyroxene MMF ratios within the basal Bastard pyroxenite is that 
they do not vary over a distance of 171km and rema inconstant at 
0.804 (sd = 0.012) regardless of the overlying stratigraphic 
variation. The variation of %An content for cumulus plagioclase 
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through the Unit displays a trend which is inconsistent with that 
ind i cated by MMF ratios in orthopyroxene. A pattern of increasing An 
content is recorded at the base of the Unit through the pyroxenite­
me 1 anorite-norite- 1 euconori te sequence and peak va 1 ues of c. AnS2 
are attained . Profile UC exhib i ts higher maximum values within the 
1 euconorites, in excess of An90' A norma 1 decreas i ng trend is seen 
with in the LGMA up to the 1 eve 1 of the reversa 1 recorded i n the 
orthopyroxene MMF ratios . Above this level the An content remains 
close to An 7S ' tending to marginally lower values at the top of the 
Unit. Compositions recorded for olivine in UC (F079_81 ) are 
characteristic of other Upper Critical Zone occurrences. 

3.4 Whole-rock data. By utilising the whole-rock data, an attempt was 
made to estimate the concentrations of "compatible" frace elements 
within plagioclase and pyroxene in individual Bastard Unit profiles. 
As long as certain rules are adhered to, the results of applying the 
linear regression technique 
concentrations in these phases 

for estimating trace 
compare favourably with 

element 
direct 

measurement of mi nera 1 separates. Resu lts obta i ned here i nd i cate 
that little or no variation is detectable for Sr in plagioclase 

around the western limb of the Complex, and a similar result was 
recorded for Co and Ni in pyroxene. Estimates of Cr in pyroxene do, 
however, show an increase in concentration between Rustenburg and 
Amandelbult Sections while there is a suggestion that levels of V, 
Zn, and Sc decrease towards Amandelbult . A progressive increase in 
the levels of "incomratible" trace (and major) elements is recorded 
towards the top of the Bastard Unit and the highest levels of Zr and 
Rb i n the Upper Critical Zone are seen at the top of the Unit. This 
phenomenon is interpreted as indicating the crystall isation of the 
most extreme fract i onates produced duri ng the deve 1 opment of the 
Upper Crit ical Zone sequence. This conc lus ion is in harmony with the 
first appearance, here, of inverted pigeonite. 

Isotopically, the Bastard Unit has been shown to lie within a zone 
transitional between Sri c . 0.7064 at the level of the Merensky Reef 
and 0. 7087 within the basa l part of the Main Zone (i . e . , 300m above 
the Merensky Reef). Although no isotopic reversal has yet been 

recorded at the base of the Bastard Unit here, it is considered, in 



281 

the 1 ight of the findings of Lee and Butcher (1990) in the eastern 

Bushveld, that a new magma influx did occur at this level. 

3.5 Interpretation. The Bastard Unit is interpreted as representing 

crystallisation from a final Critical Zone magma influx (P-liquid) 

wh ich entered the chamber as a basa 1 f low beneath a co 1 umn of 

residual supernatant (S-liquid) that had accumulated in response to 

earlier crystallisation of underlying cyclic units. It is proposed 

that the P-liquid was progressively blended with the overlying, 

fractionated, accumulation of a cooler, less dense S-liquid which 

had, itself, partly hybridized with the newly emplaced overlying 

Main Zone magma. This hybridized S-liquid was c~arged with a high 

proportion of small plagioclase primocrysts in suspension. Jetting 

may have been important closer to the feeder zone which is indicated 

to be proximally located in the Union Section area. It is argued 

that these processes of mi xing, fract i ona 1 crysta 11 i sat i on and the 

effects of trapped liquid shift, were responsible for the features 

of the Bastard Unit recorded in the study. 



282 

REFERENCES 

Atkins, F.B . , (1969), Pyroxenes of the Bushveld intrusion, South Africa. 
Jour . of Pet . , 10 , 222-249. 

Barnes , S.J . , (1986), The effect of trapped liquid crystallizat ion on 
cumu l us mineral compositions in layered intrusions. Contrib. Miner. 
Petrol. ,93, 524-531. 

Barnes, S.J . and Naldrett, A.J., (1986), Geochemistry of the J-M Reef of 
the Stillwater Complex, Minneapolis Adit area: II. Silicate mineral 
chemistry and petrogenesis. Jour. of Pet., 27, 791-825. 

Barnes, S.J . and Campbell, I.H . , (1988), Role of late magmatic fluids in 
Merensky-type platinum deposits: A discussion. Geology, 16, 488-491. 

B~dard, J.H., Sparks, R.S.J., Renner, R., Cheadle, M.J. and Hallworth, 
M.A., (1988), Peridotite sills and metasomat ic gabbros in the 
Eastern Layered Series of the Rhum Complex. Jour. of the Geological 
Soc. London, 145, 207-224. 

Botha, M.J., (1987), Petrology and geochemistry of the lower group 
chromitites and host rocks on the farm Zandspruit 168 JP, western 
Bushveld Complex. MSc Thesis Rhodes University (unpubl.), 216 pp . 

Bottinga, Y. and Weill, D.F . , (1970), Densities of liquid silicate 
systems calculated from partial molar volumes of oxide components. 
Amer. Jour. Sci., 269, 169-182 . 

Brynard, H.J., de Villiers, J.P.R. and Viljoen, E.A., (1976), A 
mineralogical investigation of the Merensky Reef at the Western 
Platinum mine, near Marikana , South Africa. Econ. Geol., 71, 1299-
1307 . 

Burger, A.J . and Coertze, F.J., (1973), Radiometric age measurements on 
rocks from Southern Afr ica to the end of 1971. Geol . Surv. South 
Africa, Bull. 58, 0-46. 

Burns, R.G., (1970), Mineralogical Applications of the Crystal Field 
Theory. Cambridge University Press. Great Br i tain, 224 pp . 

Cameron, E.N., (1964), Chromite deposits of the eastern part of the 
Bushveld Complex. In: Haughton, S.H. (ed.), The geology of some are 
deposits in Southern Africa, Volume 2. Geo l . Soc. South Africa, 131-
168. 

Cameron, E.N . , (1969), Postcumulus changes in the eastern Bushveld 
Complex. Amer. Min., 54, 754-779. 

Cameron, E.N . , (1975), Postcumulus and subsolidus equilibration of 
chromite and co-existing s i li cates in the eastern Bushveld Complex. 
Geochim. et Cosmochim., 39, 1021-1 033. 

Cameron, E.N . , (1982), The upper Critical Zone of the eastern Bushveld 
Complex - precursor of the Merensky Reef . Econ. Geol ., 77, 1307-
1327 . 



283 

Campbell, I.H., (1977), A study of macro-rhythmic layering and cumulate 
processes in the Jimberlana intrusion, Western Australia. Part I: 
The Upper Layered Series . Jour. of Pet., 18, 183-215 . 

Campbell, I.H . , (1978), Some problems with the cumulus theory. Lithos, 
11, 311-323. 

Campbell, I.H., (1986), A fluid dynamic model for the potholes of the 
Merensky Reef. Econ. Geol., 81, 1118-1125. 

Campbell, I . H. and Borley, G.D., (1974), The geochemistry of pyroxenes 
from the Lower Layered Series of the Jimberlana intrusion, Western 
Australia. Contrib. Miner. Petrol . , 47, 281-297. 

Campbell, I.H., Naldrett, A.J. and Barnes, S.J., (1983), A model for the 
origin of the platinum-rich sulfide horizons in the Bushveld and 
Stillwater complexes. Jour. of Pet., 24, 133-165. 

Campbell, I . H. and Turner, J.S., (1985), The influence of viscosity on 
fountains in magma chambers. Jour. of Pet., 27, 1-30. 

Cawthorn, R.G., (1983), Evidence from trace element geochemistry for 
multiple magma injection in the Losberg Complex, South Africa. 
Trans. Geol. Soc. South Africa, 86, 137-141. 

Coertzer, F.J., (1958), Intrusive relationships and ore deposits in the 
western part of the Bushveld Igneous Complex. Trans. Geol. Soc. 
South Africa, 61, 387-392 . 

Coertzer, F.J., (1974), The geology of the basic portion of the western 
Bushveld Igneous Complex . Geol. Surv. South Africa, Memoir 66, 148p. 

Cousins, C.A., (1959), The structure of the mafic portion of the Bushveld 
Igneous Complex. Trans. Geol. Soc. South Africa, 62, 179-189. 

Cousins, C.A., (1954), The platinum deposits of the Merensky Reef. In: 
Haughton, S.H. (ed. ), The geology of some ore deposits in Southern 
Africa, Volume 2. Geol. Soc. South Africa, 225-237. 

Cousins, C.A., (1959), The Merensky Reef of the Bushveld Igneous Complex. 
Econ. Geol. Monogr., 4, 239-251. 

Cox, K.G., Bell, J.D. and Pankhurst, R.J., (1979), The interpretation of 
igneous rocks. George Allen & Unwin. London, 450 pp. 

Deer, W.A., Howie, R.A. and Zussman, J., (1957), Rock forming minerals, 
Volume 2, Chain Silicates. Longmans, Green and Co., London, England. 

Deer, W.A., Howie, R.A. and Zussman, J., (1972), An introduction to the 
rock forming minerals. Longman Group Limited, London, England 
(Second Edition), 335 pp. 

De Klerk, W.J . , (1982), The geology, geochemistry and silicate mineralogy 
of the upper Critical zone of the north-western Bushveld Complex, at 
Rustenburg Platinum Mines, Union Section. MSc Thesis Rhodes 
University (unpubl.), 210 pp. 



284 

De Klerk, W. J., (1989), Petrological and geochemical characteristics of 
the Bastard unit within 170 km of strike in the western Bushveld 
Complex. Conference on the origin of Minera lization in Southern 
African Layered intrusions, Abstract Volume. University of the 
Witwatersrand, 46-47. 

De Long, S.E . , (1974), Distribution of Rb, Sr, and Ni in igneous rocks, 
central and western Aleutian Islands, Alaska. Geochim. et 
Cosmochim., 38, 245-266. 

Drake, M.J. and Weill, D.F., (1975), Partition of Sr, Ba, Ca, Y, Eu 2 +, 
Eu3 + and other REE between plagioclase feldspar and magmatic liquid: 
an experimental study. Geochim. et Cosmochim., 39, 689-712. 

Duke, J.M., (1976), Distribution of the period four transition elements 
among olivine, calcic clinopyroxene and mafic silicate .liquid: 
Experimental results. Jour. of Pet., 17, 499-521. 

Du Plessis, A. and Kleywegt, R.J., (1987), A dipping sheet model for the 
mafic lobes of the Bushveld Complex. South African Jour. of Sci., 
90, 1-6. 

Eales, H.V . , (1987), Upper Critical zone chromitite layers at R.P.M. 
Union Section mine, western Bushveld Complex. In: Stowe, C.W. (ed) , 
Evolution of chromium ore fields. Van Nostrand Reinhold Co. New 
York., 144-167. 

Eales, H.V., Marsh, J.S., Mitchell, A.A . , de Klerk, W.J., Kruger, F.J. 
and Field, M. , (1986), Some geochemical constraints upon models for 
the crystallization of the upper critical zone-main zone interval, 
northwestern Bushveld Complex. Min . Mag., 50, 567-582. 

Eales, H.V. and Reynolds, I.M., (1986), Cryptic variations within 
chromites of the upper Critical Zone, northwestern Bushveld Complex. 
Econ . Geol., 81, 1056-1066. 

Eales, H.V., Field, M., de Klerk, W.J. and Scoon, R.N., (1988), Regional 
trends of chemical variation and thermal erosion in the upper 
Critical zone, western Bushveld Complex. Min. Mag., 52, 63-80 . 

Eales, H.V., de Klerk, W.J., Butcher, A.R. and Kruger, F.J., (1990a), The 
cyclic unit beneath the UGI chromitite (UGIFW unit) at RPM Union 
Section platinum mine - Rosetta Stone of the Bushveld upper Critical 
Zone? Min. Mag . , 54, 23-43. 

Eales, H.V., de Klerk, W.J. and Teigler, B. , (1990b), Evidence for magma 
mixing processes within the Critical and Lower Zones of the 
northwestern Bushveld Complex, South Africa . Chem. Geol., 88, 261-
278 . 

Eales, H.V . , Maier, W.O. and Teigler, B., (1991), Corroded plagioclase 
feldspar inclusions in orthopyroxene and olivine of the Lower and 
Critical Zones, Western Bushveld Complex. Min. Mag., 55,479-486. 

Ewart, A. , Bryan, W.B. and Gill, J.B., (1973), Mineralogy and 
geochemistry of the younger volcanic islands of Tonga, S.W . Pacific . 
Jour. of Pet., 14, 429-465. 



285 

Farquhar, J.W., (1986), The Western Platinum Mine. In: Anhaeusser, C.R. 
and Maske, S. (eds.), Mineral deposits of Southern Africa Volume II. 
Geol. Soc. South Africa, 1135-1142. 

Feringa, G., (1959), The geological succession in a portion of the north­
western Bushveld (Union Section) and its interpretation . Trans. 
Geol. Soc. South Africa, 62, 219-233 . 

Field, M., (1987), The Petrology and Geochemistry of the upper Critical 
Zone of the Bushveld Complex at the Amandelbult Section of 
Rustenburg Mines Limited, Northwestern Transvaal, South Africa. MSc 
Thes is Rhodes Un ivers ity (unpub I. ), 128 pp. 

Flower, M.J., (1973), Trace element distribution in lava flows from 
Anjouan and Grande Comore, western Indian Ocean. Chem. Geol., 12, 
81-98. 

Frey, F.A., Green, D.H. and Roy, S.D., (1978), Integrated models of 
basalt petrogenesis: a study of quartz tholeiites to olivine 
melilites from south eastern Australia utilizing geochemical and 
experimental petrological data. Jour. of Pet., 19, 463-513. 

Gain, S.B., (1986), The Upper Group chromitite layers at Maandagshoek, 
eastern Bushveld Complex. In: Anhaeusser, C.R . and Maske, S. (eds.), 
Minera I deposits of Southern Africa Volume II. Geol. Soc. South 
Africa, 1197-1208. 

Griffin, W.L. and Murthy, V.R . , (1969), Distribution of K, Rb, Sr and Ba 
in some minerals relevant to basalt genesis. Geochim. et Cosmochim., 
33, 1389-1414 . 

Hall, A.L., (1932), The Bushveld Igneous Complex of the central 
Transvaal. Geol. Surv. South Africa, Memoir 28, 1-560. 

Hamilton, J., (1977), Sr isotope and trace element studies of the Great 
Dyke and Bushveld mafic phase and their relation to early 
Proterozoic magma genesis in Southern Africa. Jour. of Pet., 18, 24-
52. 

Hanson, G.N., (1977), Geochemical evaluation of the sub-oceanic mantle. 
Jour. Geol. Soc. London, 134, 235-253. 

Harmer, R.E. and Sharpe, M.R., (1985), Field relations and strontium 
isotope systematics of the marginal rocks of the eastern Bushveld 
Complex. Econ. Geol., 80, 813-837. 

Hart, S.R. and Brooks, C.J . , (1974), Clinopyroxene-matrix partitioning of 
K, Rb, Cs, Sr and Ba . Geoch im. et Cosmoch im., 38, 1799-1806 . 

Hartzer, F.J., (1989), Stratigraphy, structure, and tectonic evolution of 
the Crocodile River Fragment. South African Jour. of Sci . , 92, 110-
124. 

Hatton, C.J., (1984), The effects of pressure, temperature and 
composition on the distribution of Fe and Mg between olivine, 
orthopyroxene and liquid; an appraisal of the reversal in the normal 
fractionation trend in the Bushveld Complex. Contrib. Miner. 
Petrol., 86, 45-53. 



286 

Hatton, C.J., (1988), Densities and liquidus temperatures of Bushveld 
parental magmas as constraints on the formation of the Merensky 
Reef. lnst . for Geol. Res. on the Bushveld Complex. University of 
Pretoria, Report No.73. 

Hatton, C.J. and von Gruenewaldt, G., (1987), The geological setting and 
petrogenesis of the Bushveld chromitite layers. In: Stowe, C. W. 
(ed) , Evolution of chromium ore fields. Van Nostrand Reinhold Co . , 
New York., 109-143. . 

Heinrich, K.F.J., (1966), X-ray absorption uncertainty: In: McKinley, 
T.D., Heinrich K.F.J. and Wittry D.B. (eds.), The Electron 
Microprobe. John Wi ley & Sons. Inc., New York, 296-377. 

Henderson, P., (1968), The distribution of phosphorus in the early and 
middle stages of fractionation of some basic layered intrusions. 
Geoch im. et Cosmoch im., 32, 897-911. 

Henderson, P. and Suddaby, P., (1971), The nature and origin of the 
chrome-spinel of the Rhum layered intrusion. Contrib. Miner. 
Petrol., 33, 21-31 . 

Hill, R. and Roeder, P.L., (1974), The crystallization of spinel from 
basaltic liquid as a function of oxygen fugacity. Jour. of Geol., 
82, 709-729. 

Huppert, H.E. and Sparks, R.S.J., (1980), The fluid dynamics of a 
basaltic magma chamber replenished by influx of hot, dense 
u ltrabas i c magma. Contrib. Miner. Petro I., 75, 279-289. 

Huppert, H.E., Sparks, R.S.J. and Turner, J.S., (1984), Some effects of 
viscosity on the dynamics of magma chambers . Jour . Geophys. Res., 
89, 6857-6877. 

Huppert, H.E., Turner, J.S. and Sparks, R.S.J., (1982), Replenished magma 
chambers: effects of compositional zonation and input rates. Earth 
Planet. Sci. Lett., 57, 345-357. 

Irvine, T.N., (1977), Origin of chromitite layers in the Muskox intrusion 
and other stratiform intrusions: A new interpretation. Geology,S, 
273-277. 

Irvine, T.N., (1978), Infiltration metasomatism, adcumulus growth, and 
secondary differentiation in the Muskox intrusion. Carnegie Inst. 
Wash. Year Book, 77, 743-751. 

Irvine, T.N., (1980a), Magmatic density currents and cumulus processes. 
Amer. Jour. Sci., 280-A, 1-58. 

Irvine, T.N . , (1980b), Magmatic infiltration metasomatism, double­
diffusive fractional crystallization, and adcumulus growth in the 
Muskox intrusion and other layered intrusions. In: Hargraves, R.B. 
(ed.), Physics of Magmatic Processes. Princeton University Press, 
Princeton New Jersey, 325-383. 

Irvine, T.N., (1982), Terminology for layered intrusions. Jour. of Pet., 
23, 127-162. 



287 

Irvine, T.N. and Smith, C.H., (1967), The ultramafic rocks of the Muskox 
intrusion Northwestern Territories, Canada. In: Wyllie, P.J., (ed) , 
Ultramafic and related rocks. Wiley, New York, p.38-49. 

Irvine, T.N., Keith, D.W. and Todd, S.G., (1983), The J-M platinum­
paladium reef of the Stillwater complex Montana: II. Origin by 
double-diffusive convection magma mixing and implications for the 
Bushveld Complex. Econ. Geol., 78, 1287-1334. 

Irvine, T.N. and Sharpe, M.R., (1986), Magma mixing and the origin of 
stratiform oxide ore zones in the Bushveld and Stillwater Complexes. 
In: Gallagher, R.A., Ixer R.A., Neary, C.R. and Prichard, H.M. 
(eds.), Metallogeny of basic and ultrabasic rocks. Inst. of Mining 
and Metallurgy, 183-198. 

Irving, A.J., (1978), A review of experimental studies of crystal/liquid 
trace element partitioning. Geochim. et Cosmochim., 42, 743-770. 

Jackson, E.D., (1961), Primary textures and mineral associations in the 
ultramafic zone of the Stillwater Complex Montana. Geol. Surv. Prof. 
Paper, 358, 1-106 . 

Jackson, E.D., (1970), The cyclic unit in layered intrusions - a 
comparison of repetitive stratigraphy in the ultramafic parts of the 
Stillwater, Muskox, Great Dyke and Bushveld Complexes . In: Visser, 

' O.J.L. and von Gruenewaldt, G. (eds) , Symposium on the Bushveld 
Igneous Complex and other layered intrusions . Geol. Soc. South 
Africa Spec. Pub., 1, 391-424. 

Jensen, B.B., (1973), Patterns of trace element partitioning. Geochim. et 
Cosmochim., 37, 2227-2242. 

Klemm, D.D., Ketterer,S., Reichhardt, F., Steindl, J. and Weber­
Diefenbach, K., (1985), Implications of vertical and lateral 
compositional variations across the Pyroxenite Marker and its 
associated rocks in the upper part of the Main zone in the eastern 
Bushveld Complex. Econ. Geol., 80, 1007-1015. 

Kruger, F.J., (1982), The petrology of the Merensky cyclic unit and 
associated rocks, and their significance in the evolution of the 
western Bushveld Complex. PhD Thesis Rhodes University (unpubl.), 
123 pp. 

Kruger, F. J . , (1989), The Sr-isotopic stratigraphy of the western 
Bushveld Complex. Conference on the origin of Mineralization in 
Southern African Layered Intrusions, Abstract Volume, University of 
the Witwatersrand. 

Kruger, F.J., (1990), The stratigraphy of the Bushveld Complex: a 
reappraisal and the relocation of the Main zone boundaries. S. Afr. 
Jour. Geol., 93(2), 376-381. 

Kruger, K.J. and Marsh, J.S., (1982), Significance of 87Sr/86Sr ratios in 
the Merensky cyclic unit of the Bushveld Complex. Nature, 298, 53-
55. 



288 

Kruger, F.J. and Marsh, J.S., (1985), The mineralogy, petrology, and 
origin of the Merensky cyclic unit in the western Bushveld Complex. 
Econ. Geol., 80, 958-974. 

Kruger, F.J. and Mitchell, A.A. , (1985), Discontinuities and variations 
of Sr-isotope systematics in the Main Zone of the Bushveld Complex, 
and their relevance to PGE mineralization. Canadian Min., 23, 306. 

Lambert, R.J. and Holland, J.G., (1974), yttrium geochemistry applied to 
petrogenesis utilizing calcium-yttrium relationships in minerals and 
rocks. Geochim. et Cosmochim. , 38, 1393-1414. 

Lauder, W.R., (1970), Origin of the Merensky Reef . Nature, 227, 365-366. 

Leeb-du Toit, A., (1986), The Impala Platinum Mines. In: Anhaeusser, C.R . 
and Maske,S. (eds.), Mineral deposits of Southern Africa, Volume 
II . Geol. Soc. South Africa, 1091-1106. 

Lee, C.A., (1981), Post-depositional structures in the Bushveld complex 
mafic sequence . Jour. Geol. Soc. London, 138, 327-341. 

Lee, C.A., (1983), Trace and platinum-group element geochemistry and the 
development of the Merensky unit of the western Bushveld Complex. 
Mineral. Deposita, 18, 173-190. 

Lee, C.A. and Butcher, A.R., (1990), Cyclicity in the Sr-isotopic 
stratigraphy through the Merensky and Bastard Reef Units, Atok 
Section, Eastern Bushveld Complex. Econ. Geol., 85, 877-883. 

Leeman, W.P. and Lindstrom, D.J., (1978), Partitioning of Ni 2+ between 
basaltic and synthetic melts and olivines - an experimental study. 
Geochim. et Cosmochim., 42, 801-816. 

Le Maitre (ed . ). R. W., (1989). A classification of Igneous Rocks: 
Recommendations of the lUGS subcommission on the systematics of 
igneous rocks. Blackwell Scientific Publications. Oxford, 192 pp . 

Lindstrom, D. J. and Weill, D.F . , (1978), Partitioning of transition 
metals between diopside and co-existing silicate liquids - 1. 
Nickel, cobalt, and manganese . Geochim. et Cosmochim., 42, 817-832 . 

Lombaard, B.V., (1934), On the differentiation and relationships of the 
rocks of the Bushveld Complex. Trans. Geol . Soc. South Africa, 37, 
5-32. 

Marsh, J.S., (1979). A manual for X-ray fluorescence determination of 
major and trace elements in natural silicate rock materials. Unpubl. 
Manual, Rhodes University, 41 pp. 

Martin, D., (1990), Crystal settling and in situ crystallization in 
aqueous solutions and magma chambers. Earth Planet. Sci. Lett., 96, 
336-348. 

McBirney, A. R. and Noyes, R.M., (1979), Crystallization and layering of 
the Skaergaard intrusion. Jour. of Pet., 20, 487-554 . 



289 

Meyer, G., (1969), Some petrological aspects of the mafic rocks from 
borehole sections between the Merensky Reef and the Main zone gabbro 
in the western and eastern Bushveld Complex. MSc Thesis 
Potchefstroom University for C. H.E. (unpubl.). 

Meyer, R., and de Beer, J.H . , (1987), Structure of the Bushveld Complex 
from resistivity measurements. Nature, 325, 610-612. 

Miller, R.L. and Kahn, J.S., (1962), Statistical analysis in the 
geological sciences. John Wiley and Sons, New York, 483 pp. 

Mitchell, A.A., (1986), The petrology, mineralogy and geochemistry of the 
Main zone of the Bushveld Complex at Rustenburg Platinum Mines, 
Un i on Sect i on. PhD Thes is Rhodes Un ivers ity (unpub I. ), 122 pp. 

Mitchell, A.A., (1988), The petrology and mineralogy of the Main Zone in 
the northwestern Bushve ld Complex. Geol . Soc . S.A. Geocongress 1988, 
Extended Abstracts, Durban, 439-440. 

Mitchell, A.A., (1989), Magma influxes in the Main Zone of the Western 
Bushveld. Conference on the origin of Mineralization in Southern 
African Layered intrusions, Abstract Volume. University of the 
Witwatersrand. 

Mitchel l , A.A., (1990a), The stratigraphy, petrography and mineralogy of 
the Main Zone in the north-western Bushveld Complex . Paper in press. 

Mitchell, A.A . , (1990b), The Main Zone of the southwestern Bushveld in 
the vicinity of Brits . Geol. Soc. S.A. Geocongress 1990, Extended 
Abstracts, Cape Town, 419-422. 

Molyneux, T.G., (1970), A geological investigation of the Bushveld 
Complex in Sekhukhuneland and part of the Steelpoort valley, eastern 
Transvaa l , with particular reference to the ox i de minerals. D. Sc. 
Thesis University of Pretoria (unpubl . ). 

Molyneux, T.G., (1974), A geological investigat ion of the Bushveld 
Complex in Sekhukhuneland and part of the Steelpoort valley . Trans. 
Geol. Soc. South Africa, 77, 329-338. 

Morimoto, N., (1989), Nomenclature of pyroxenes: Commission on new 
mineral names: International Mineralogical Association. Canadian 
Min., 27, 143-156 . 

Morse, S.A., (1979a), Kiglapait Geochemistry I : Systematics, sampling and 
density. Jour. of Pet . , 20, 555-590. 

Morse, S.A., (1979b), Reaction constants for En-Fo-Sil equilibria: an 
adjustment and some applications. Amer. Jour. Sci . , 279, 1060-1069. 

Morse, S. A., (1979c), Influence of augite on plagioclase fractionation. 
Jour. Geol . , 87, 202-208. 

Morse, S.A. , (1982), Kiglapait geochemistry V: strontium. Geochim. et 
Cosmochim., 46, 223-234. 



290 

Morse, S.A., (1986), Convection in aid of adcumulus growth. Jour . of 
Pet., 27, 1183-1214. 

Morse, S.A., (1988a), Book Review of "Origins of Igneous Layering " edited 
by Parsons, I. (1987). Jour. of Pet., 29, 523-525. 

Morse, S.A., (1988b), Motion of crystals, solute, and heat in layered 
i ntrus ions. Canadian Min., 26, 209-224. . 

Morse, S.A. and Nolan, K.M., (1984), Origin of strongly reversed rims on 
plagioclase in cumulates. farth Planet. Sci. Lett., 68, 485-498. 

Morse, S.A. and Nolan, K.M., (1985), Kiglapait geochemistry VII: yttrium 
and rare earth elements. Geochim. et Cosmochim., 49, 1621-1644. 

Mostert, A.B., Hofmeyr, P.K. and Potgieter, G.A., (1982), The platinum­
group mineralogy of the Merensky Reef at the Impala Platinum mines, 
Bophuthatswana. fcon. Geol., 77, 1385-1394. 

Naldrett, A.J., (1989), Magmatic Sulfide Deposits . Oxford Monographs on 
Geology and Geophysics No. 14, 186 pp. 

Naldrett, A.J., Gasparrini, C., Barnes, S. J . , Sharpe, M.R. and von 
Gruenewaldt, G., (1984), The petrology of the upper part of the 
critical zone of the Bushveld complex and its bearing on the origin 
of the Merensky reef. Proceedings of the 27th International 
Geological Congress: Petrology (Igneous and Metamorphic rocks), 9, 
373-389. 

Naldrett, A.J., Gasparrini, E.C., Barnes, S.J., von Gruenewaldt, G. and 
Sharpe, M.R., (1986), The upper Critical zone of the Bushveld 
Complex and the origin of Merensky type ores. fcon. Geol., 81, 1105-
1117. 

Naldrett, A. J., Cameron, G., von Gruenewaldt, G. and Sharpe, M.R., 
(1987), The formation of stratiform PGE deposits in layered 
intrusions. In: Parsons, I . (ed.), Origins of Igneous Layering, D. 
Reidel Publishing Co., 313-397. 

Nesbitt, R.W., Mastings, H., Stolz, G.W. and Bruce, D.R., (1976), Matrix 
corrections in trace element analyses by X-ray fluorescence: an 
extension of the Compton scattering technique to long wavelengths . 
Chem. Geol., 18, 203-213. 

Norrish, K. and Hutton, J.T., (1969), An accurate X-ray spectrographic 
method for the analysis of a wide range of geological samples. 
Geochim. et Cosmochim., 33, 431-453. 

Paster, LP . , Schauwecker, 0.5. and Haskin, L.A . , (1974), The behaviour 
of some trace elements during the solidification of the Skaergaard 
layered series. Geochim. et Cosmochim. , 38, 1549-1577. 

Pearce, J.A. and Norry, M.J., (1979), Petrogenetic implications of Ti, 
Zr, Y and Nb variations in volcanic rocks. Contrib. Miner. Petrol., 
69, 33-47. 



291 

Philpotts, J.A. and Schnetzler, C.C., (1970), Phenocryst-matrix partition 
coefficients for K, Rb, Sr, and Ba, with applications to 
anorthos i tes and bas a It genes is. Geoch im. et Cosmoch im., 34, 307-
322. 

Reynolds, R.C., (1967), Estimation of mass absorption coefficients by 
Compton scattering: Improvements of the method. Amer. Min., 52, 
1493-1502. 

Rice, A., (1981), Convective fractionation: A mechanism to provide 
cryptic zoning (macrosegregation), layering , crescumulates, banded 
tuffs and explosive volcanism in igneous processes . Jour. Geophys. 
Res . , 86 No . 81, 405-417. 

Ringwood, A. E., (1970), Petrogenesis of Apollo II basalts and 
implications for lunar origin. Jour. Geophys. Res., 75, 6453-6479. 

Roeder, P.L., (1975), Thermodynamics of element distribution in 
experimental mafic silicate-liquid systems. Fortschr. Miner., 52, 
61-73 . 

Sack, R.O . , (1980), Some constraints on the thermodynamic mixing 
properties of Fe-Mg orthopyroxenes and olivines. Contrib. Miner. 
Petrol., 71, 257-269. 

Salpas, P.A., Haskin, L.A. and McCallum, 1.5., (1983), Stillwater 
anorthosite: a lunar analogue? Jour. Geophys. Res., 88, B27-B39. 

Sampson, E., (1932), Magmatic chromite deposits in Southern Africa . Econ. 
Geol., 27, 113-144. 

Scoon, R.N., (1985), Discordant bodies of post-cumulus, ultramafic rock 
in the upper Critical zone of the Bushveld Complex: iron rich 
ultramafic pegmatite bodies at Amandelbult and the Driekop 
platiniferous ultramafic pipe. PhD Thesis Rhodes University 
(unpubl.), 265 pp. 

Scoon, R.N . and de Klerk, W.J., (1987), The relationship of olivine 
cumulates and mineralization to cyclic units in part of the upper 
Critical Zone of the western Bushveld Complex. Canadian Min., 25, 
51-77 . 

Scoon, R.N . , Teigler, B., (1990), Platinum-group element mineralization 
in the Critical Zone of the Bushveld Complex : classification and 
origin. Geol. Soc. S.A. Geocongress 1990, Extended Abstracts, Cape 
Town, 501-504. 

Shand, S.J., (1943), Eruptive Rocks. Murby and Co., London. 488 pp. 

Sharpe, M.R., (1985), Strontium isotope evidence for preserved density 
stratification in the Main Zone of the Bushveld Complex, South 
Africa. Nature, 316, 119-126. 

Smith, J .V., (1974), Feldspar Minerals: Vol. 2, Chemical and Textural 
Properties. Springer-Verlag, Berlin, 690 pp. 



292 

Smith, R.K. and Lofgren, G.E., (1983), An analytical and experimental 
study of zoning in plagioclase. L ithos, 16, 153-168. 

Sparks, R. S.J . , Huppert, H. E. and Turner, J.S., (1984), The fluid 
dynamics of evolving magma chambers. Phil. Trans. Roy. Soc . London, 
A310, 511-534. 

South African Committee for Stratigraphy (SACS), (1980), Stratigraphy of 
South Africa. Part 1 (Comp. L.E. Kent). Lithostratigraphy of the 
Republic of South Africa, South West Africa/Namibia, and the 
Repub lics of Bophuthatswana, Transke i and Venda. Geo 1. Surv. South 
Africa, Handbook 8, 690 pp. 

Streckeisen, A.L., (1973), Plutonic rocks: Classification and 
nomenclature recommended by the lUGS subcommission on the 
systematics of igneous rocks. Geotimes, October, 26-30. 

Streckeisen, A.L . , (1976), To each plutonic rock its proper name. Earth 
Sci. Reviews, 12, 1-33. 

Sun, C.O., Williams, R.J. and Sun, S. S., (1974), Distribution 
coefficients of Eu and Sr for plagioclase-liquid and clinopyroxene­
liquid equilibria in ocean ridge basalt: an experimental study. 
Geochim. et Cosmochim., 38, 1415-1433. 

Tait, S.R., Herbert, E., Huppert, E. and Sparks, R.S.J., (1984), The role 
of compositional convection in the formation of adcumulate rocks. 
L ithos, 17, 139-146. 

Tankard, A.J., Jackson, M.P.A., Eriksson, K.A., Hobday, D.K., Hunter, 
D.R. and Minter, W.E.L . , (1982), Crustal Evolution of South Africa -
3.8 billion years of earth history. Springer-Verlag . New York, 175-
199. 

Taylor, S.R., (1965), The application of trace element data to problems 
in petrology. Phys. Chem. Earth, 6, 133-214. 

Teigler, B., (1990), Mineralogy, petrology and geochemistry of the Lower 
and lower Critical Zones, northwestern Bushveld Complex. PhD Thesis 
Rhodes University (unpubl.), 247 pp. 

Van Zyl, J . P., (1960), Die petrologie van die Merenskyrif en 
geassosieerde gesteentes in 'n aantal boorgat en mynprofiele op 
Swartk 1 i P 988, Rustenburg. MSc Thes is Potchefstroom Un ivers ity for 
C.H.E. (unpubl.), 120 pp . 

Van Zyl, J.P., (1970), The petrology of the Merensky Reef and the 
associated rocks on Swartklip 988 , Rustenburg district. In: Visser, 
D.J.L. and von Gruenewaldt, G. (eds) , Symposium on the Bushveld 
Igneous Comp lex and other layered intrus ions. Geo 1. Soc. South 
Africa Spec. Pub., 1,80-107 . 

Vermaak, C.F., (1976), The Merensky Reef - thoughts on its environment 
and genesis. Econ. Geol., 71, 1270-1298. 

Vermaak, C.F. and von Gruenewaldt, G., (1986), Introduction to the 
Bushveld Complex. In: Anhaeusser, C.R. and Maske, S. (eds . ), Mineral 
deposits of Southern Africa, Volume II. Geo1. Soc. South Africa, 
1021-1029. 



293 

Viljoen, M.J., de Klerk, W.J., Coetzer, P.M., Hatch, N.P., Kinloch, E. 
and Peyerl, W., (1986a), The Union Section of Rustenburg Platinum 
mines limited with reference to the Merensky reef. In: Anhaeusser, 
C.R. and Maske, S. (eds.), Mineral deposits of Southern Africa, 
Volume II. Geol. Soc. South Africa, 1061-1090. 

Viljoen, M.J., Theron, J., Underwood, B., Walters, B.M . , Weaver, J. and 
Peyerl, W., (1986b), The Amandelbult section of Rustenburg Platinum 
Mines Limited, with reference to the Merensky Reef. In: Anhaeusser, 
C. R. and Maske, S. (eds.), Mineral deposits of Southern Africa, 
Volume II. Geol . Soc. South Africa, 1041-1060. 

Viljoen, M.J. and Hieber, R., (1986), The Rustenburg section of 
Rustenburg Platinum Mines Limited, with reference to the Merensky 
Reef. In: Anhaeusser, C. R. and Maske, S. (eds.), Mineral deposits of 
Southern Africa, Volume II. Geol. Soc. South Africa, 1107-1134. 

Von Gruenewaldt, G., (1971), A petrographical and mineralogical 
investigation of the Bushveld Igneous Complex in the Tauteshoogte -
Roossenekal area of the eastern Transvaal. D.Sc. Thesis University 
of Pre tor ia (unpub I. ). 

Von Gruenewaldt, G., (1973), The Main and Upper Zones of the Bushveld 
Complex in the Roossenekal area, eastern Transvaal. Trans . Geol. 
Soc. South Africa, 76, 207-227. 

Von Gruenewaldt, G., Hatton, C.J., Merkle, R.K.W.and Gain, S. (1985), 
Platinum-chromitite associations in the Bushveld Complex. Inst. for 
Geol . Res. on the Bushveld Complex. University of Pretoria, Report 
No.55. 

Wadsworth, W.J., (1973), Magmatic sediments. Minerals Sci. Engng, 5, 
25-35. 

Wadsworth, W.J., (1985), Terminology of postcumulus processes and 
products in the Rhum layered intrusion. Geol. Mag., 122, 549-554. 

Wager, L.R., (1968), Rhythmic and cryptic layering in mafic and 
ultramafic plutons. In: Hess, H.H. and Poldervaart, A. (eds.), 
Basalts - Volume 2. Wiley Interscience, 573-622. 

Wager, L.R. and Deer, W.A., (1939), Geological investigation in east 
Greenland. Part III. The petrology of the Skaergaard intrusion, 
Kangerdlugssuak. Medd. Gronland, 105 No.4, 1-352. 

Wager, L.R. , Brown, G.M. and Wadsworth, W.J., (1960), Types of igneous 
cumulates. Jour. of Pet . , 1, 73-85. 

Wager, L.R. and Brown, G.M . , (1968), Layered Igneous Rocks. Oliver and 
Boyd, London, 588 pp. 

Wagner, P.A., (1925), Notes on the Platinum deposits of the Bushveld 
Igneous Complex. Trans. Geol. Soc. South Africa, 27, B3-133. 

Wagner, P.A., (1929), The Platinum deposits and mines of South Africa. 
Oliver and Boyd, Edinburgh, 326 pp. 



294 

Walker, K.R., (1970), The Palisade sill, New Jersey: a reinvestigation . 
Geol. Soc. Amer. Spec. Paper, III, 1-178. 

Wasserstein, B., (1936), Some notes on the Critical Zone of the Bushveld 
gabbro at the Swartkop Chrome Mine in the Rustenburg district. 
Trans. Geol. Soc. South Africa, 39, 215-222. 

Weibe, R.A. and Wild, T., (1983), Fractional crystallization and magma 
mlxlng in the Tigalak layered intrusion, the Nain anorthosite 
complex, Labrador . Contrib. Miner. Petrol., 84, 327-344. 

Willemse, J., (1964), A brief outline of the geology of the Bushveld 
Igneous Complex. In: Haughton, S. H. (ed.), The geology of some ore 
deposits in Southern Africa, Volume 2. Geol . Soc. South Africa, 91-
128. 

Willemse, J., (1969), The geology of the Bushveld Igneous Complex, the 
largest repository of magmatic ore deposits in the world: Econ. 
Geol. Monogr., 4, 1-22. 

Wilson, J.R. and Larsen, S.B., (1982), Discordant layering relations in 
the Fongen-Hyllingen basic intrusion . Nature, 299, 625-626. 

Wilson, J.R. and Larsen, S.B., (1985) , Two-dimensional study of a layered 
intrusion - the Hyllingen Series, Norway. Geol. Mag., 122, 97-124. 

Wilson, J.R., Menuge, J.F., Pedersen, S. and Engell-Sorensen, 0., (1987), 
The southern part of the Fongen-Hyllingen layered mafic complex, 
Norway: emplacement and crystallization of compositionally 
stratified magma. In: Parsons, I. (ed.), Origins of Igneous 
Layering: D. Reidel Publishing Co., 145-184. 

Young, I.M., (1984), Mixing of supernatant and interstitial fluids in the 
Rhum layered intrusion. Min. Mag., 48, 345-350 . 



Al 

APPENDIX A. 

SAMPLING 

A1. UG1 Footwall and MG3 Unit at Spud Shaft - S samples. 

Spud shaft, at RPM Union Section (Figure 1.3) was collared at a surface 
elevation of 1030m above mean sea level and intersected the Merensky Reef 
at a depth of 685m and the UGI at 728m. Shaft bottom is at an elevation 
of -105m below mean sea level, effectively exposing a vertical profile of 
1135m. The layered sequence exposed below the UGI is of the order of 385m 
(ie. normal to the layering) but the lowermost 25m is quite inaccessible 
as it is used for ore and waste passes and the bottom of shaft loading 
station. These areas are concrete-lined which precluded any sampling and 
mapping. 

By samp 1 i ng a comb i nat i on of underground boreho le cores and s i dewa 11 
samples (the latter making up the bulk of material) an effective column 
of some 350m, normal to the layering, was sampled below the UGI 
chromit ite. The uppermost 1 ayers of the MG chromi t i tes were exposed in 
the 20 level station crosscut at 1030m below surface. To obtain further 
deta i 1 of the MG chromi t ite layers not exposed in the crosscut, two 
underground boreholes (T246 and T247) were drilled to reveal the sequence 
below this level. Selected sections of these two borehole cores were also 
used to complete the study column. 

Sampling of the sequence between the MG chromitites and the UGI 
chromitite was carried out along the 20 level twin-tramming crosscut at 
Spud Shaft which is 1250m long and at right angles to strike (Figure 
1.3). This crosscut affords excellent exposures of the sequence with the 
layering dipping at 21 0 towards the south-east. Eighty two samples, of 
c. 3kg each, were taken at i nterva 1 s of between 20 and 25m a long the 
crosscut effectively providing a vertical sample interval of c. 5m 
(Figure 2.1). 
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A2. Union Section profiles UA, UB, UC and other Bastard Unit sequences. 

All samples taken in the profiles UA, UB, UC, lEF, Y, X and RD consisted 
of boreho Ie cores approximate ly 30cm long - in some cases the core had 
been split. These core, and half-core, samples were broken into roughly 
three equal parts. The outer two thirds were combined and crushed 
together to a fine pulp, which was used to make pressed power briquettes 
and glass fusion discs for XRF whole-rock analyses (see Appendix 0). The 
inner third was retained as a library handspecimen, from which 
petrographic thin section and electron microprobe sections were prepared. 
In some cases samples were taken across unusual features and distinctive 
lithological contacts within the sequence. The above sampling procedure 
was also adopted at Amandelbult where in 1985 the author and Mr M. Field 
collected samples of the profiles AD, AE and AF. Mr. B Walters followed 
the same procedure for the sampling of the two unpublished profiles Band 
C at Amandelbult. For a detailed account of the sampling done at UB the 
reader is referred to de Klerk (1982, p.59). 

A2.1 Lefkochrysos (Crocodile River) profile (LEF). 

This sampled profile was taken from an exploration borehole (Hl/M4) 

drilled c. 9km to the west of Brits (Figure 1.1). The base of the Bastard 
Unit was intersected at a depth of 998.2m and a representative suite of 
nine samples was selected for electron microprobe analyses . Six of these 
were used for whole-rock analytical work. Sample numbers, prefixed by H, 
indicate the depth of sampling below collar. 

The Bastard Reef pyroxenite is clearly recognised but is anomalously 
th in, be i ng on ly 15cm thi ck . The basa I contact and th i n chromite layer 
are well preserved, and no fault plane is evident. The top contact of the 
pyroxenite is sharp and is immediately overlain by mottled anorthosite 
(2.46m) which is correlated with the GMA. No noritic interval is evident 
between the pyroxenite and the anorthos ite, un like the other prof i les. 
Overlying the mottled anorthosite i s a 9.46m interval of leuconorite 
capped by a 20cm th i ck layer of mott led anorthosite. These two 
lithologies were initially correlated with the top two subdivisions of 
the GMA but have subsequently been shown to be of Ma i n Zone affinity in 
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this study. The entire Bastard Un i t is here taken to be only 2.61m thick 
while only some 4.1km to the west of this profile another borehole (H4) 

exposed a 43.Sm Bastard Unit sequence almost identical to that at Western 
Platinum Mine. 

A notable feature in this area is that the interval between the Main Zone 
Pyroxenite Marker and the Bastard Reef is only 1100m, whi le the same 
interval at Union Section is c. 2500m - a reduction in thickness of c. 
1400m. It would therefore appear that the entire lower part of the Main 
Zone and the Bastard Unit are significantly reduced in thickness. The 
distinctive patterns of compositional variation seen in other profiles 
are thus obscured . 

A2.2 Western Platinum Mine profile (WP). 

No sampling was done at this locality and the profile has been 
constructed from the composite stratigraphic section described by 
Farquhar (1986). Here the Bastard pyroxenite is only Scm thick and 
chromite grains may be present at the base. This anomalously thin 
pyroxenite appears to be similar to that seen at lEF, 14km to the east, 
although with a different hangingwall assemblage. The pyroxenite is 
overlain by norite (17 . 5m) which grades into leuconorite. Two 
distinctive, thin anorthosite layers occur within the noritic sequence at 
7.6 and 13.8m above datum. Thicknesses of other lithologies within the 
Unit are presented in Table 4.2. Farquhar (1986, p. 1137) describes the 
mottles within the UGMA as being "small, pale and irregular in shape" . 
The overlying leucocratic assemblage (i.e. basal part of the Main Zone) 
is dominated by norite and leuconorite with occasional thin layers of 
mottled anorthosite. 

A2.3 Two Rustenburg Section profiles (RPM). 

Data for this area have been gleaned mainly from the work of Kruger 
(1982) . A second profile published by Viljoen and Hieber (1986) was also 
used, with mi nor mod if i cat ions based on the work of Vermaak (1976). An 
additional profile from the Rustenburg Townlands area has been discussed 
in some detail by Naldrett et al. (1984, 1986 and 1987). 
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Kruger (1982) compiled a composite stratigraphic profile depicting the 
central part of the Mine by collecting representative samples from 
underground exposures. These samp les have the pref ix "B" (not to be 
confused with profi le B at Amandelbult). The microprobe data from 18 
samples analysed by Kruger have been incorporated in this study. In each 
sample some eight plagioclase analyses and between four and nine analyses 
of each of the different pyroxene phases are available. Petrographic thin 
sections were cut from library specimens lodged by Kruger (see 4.7). 

The basal Bastard pyroxenite is between 2.8 and 3.5m thick and is 
overlain by a noritic unit, 8.3m thick. A distinctive feature of the 
norite is that thin anorthosite layers (sO.5cm) occur c. 2m below the top 
contact, i.e. below the GMA. Kruger, however, includes a mottled 
anorthosite layer of 75cm in his composite column at this level. This 
unusually thick anorthosite layer is considered to be anomalous but 
nevertheless highlights the fact that discrete anorthosite layers occur 
near the top of the norite member in most of the profi les south of the 
Pilanesberg . Overlying the norite is the 53.8m-thick GMA. It is only in 
the basal 9.1m that large diffuse mottles occur (LGMA). Neither Kruger 
(1982) nor Vi ljoen and Hieber (1986) distinguished the upper two sub­
divisions of the GMA which are readily recognisable in adjacent profiles. 

A2.4 Three Impala profiles (Z, Y and X). 

Z - Wildebeestfontein South mine (No.1 shaft). This profile represents 
the genera 1 i sed geo logi ca 1 log for the southern part of Impa 1 a and is 
merely used to illustrate the lateral continuity of lithologies between 
RPM and Impala. 

Y - Borehole 1329. The geological log of this borehole, drilled in the 
central part of the Mine, is one of a series along strike used by Leeb-du 
Toit (1986, p.l093 and 1096 designated E) in his descriptive paper of 
Impala Platinum Mine . This Bastard Unit profile is almost identical to 
that at RPM Rustenburg Section. Here the leuconorite interval (GMM) in 
the middle of the GMA is well defined and called the Hw4 layer by Leeb 
du-Toit (1986) . The entire GMA is 43.5m thick and is subdivided into the 
Hw3, Hw4 and Hw5 layers (Leeb-du Toit, op . cit.). A total of nine samples 



A5 

were taken in this profile and used by the present writer for whole-rock 
major and trace element analyses as well as electron microprobe analyses 
(see Table 4.2). 

x - Borehole 1512. This profile in the extreme northern part of the Mine 
is somewhat anomalous as there is an additional layer of feldspathic 
pyroxenite (4 . 75m thick) at the contact between the norite and GMA. The 
GMA has also been reduced in thickness to 36.7m. Nine representative 
samples, including one from the immediate hangingwa11 of the GMA have 
been analysed. 

A2.5 Two Rooderand profiles (RD). 

Borehole RO-6. This Upper Critical Zone borehole was in i tially selected 
and sampled because it best represents the normal succession in this area 
between the UG1 and the top of the Bastard Unit. It was subsequently 
found that the entire basal part of the GMA, and the first 4m of 
overlying leuconorite, has been altered (saussuritised) and rendered 
unsuitable for analysis. This is the reason for a gap in analytical data 
for this profile . 

A further complication is that a number of small shears and a prominent 
fault zone occur over a core length of 1.8m within the Bastard norite; 
this faulting appears to have reduced the thickness of the pyroxenite -
norite sequence . The contact between nor i te and the GMA is highly altered 
and is thought likely to encompass a fault plane along which hydrothermal 
fluids were introduced. A number of thin, intrusive Pilanesberg sills are 
also evident within the profile and these younger intrusives contribute 
to the overa 11 disturbance of th i s sect i on. Because th i s profile is in 
close proximity to the younger intrusive Pilanesberg Alkali Complex it i s 
1 ike ly that the Cri t i ca 1 Zone country rocks were subjected to 
hydrothermal activity at the time of this intrusive event . 

A total of 19 samples was taken through the Bastard Unit but only eight 
were suitable for whole-rock analytical work and nine for mineral 
microprobe analyses (Figure 4.4). Whole-rock samples were selected where 
the degree of alteration is less than 10% (estimated by point-counting). 
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The basal pyroxenitic rocks are quite fresh whereas the more leucocratic 
rocks show alteration. 

Borehole RD-ll. This borehole was collared 2.9km to the north of the 
Pilanesberg and the logging indicates an undisturbed Bastard Unit 
prof il e. The lower part of the profi le is very simi 1 ar to Y at Impa 1 a 
except that a th i cken ing of the Bastard pyroxen ite to 5.1m is noted. A 
thin Clcm} anorthosite layer is also found at the contact between the 
pyroxenite and the noritic lithologies. This anorthosite layer (or 
layers) is usually found nearer the top of the norite in the profiles to 
the south of the Pi 1 anesberg. The basa 1 part of the GMA in both these 
Rooderand boreholes is well defined, but the logging in the upper part of 
the GMA fails to define the upper contact of the Bastard Unit. 

A2.6 Three Union Section profiles (UA, US and UC). 

Profile UA (borehole HN-3). This borehole profile refers to the southern 
part of Union Section (Figure 1. 3). Here the Bastard Unit has at its base 
a thin pegmatoidal pyroxenite (6cm) which is overlain by 5.8m of 
feldspathic pyroxenite and 12m of norite. The three sub-divisions of the 
GMA (46.3m) are readily recognisable, with the basal LGMA being 13.7m, 
followed by leuconorite with subdued mottling (GMM - 16.5m) and finally 
the small-mottled anorthosite (UGMA - 16.1m). A suite of 27 close-spaced 
samples was taken through the sequence (Figure 4.4). 

Profile UB. A composite profile for the central part of Union Section 
has been built up from two underground boreholes l,5km apart along strike 
(B235 in the 13-305 crosscut and B232 in 14-215 crosscut). This section 
was documented by de Klerk (1982) with the emphasis then being placed on 
the succession between the lower half of the LGMA and an horizon 4m below 
the UGl. Both these boreholes were drilled at right angles to the 
layering all thicknesses are therefore true. Drilling machine 
limitations on upward drilling precluded the sampling of the upper 
succession of the GMA and only 7m of the LGMA was cored. Thicknesses of 
the GMA (Table 4.2) have been extrapolated from a surface borehole (TB-
14) l,4km up-dip from the UB profile. A suite of 13 samples was analysed 
for whole-rock major and trace elements but no microprobe analyses were 

executed. 
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Profile UC (borehole ZK-IO) . This borehole is situated in the 
northeastern part of Union Section (Figure 1.3) and is almost identical 
in sequence to UA 7. 7km to the southwest. The only difference is that the 
pyroxenite is marginally thinner at UC (4m) and the GMA is 48 . 5m thick -
1.5m thicker than at UA. Twenty samples were taken in the lower part of 
the Bastard Unit (Figure 4.4). 

A2.7 Five Amandelbult Section profiles (AD, AE, AF, B and C). 

Geological logs and the bulk of analytical data relating to the profiles 
AD, AE and AF have been taken from Field (1987) , while those for profiles 
Band C have been taken from unpub 1 i shed work by B. Wa Hers (1982). 
Petrograph i c th insect ions of the Bastard Un it samp les used in Fie 1 d' s 
study were re-examined by the author and are discussed in 4.7. 

The Bastard Unit sequence at Amandelbult is remarkably consistent along 
strike with a thinning of the layers only being observed in the most 
easterly profile C (Table 4.2). Stratigraphic data for the entire GMA are 
available only in profile B, and show it to be similar to that at Union 
Section. 

Prof i le AD (borehole EL-15). The geological log and a suite of 14 
samples were available for this profile. 

Profile AE (borehole SKN-19). This profile formed the focus of Field's 
(1987) study where whole-rock major and trace element analyses were 
executed on a suite of 15 samples of the Bastard Unit. Selected samples 
from this un i t were also used by Field for microprobe analyses of the 
silicate mineral phases. 

Profile B (borehole 7E/3). Close-spaced samples , at one metre intervals, 
were taken from the top of the LGMA to the base of the Bastard Unit. 
These samples were analysed for seven trace elements. No thin sections or 
library samples were available for petrographic examination. 
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Profile AF (borehole Ml- 30). The geological log and a suite of 16 
samples were available for this profile . Field (1987) presented the trace 
element data for this profile. Preparatory work by Field for the major 
element analyses was taken to complet ion by the author and available thin 
sections were used for petrographic study. 

Profile C (borehole 60E/3) . Detailed sampling, at one metre intervals, 
was done from the middle of the lGMA to the base of the Bastard Unit and 
samples were analysed for seven trace elements. Two samples (C- 10 and C-
20) were exc 1 uded from th i s study as they represent thi n 1 amprophyre 
sills in pyroxenite and leuconorite. No thin sections were available for 
petrographic examination. 
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APPENDIX B. 

MODAL ANALYSES 

Modal analyses were carried out on 33 samples from the profiles at LEF, 
X, Y and RD. A Swift automatic point-counter and electro-mechanical stage 
were used. Mineral proportions are calculated as volume percentages and 
each analysis is based on between 500 and 900 points. No distinction is 
made in Table B1 for the textural habits of the phases. 

TABLE B1: Modal compositions in four Bastard Unit sequences. 

Sample No. 
Number plag opx cpx bms chr bi alt Points 

LEF profile 
H979.1 59.3 36.1 2.7 0.2 - 0.8 0.8 479 
H984.48 69 . 3 28.5 1.2 0.3 - 0.3 0.3 589 
H992.8 70.8 26.7 1.2 0.4 - 0.5 0.4 565 
H995.5 67.6 21.1 4.1 0.5 - 0.4 6.4 565 
H995.6 96.0 0.6 2.2 0.3 - 0.1 0.7 957 
H997.26 82.4 16.2 1.0 0.4 - - - 518 
H998.1 25.1 73.3 0.8 0.2 0.2 0.4 - 490 
Y rofile 
Y7 2.4 69.7 14.1 13.4 0.4 - 1.3 1.1 793 
Y740.5 76.0 18.5 1.7 0.4 - 1.5 1.9 745 
Y746.4 90.6 4.0 3.8 0.2 - - 1.4 810 
Y755.66 80.5 10.6 6.2 - - 0.8 1.9 889 
Y760.2 86.2 4.9 8.5 0.4 - - - 857 
Y764.4 68.3 29.3 2.5 - - - - 775 
Y765.48 88.0 1.5 10.4 0.1 - - - 827 
Y770.58 56.1 35.5 7.4 - - 0.1 0.9 798 
Y775.0 18.2 71.8 1.5 0.4 0.2 6.6 1.3 944 
X ~rofile 
X7 5.0 85.0 4.4 9.0 - 0.1 0.6 0.8 789 
X745.44 88.6 9.7 0.1 - - - - 667 
X763.95 92 . 9 5.7 0.5 0.6 - 0.1 0.2 814 
X768.5 70.9 22.3 5.4 - - 0.2 1.2 588 
X776.5 88.1 9.0 1.9 0.5 - - 0.5 790 
X779.82 23.3 73.3 1.6 1.0 0.5 0.4 - 764 
X782.7 68.6 28.5 2.6 0.2 - 0.2 0.0 622 
X788.41 46.1 50.7 2.0 0.7 - 0.5 - 881 
X791.8 14.1 76.9 3.3 1.4 - 2.7 1.6 789 
RD ~rofile 
RO- 83.5 0.4 4.7 - - - 11.4 508 
RD-3 86.9 1.0 4.3 - - - 7.9 609 
RD-4 76.5 10.4 3.5 - - 0.1 9.5 693 
RD-6 79.9 0.4 11.2 0.1 - - 8.4 735 
RD-15 59.4 29.8 1.7 0.1 - - 9.0 763 
RD-16 43.0 53.3 1.4 - - - 2.3 570 
RD-17 22.6 73.5 3.4 - - 0.1 0.3 667 
RD-18 22.4 67.2 6.3 1.5 - 2.5 0.1 687 

plag = plagioclase opx - orthopyroxene cpx ~ clinopyroxene 
chr - chromite bi • biotite alt - alteration products 

bms "base metal sulphides 



Cl 

APPENDIX C. 

ELECTRON MICROPROBE ANALYSES 

The Rhodes University automated JEOL CXA-733 electron microprobe was used 
for all mineral analyses, using well tested international standards and 
pure synthet i c crysta 1 s for ca 1 i brat ion. Most work was done with a 
defocused 10 micron beam. 

This instrument has four crystal spectrometers, two of which are gas flow 
counters, while the remainder are sealed xenon counters. Samples were 
prepared as polished th in sections which were carbon coated under vacuum 
to a thickness of approximately 250 A. The thickness of the coating was 
monitored by comparison with the interference colours produced by the 
carbon on a polished brass plate. 

An acceleration potential of 15Kv and a sample current of 25nA was used 
for all analyses . The beam current was continually monitored by reference 
to a Faraday cage. The Counting times of 20 seconds on element K-alpha 
peaks and 10 seconds on background positions on either side of the peak 
was done for all elements. An electron beam of approximately 10 mi cron in 
diameter was used for a 11 ana lyses except those for the p 1 agioc 1 ase 
analyses used for the determination of zoning - here a focused beam of 1 
micron was used. 

Data reduction was done using the PACX program supplied by the instrument 
manufacturers . This program applies the ZAF correction scheme; an Atomic 
number (Z) correction using Philibert-Tixier's formula, an Absorpt ion 
correction (A) using Philibert-Heinrich's formula and a Fluorescence 
correction (F) using Reed's formula (Philibert and Tixier, 1968). 

Ph ili ber t. J. and Ti xier . R .• (1968). 8rit . Jour . App . Phys .• p.1685-1964. 
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TABLE Cl: Instrument settings and standards used for 
electron microprobe analyses. 

Olivine analyses. 

Element Standard 

Si02 Si02 (UK) 
MgO MgO (UK) 
CaO Wo 11 aston i te (RU) 
NiO NiO (UK) 
FeO Rhodonite (UK) 
MnO Rhodonite (UK) 

Pyroxene analyses. 

Element Standard 

Si02 Si02 (UK) 
Ti02 Ti02 (UK) 
A 1203 A1 203 (UK) 
FeO Rhodonite (UK) 
Cr203 Cr203 (UK) 
MnO Rhodonite (UK) 
NiO NiO (UK) 
MgO MgO (UK) 
CaO Wollastonite (RU) 
Na20 Jadeite (RU) 

Plagioclase analyses. 

Element 

Si02 
A 12°3 
FeO 
CaO 
Na20 
K20 

Standard 

Si02 (UK) 
A 12°3 (UK) 
Rhodonite (UK) 
Wollastonite (RU) 
Jadeite (RU) 
Orthoclase (RU) 

Cr~stal 

TAP 
TAP 
PET 
LiF 
LiF 
PET 

Cr~sta 1 

TAP 
PET 
TAP 
LiF 
PET 
LiF 
LiF 
TAP 
PET 
TAP 

Cr~stal 

TAP 
TAP 
LiF 
PET 
TAP 
PET 

Standard 
CPS 

25245 
22338 
6310 
3925 

431 
8699 

Standard 
CPS 

25337 
10852 
26791 

439 
33516 
1276 
3837 

22560 
6227 
1812 

Standard 
CPS 

25087 
26595 

431 
6301 

576 
1776 

Note: The standards marked (UK) were obtained from Polaron 
Equipment Ltd., Watford, England, while those marked (RU) 
are Rhodes University in-house standards which have been 
acquired from various operating laboratories, and are well 
used and tested. 
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ANALYTICAL ERROR 

It is recognised that for any single analysis, variation or error could 
be be introduced by: 

1) instrumental drift 
2) counting error 
3) electron beam diameter 
4) thickness of carbon coating 
5) suitability of standards compared to unknowns 

To account for some of the above factors a series of ana lyses where 
carried out on both plagioclase and orthopyroxene. An optically 
homogeneous grain of each mineral was chosen from sample 5-15. The 
results of analyses under differing conditions are presented in Table C2 
and C3. In summary the standard deviation yielded by multiple analyses of 
single grains was 0.30% An for plagioclase, and 0.002 for MMF in 
orthopyroxene. 

TABLE C2: Plagioclase analyses for sample 5-15 (UG1 Footwall Unit). 
(c = core of cumulus grain; i = inclusion within orthopyroxene) 

Si02 A 1203 Fe203 CaO Na20 K20 Total %An 

Set A - Core of a cumulus grain with 10 micron beam - same spot. 

S-15 49 . 78 32.05 0.27 15.60 2.81 0.16 100.67 75.41 
S-15 49.97 32.18 0.21 15.52 2. 92 0.15 100 . 95 74.61 
5-15 50.11 32.11 0.27 15.62 2.90 0.16 101.17 74.86 
5-15 49.70 31.97 0.27 15.57 2.85 0. 16 100.53 75.13 
5-15 49.97 32 . 13 0.23 15.68 2.91 0.17 101.09 74.84 
5-15 49.88 32 . 14 0.24 15.41 2.90 0.16 100.74 74.61 
Mean 49.90 32.10 0.25 15.57 2.88 0. 16 100.86 74 . 91 
Std.dev. 0.135 0.068 0.024 0.085 0.039 0.006 0.232 0.285 

Set B - Core of same cumulus grain with 20 micron beam. 
(moved 20 microns away from Set A. ) 

S-15 50.13 32.06 0.29 15.20 2.91 0.15 100.73 74 . 29 
5-15 50.20 32.09 0.26 15.32 2.91 0.16 100.95 74 . 46 
5-15 50.12 31.85 0.24 15 . 24 2.82 0. 17 100.44 74.91 
S-15 49.94 31.89 0.25 15.30 2.87 0.16 100.42 74 . 65 
S-15 49.98 31.93 0.24 15 . 31 2.82 0.15 100.42 75 . 02 
5-15 50.07 31.94 0.30 15 . 28 2.84 0.17 100.60 74.84 
Mean 50.07 31. 96 0.26 15.27 2.86 0.16 100.60 74.69 
5td.dev. 0.090 0.087 0.025 0.043 0.037 0.006 0. 195 0.256 
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Si02 A 1203 Fe203 CaO Na20 K20 Total %An 

Set C - Cores of different cumulus grains - 10 micron beam. 

S-15 c 50.32 31. 57 0.20 15.41 2.83 0.02 100.35 75.05 
5-15 c 50.74 31.49 0.14 15.08 3.04 0.02 100 . 52 73.25 
5-15 c 50.48 31.83 0.17 15.35 2.88 0.03 100 . 74 74.66 
5-15 c 49.67 32.34 0.19 15.76 2.59 0.02 100 . 57 77.11 
5-15 c 50.35 31.80 0.22 15.16 2.92 0.03 100.47 74 . 18 
5-15 c 50.73 31.78 0.27 15.01 2.97 0.03 100.78 73 . 65 
5-15 c 50.66 31.72 0. 24 15.25 2.94 0.02 100.84 74.13 
S-15 c 50.88 31.35 0.20 14.80 3.19 0.02 100 .44 71. 97 
5-15 c 50 . 04 31. 73 0.25 15.24 2.89 0.03 100.18 74.46 
5-15 c 49.77 31.80 0.21 15.39 2.87 0.03 100.06 74 . 78 
Mean 50.37 31. 74 0. 21 15.24 2.91 0.02 100.50 74.32 
5td .dev . 0.398 0.249 0.036 0.247 0.146 0.004 0.241 1.259 

Set 0 - Cores of different inclusions - 10 micron beam. 

5-15 i 51.17 30.96 0.35 14 .45 3.40 0.01 100 . 33 70 . 11 
5-15 i 50.63 30.82 0.33 14 . 67 3. 34 0.01 99.79 70.82 
5-15 i 50.57 30.74 0.32 14 . 67 3.36 0.02 99 . 67 70.72 
5-15 i 50.18 31.00 0. 34 14.95 3. 16 0.01 99.63 72.34 
5-15 i 50.06 31.03 0.32 15.02 3.22 0.02 99.67 72.04 
5-15 i 50.31 31.52 0.26 14.96 3.08 0.03 100.16 72.86 
5-15 i 50.54 31. 70 0.33 14 . 90 3.25 0.01 100.74 71.68 
5-15 i 50.59 31.63 0.31 14.95 3.21 0.02 100.72 72.02 
5-15 i 50.40 31.88 0.32 14.97 3. 09 0.02 100.68 72 .82 
5-15 i 50.52 31. 70 0. 26 15.05 3.11 0.02 100.66 72.82 
Mean 50.42 31.33 0.31 14.91 3.20 0.02 100.19 72.01 
Std.dev. 0.287 0.405 0.027 0.185 0.111 0.007 0.454 0. 926 

Means and Standard deviations for Sets A, 8 and C. 
Mean 50.16 31.90 0.23 15.34 2.89 0.10 100.62 74.59 
5td.dev. 0.344 0.234 0.039 0.222 0.105 0.069 0. 272 0. 908 

Mean and Standard deviations for sets A, 8 , C and D. 
Mean 50.26 31. 71 0. 26 15.19 2.99 0.07 100.49 73 . 72 
Std.dev. 0.363 0.409 0.051 0.307 0.187 0.069 0.390 1.572 
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TABLE C3: Orthopyroxene analyses of sample S-15 (UG1 Footwall Unit). 
(c = cores, m = margins of grains) 

Si02 Ti02 Al203 Cr203 FeO MnO NiO MgO CaO Na20 Total MMF 

Set E - Core of a cumulus grain - 10 micron beam (all within a 20 micron radius) 

S-15 55.24 0.16 0.96 0.40 13.19 0.24 0.12 28.19 1.34 0.01 99 .86 0.792 
S-15 55.28 0.17 0.97 0.39 13.03 0.28 0.09 27.93 1.37 0.00 99.51 0.793 
S-15 55.07 0.17 0.95 0.39 12.76 0.28 0.12 28.03 1.37 0.00 99.15 0.797 
S-15 54.96 0.18 0.96 0.40 12.84 0.26 0.14 27.80 1.35 0.00 98.91 0.794 
S-15 54.85 0.15 1.01 0.43 13.05 0.21 0.09 28.15 1.85 0.02 99.81 0.794 
S-15 55.02 0.15 1.02 0.42 12 .89 0.23 0.06 28.01 1.82 0.02 99.63 0.795 
S-15 55.12 0.14 1.02 0.41 12 .45 0.24 0.03 27.94 1.84 0. 02 99.21 0.800 
S-15 54 . 78 0.13 1.00 0.40 12.91 0.29 0.06 27.88 1.81 0.01 99.27 0.794 
S-15 55.18 0.19 0.97 0.37 13.20 0.34 0.07 28.29 1.48 0.02 100.11 0.792 
5-15 55.09 0.16 0.96 0.36 13.14 0.29 0.03 28.46 1.47 0.01 99.97 0.794 
S-15 54.90 0.17 0.96 0.37 13.12 0. 29 0.04 28 .43 1.49 0.01 99.79 0.794 
S-15 55.14 0.19 0.96 0.38 13.03 0.24 0.02 28.27 1.46 0.01 99.71 0.795 
Mean 55.05 0.16 0.98 0.39 12.97 0.27 0.07 28.12 1.55 0.01 99.58 0.794 
5td 0.150 0.017 0.025 0.019 0.207 0.034 0.037 0.207 0.199 0.007 0.353 0.002 

Si02 Ti02 Al203 Cr203 FeO MnO NiO MgO CaO Na20 Total MMF 

Set F - Cores of different cumulus grains with 10 micron beam. 

S-15 c 54.77 0.17 0.86 0.35 13.20 0.29 0.05 29.74 1.05 0.00 100.50 0.801 
S-15 c 54.86 0.17 0.84 0.35 13.04 0.31 0.07 29.83 0.93 0.00 100.40 0.803 
S-15 c 54.88 0.16 0.79 0.35 13.24 0.32 0. 05 29.93 0.92 0.01 100.65 0.801 
S-15 c 54.88 0.19 0.82 0.36 13.28 0.28 0.05 29.66 0.98 0.01 100.50 0.799 
S-15 c 54.99 0.17 0.85 0.34 13.10 0.29 0.04 29.73 1.05 0.00 100.57 0.802 
S-15 c 54.75 0.14 0.92 0.38 12.79 0.30 0.07 29.64 1.35 0.02 100.34 0.805 
S-15 c 54.73 0.18 0.85 0.35 12.98 0.31 0.06 29.67 1.00 0.00 100.13 0.803 
S-15 c 54.69 0.18 0.83 0.37 12.93 0.31 0.07 29.83 1.10 0.01 100.32 0.804 
S-15 c 54.96 0.17 0.88 0.35 12.91 0.30 0.04 29.69 1.18 0. 00 100.47 0.804 
S-15 c 54.74 0.17 0.93 0.36 13.11 0.29 0.06 29.65 1.19 0.01 100.50 0.801 
Mean 54.82 0.17 0.86 0. 36 13 .06 0.30 0.06 29.74 1.07 0.01 100.44 0.802 
Std 0.097 0.013 0.040 0.011 0.150 0.010 0.011 0.092 0.126 0.005 0.140 0.002 

Set G - Margins of different cumulus grains with 10 micron beam. 

S-15 m 55.23 0.18 0.92 0.36 13.17 0.25 0. 08 29.07 0.66 0.01 99.94 0.797 
S-15 m 55.56 0.19 0.89 0.33 13 .01 0.25 0.05 28.89 0.64 0.01 99 .81 0. 798 
S-15 m 55.66 0.16 0.94 0.32 13.12 0.29 0.09 28.82 0.62 0.02 100.01 0. 797 
Mean 55.48 0.18 0.92 0.34 13.10 0.26 0.07 28.93 0.64 0.01 99.92 0. 797 
5td 0.185 0.013 0.020 0.019 0.069 0.017 0.017 0.104 0.019 0.004 0.085 0.001 

Means and Standard deviations of Sets E, F and G. 
Mean 55.01 0.17 0.92 0.37 13.02 0.28 0.07 28 .86 1.25 0.01 99.96 0.798 
Std 0. 245 0.016 0.066 0.027 0.181 0.030 0.028 0.774 0.356 0.007 0.479 0.004 
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In the following pages the compositions of olivine, orthopyroxene, 
clinopyroxene, plagioclase and chromite are listed. These determinations 
were all done by the author unless otherwise stated in the table caption. 

NOTES: 

1. 01 ivine Fo = cationic ratio of Mg/{Mg + Fe) 

2. Ortho- and c 1 i nopyroxene 
MMF = cationic ratio of Mg/{Mg + Fe) 
Wo = cationic ratio of Ca/{Mg + Fe + Cal 
En = cationic ratio of Mg/{Mg + Fe + Cal 
Fs = cationic ratio of Fe/{Mg + Fe + Cal 

3. Plagioclase - An = cationic ratio of Ca/{Ca + Na) as a %. 

Deer, Howie and Zussman (1972, p.322) note that most iron reported in 
feldspar analyses is shown to be Fe+3, which replaces some of the Al in 
the structure. With this in mind the microprobe FeO values were converted 
to Fe203 on the basis of stoichiometry and the totals adjusted 
accordingly. 

4. Chromite 
(p) = value from microprobe analysis 
(C) = recalculated value assuming stoichiometry 

Cr/Al = cationic ratio of Cr/Al 
MMF = cationic ratio of Mg I (Mg + F e2+ ) 
FFE = cationic ratio of F e3+ I (F e3+ + F e2+) 

Cr/Cr+Al = cationic ratio of Cr I (Cr + A 1) 
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MICROPROBE OATA TABLE C5: Composition of orthopyroxene in the UGI Footwall and MG3 Units - a ll S samples. 

Sacolt 
lletres 
Position 
lit. % 
SI02 
11°2 
A120] 

~~Ol .. 
~\O 

",0 
(.0 
MlZO 
Totll 

S·' 
32.3 

56.s~ 

0.12 
0.98 
0.43 

11 .16 
0.26 
0.07 

29.46 
1.15 
0.01 

100.81 

S·' 
]2 .3 

S6.23 
D.ll 
1.01 
O.U 

11.65 
0.28 
0 . 07 

28.93 
1.26 
0.02 

99.99 

S-8 
32.l 

• 
56.59 
0.15 
0.98 
D.H 

11.12 
0.27 
0.07 

29.11 
1.21 
0.03 

lDO.sa 

Cations (based on 6oxygens): 
51 1.9664 1.9912 1.9919 
II 11.0032 0.0028 O.OO3g 
Al 0.0405 0.0420 0.0401 
Cr 0.0121 0.0122 a.olll 
Fe O.3'S6 G.~51 a.3m 
IIIl 0.0078 0.0083 0.0062 
HI 0.0020 0.0020 0.0020 
Kg 1.5424 1.5269 1.5212 
CI 0.0431 0.0476 0.0455 
Hi 0. 0019 0.0012 O.OO2~ 

Tot,l 3.9851 1.97i4 3.9790 .. 
" " f. 

Saqlle 
~tres 
Po~lt\on 

WI. % 
SI02 
1102 
A1203 

~JOJ 
, .. 
, ro 

"" (,0 .. ,. 
loti 1 

CHlons 
Sf 
If 

" (, 

f. 

'" ,; 

"' (, .. 
10!11 

... 
" " f. 

0.8110 
2.2 

79.9 
17 .9 

5·11 
49.8 

• 
55.13 

0.16 
0.83 
0.3& 

12.69 
0.29 
0.15 

28.93 
0." 
0.02 

100.13 

0.B156 
2.' 

79.5 
18.0 

5·11 
49.8 

• 
55.93 
0.14 
0.81 
0." 

12.63 
0.28 
0,13 

26.94 
0.91 
0.00 

100.11 

a.Bm 
2 •• 

7!U 
18.0 

5-11 
49.8 

• 
5~.49 

0.17 
0.81 
0.31 

13.0. 
0.26 
0.11 

28.96 
0.15 
0.01 ..... 

(besed on 6 o~ygens): 
1.9B16 1.9866 l.9786 
0,0042 0.0037 0.0046 
0.0347 0.0341 0 .0)40 
0.0098 0.0095 0.0087 
0.3772 0.3153 0.3886 
0.0086 0.0085 0.0078 
0.0042 0.0036 O.OOli 
1.5332 1.5321 ].5404 
0.0319 0.0346 0.0268 
0.0014 0.0002 0.0009 
3.9921 3.9881 ,.~ 

0.802~ 

1.' 
18.7 
19.4 

0.8032 
1.. 

78.9 
19 .3 

0.7g85 
!.S 

78.7 
19.9 

S-8 
".l 

• 
56.20 
0.13 
0.S9 
0.43 

11.49 
0.25 
0.07 

29.01 
1.115 
0,03 
99.~ 

1.99~ 
0.0034 
0.0372 
0.0122 
0.3412 
0.0075 
0.0020 
1.5359 
0.0398 
0.0018 
3.9770 

0.8182 
2.1 

SO.1 
11.8 

5·12 
57.1 

55.42 
0.13 
0." 
0.31 

12.75 
0.27 
0.09 

29.7g 
0.85 
0.01 

100.60 

1.%29 
0.0034 
0.0391 
0.0104 
0.3771 
0.0080 
0.0025 
1-5121 
0.0321 
0._ 
4.0092 

0.8063 
I.' 

19.3 
19.1 

Metres given below base of UGI chromitite. 
c c core of grain m = grain margin . 

S·' 
".l 

• 
56.62 

0.10 
0.81 
0.~3 

11.53 
0.12 
0 .01 

29.SS 
0.6\ 
0.01 ..... 

1. .... 
0.0027 
0.0335 
0.0121 
O.~IM 

0.0067 
0.0020 
1.5562 
0.0232 
0.0005 
3.9760 

0.8205 
1.2 

81.1 
17.7 

5·12 
57.1 

S4.70 
0.11 
0.87 
0.32 

12.61 
0.26 
0.09 

2g.53 
),19 
0.00 

99.67 

l.9SS2 
0.0029 
0.0365 
0.0092 
0.3174 
0 . 0078 
0.0026 
1.5151 
O.04SS 
0.0000 
4.0161 

0.8068 
2.l 

78.8 
18.9 

S·' 
31.8 

56.01 
O.I~ 
0.93 
0.43 

12.53 
0.30 
0.01 

28.95 
1.21 
0.01 

100.65 

1.9817 
0.0037 
0.0368 
0 .0121 
0 .3105 
0.0091 
0.0020 
1.5253 
0.0·457 
0.(01)1 
3.9895 

0.11046 

2.' 
78.6 
19.1 

S·12 
51.1 

~.71 

0.12 
0.96 
0.36 

12.35 
0.29 
0.05 

29.56 
1.28 
0.01 

99.73 

1-9514 
0.0032 
0.0404 
0.0103 
0.3690 
0.0067 
0.0013 
1.5145 
0.0490 
0.01lOS 
4.01H 

0.8101 
'.5 

19.0 
18.~ 

S·' 
31.8 

55.93 
0.14 
1.01 
0.43 

12 . 02 
0.30 
0.01 

28.08 
2.78 
0.04 

100.86 

1. 9714 
0.0037 
0.0444 
0 .0121 
0.35S4 
0.0090 
0.0020 
U198 
0.1053 
0.0021 
3.9~M 

0."" 
5 •• 

16.3 
18.3 

5-12 
57.1 

M .• 
0.14 
0." 
0 . >8 

Il.7S 
O.U 
O .~ 
~.W 

0.95 
0.01 
~.n 

1. 9520 
0.0038 
0.0398 
0.0101 
0.3816 
0.0016 
0.0025 
1.5840 
0.0)6.4 
0.0005 
4.0192 

0.80SS 

1.' 
19 . \ 
19.1 

S·' 
37.8 

55.96 
0.12 
1.03 
0.43 

12.41 
0.28 
0.07 

28.83 
1.58 
0.02 

100.11 

1.9111 
0.0031 
0.0428 
0.0121 
0.3670 
0.0082 
0.0020 
1.5185 
0.0597 
0.0012 
3.9923 

0.8<)54 
l.1 

18.1 
18.9 

5·12 
51.1 

54.93 
0.12 
0.93 
0.37 

12.42 
0.27 
0.09 

29.63 
1.11 
0.02 

99.87 

1.9598 
0.0032 
0.0389 
0.0106 
0.3706 
0.0081 
0.0025 
1.5757 
0.0424 
0.0013 
4 .0129 

0.8096 
2.1 

7g.2 
18.6 

S·' 
31.8 

• 
56 . 38 
0.12 
0.83 
0.43 

12.69 
O.lO 
0.01 

Zg.4g 
0.51 
0.00 

100.82 

1.9859 
0.0032 
0.0345 
0.0120 
0.3738 
0.0090 
0.0020 
1.S482 
0.0192 
0.0000 
3. 9811 

0.6055 
1.0 

19.B 
19.3 

5·12 
51.1 

S4. 11 
0.11 
1.01 
O.~ 

U .• 
O.~ 
O.~ 

~.~ 
l.n 
0.01 

".~ 

1.9519 
0.0030 
0.0426 
0.0109 
0.3104 
0.0076 
0.0027 
1.S671 
0.0490 
0.0009 
4.0128 

0.8069 

'.S 
18.9 
18.6 

S·' 
31.B 

• 
55.57 
0.15 
0.96 
0.43 

12.62 
0.30 
0. 07 

29.H 
0.67 
0.01 

99.92 

1.9171 
0 .0(140 
0.0402 
0.0122 
0.3155 
0.0091 
0.0020 
1.S455 
0.0257 
0.0006 
3.9g24 

0.8045 
1.3 

19.4 
19.3 

5·12 
51.1 

S4.69 
0.10 
}'OS 
0.39 

12.40 
0.26 
0.06 
29.~ 
1.51 
0.03 
~.81 

\.9S47 
0.0027 
0.0442 
0.0110 
0.3706 
0.0080 
0,0017 
1.S632 
0.0579 
0.0020 
4.0160 

0.8<)B3 

2.' 
78.5 
18.6 

S·' 
31.8 

• 
56,15 
0.15 
O.Bl 
0. 43 

12 . 52 
0.29 
0.01 

29.33 
0.69 
0.01 

100.44 

).9853 
0.0040 
0.0336 
o.om 
0.3703 
0._ 
0.D020 
1,S457 
0.0260 
0._ 
l."" 
0 .... 

1:3 
79.6 
19 .1 

5·12 
57 .1 

54.13 
0 .10 
1.00 
0.37 
12.~6 
0.21 
0.08 

29.11 
1.86 
0.02 

100.00 

1.9555 
0.0026 
0.0420 
0 .0101 
0.3110 
0.0081 
0.0022 
!.5SOI 
0.0712 
0.0014 
4.0164 

0.8061 

l.' 
77.7 
18.1 

5.10 
42.5 

S4.95 
0.12 
0." 
0.]8 

12.31 
0.29 
0.09 

29.SS 
1.44 
0.02 

100 .06 

1.9SS5 
0.0031 
0.0371 
0.0108 
0.3670 
0.0081 
0.0026 
1.5711 
0.0551 
0.0013 
4.0151 

0.8107 
2.' 

18.8 
IB.4 

5.1Z 
51.1 

54.56 
0.10 
0.91 
0.>8 

12.SI 
0.26 
0.08 

29.51 
1.18 
0.01 

99. 60 

1.9546 
0.0026 
0.0385 
0.0101 
0.3149 
0.0078 
0.0024 
1.SS10 
0.0452 
0.0001 
4.0186 

0.8083 
'.3 

79.0 
18.1 

5-10 
42.5 

..... 
0.21 
0." 
0.]8 

12.26 
0.26 
0.06 

29.93 
1.27 
0.02 

99.95 

1.9508 
0.0055 
0.0370 
0.0107 
O.l6SS 
0 .0071 
0.0018 
1.5913 
0.0487 
0.001l 
4.0204 

0.8131 
2.' 

79.3 
18.2 

5·12 
51.1 

54.82 
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MICROPROBE DATA TABLE C5: Composition of orthopyroxene in the UGI Footwall and MG3 Units - all S samp les. 

Sa~le 
lletres 
Pos It Ion 
lit. % 

SI02 

"0, 
A1 203 
(rZO) 
,.0 

""' MiD 
HqO 
C.O 
Ha20 
lonl 

5·36 
181.$ 

• 
~.U 
0.18 
O.gQ 
o.n 

14.W 
o.~ 

0.09 
27.» 
0.11 
0.03 
~.n 

S.36 
ISI.S 

• 
55.~ 
0.18 
0.93 
0.23 

H.Sl 
0.28 
0.09 

28.13 
0." 
O.1l2 

100. 41 

CatIOn5 (ba~td on 6 o_Y'i!ens): 

s-" 
190.3 

55.77 
0.11 
0.90 
0.32 

13.25 
0.29 
0,06 

28.66 
0.71 
0.00 

lOO.H 

SI 1.9831 1.9765 1.~2 
Ii 0.0048 0.0041 0.0046 
Al 0.0419 0.0392 0.0379 
Cr 0.0066 D.0066 0.0090 
Fe 0.4261 0.4352 0.3944 
PIll 0.0085 0.006S 0.0087 
HI 0.0025 0.0026 0.1)018 
Kg 1.4826 1.4974 1.5198 
C. 0.0291 0.0245 0.0211 
Na 0.0022 O.OOH 0.0002 
Tota l 3.9884 3.9956 J.9878 

"" " E. ,. 
0.1168 

L5 
16.S 
22.0 

0.7148 
1.2 

76.S 
22.2 

0.1940 
I.. 

18.3 
20.3 

s_" 
190.3 

55.95 
0.}6 
0.65 
0.Z9 

12.71 
D.26 
0.11 

28.40 
0.63 
0.01 

99.36 

1.99'11 
0.0043 
0.0358 
0.0079 
0.3191 
0.0078 
0.0031 
1.5124 
0.0241 
0.0009 
3.9152 

0.1993 
1.3 

18.9 
19.8 

Metres given below base of UGl chromitite. 
c = core of grain m - grain margin. 

s_" 
190.3 

55.83 
0.15 
0.85 
0.31 

Il.CH 
0.29 
0.10 

28.64 
0. 17 
0.02 

100.00 

1.9818 
0.004] 
0.0355 
0.0081 
0.3ea2 
0.0081 
0.0028 
1.5200 
0.0294 
0.0016 ... ," 
0.7965 

I.S 
18.4 
20.0 

s-" 
190.3 

S5.13 
0.15 
0.89 
0.32 

13.46 
0 . '0 
0.07 

28.28 
0.11 
0.03 

100.01 

1.9811 
0.0040 
0.0375 
0.0091 
0.4015 
0.0091 
0.0019 
1.503.5 
0.0295 
0.0021 
3.0860 

0.7892 
I.S 

71.1 
20.8 

S-38 
190.3 

55.SO 
0.16 
0.90 
0.35 

13.25 
0.24 
0.01 

28.12 
0.87 
11.01 

99.49 

1.9886 
0.0044 
0.0319 
0.0099 
0.3911 
O.OOH 
0.0021 
1.5018 
0. 0335 
0.0005 
3.9833 

0.7909 
1.1 

17.7 
20.6 

s-" 
190.3 

• 
55.50 
0.13 
0.82 
0.25 

13.30 
0.26 
0.04 

28.62 
0.$4 
0.00 

99.46 

1.98H 
o.oo~ 

O.D~l 

0.0070 
0.3983 
0.0019 
0.0010 
1.5217 
0.0208 
0.0002 
3.9885 

0.1932 
Ll 

78.5 
20.5 

5-38 
190.3 

• 
55.57 
O.U 
0.87 
0.26 

n.so 
0.29 
0.04 

28.S6 
0.61 
0.00 

99.a. 

1.9848 
0.0036 
0.0356 
0.0013 
0.40~ 

0.0081 
0.0013 
1.5205 
0.02~ 
0. 0000 
3.9895 

0 . 7903 
l.2 

78.1 
20.1 

s_" 
190.3 

• 
55.55 
0. 16 
0.18 
0.25 

13.28 
0.29 
0.06 

28.72 
0.62 
O.Ot 

99. 72 

1.9850 
0.0043 
0.0330 
0.0070 
0.3970 
0 .0008 
0.0011 
1.5298 
0. 0236 
0.0008 
3.9910 

0.7940 
l.2 

78.4 
20.4 

s_" 
190.3 

• 
55.58 
o.n 
0.17 
0.24 

13.19 
0. 26 
0.06 

28.59 
0.56 
0.00 

99.38 

1.9906 
O.OO~ 

O.03ZJ 
0.0069 
0.3951 
0.0078 
0.0018 
1.5265 
0.0213 
0.0000 
l."" 
0.1944 

Ll 
78.6 
20.3 

s-" 
190.3 

• 
55.91 
0.11 
0.79 
0.28 
U.~ 

0.28 
0.08 

28.80 
0.48 
0.02 

100.15 

I."" 
0.0046 
0.0331 
0.0018 
0.3968 
0.0083 
0.0024 
1.5264 
O.OltM 
0.0013 
3.9813 

0.7937 
0.' 

78.6 
,<>.4 

5·40 
199.3 

55.40 
0. 01 
1.05 
0.37 

12.78 
0.25 
0.117 

28.SO 
0." 
0.111 

119.41 

1.9830 
0.0019 
0.Q4.47 
0.0105 
0.3826 
0.0077 
0.0020 
1.5203 
0.0~6 0._ 
3.9878 

0.1989 
).8 

18.S 
19.7 

5·40 
199.3 

5·U7 
0.11 
0.98 
O.ll 

U.1)5 
0.26 
0.14 

28.71 
0.85 
0.02 

99.40 

1.9729 
0.0029 
0.0416 
0.0087 
0.3916 
0.0080 
0.0041 
1.5359 
0 .0)28 
0.0012 
3.11996 

0.7968 
1.1 

78.4 
20.0 

5-40 
199.3 

55.41 
0.10 
0.91 
0.35 

12.91 
0.32 
0.09 

28.60 
0.62 
0.00 

99.50 

1.9845 
0.0026 
0.0408 
0.0100 
0.l882 
0.0098 
0.0027 
1.5251 

. 0 .0239 
0.0000 
3.9815 

0.1971 
l.2 

18.1 
20.0 

~qlle 

IietM!$ 
Po~ it ion 
111.. \ 
S;02 
110, 
AI203 
(r20, 
'oO 

5-42 
208. 1 

5·42 5-42 5·42 5-42 5-42 5-43 5·43 5-43 5·43 5_43 5· 4] 5-43 5·43 5-43 

"00 
AlO 

"" C.O 
lIa20 
Jotal 

CU!OIlS 

" II 

" C, 

" ,. 
AI .. 
" ,. 
lohl 

"" " E. 
r, 

208.1 208.1 208.1 2118.1 208.1 213.2 213 .2 211.2 213 . 2 211. 2 211.2 21l.2 21l.2 213.2 

~.oo 

0.11 
1.20 
0.31 

12.66 
0.21 
0.09 

30.29 
0 , 84 
0.01 

99.84 

54.16 
0.11 
0.98 
0.33 

12.64 
0.31 
0.06 

30.sa 
0.91 
0.00 

100.09 

(based on 6 o~ygens): 

$4.82 
0.15 
1-12 
0.33 

12.72 
0.24 
0.05 

30 . 31 
0. 98 
0.00 

100.70 

1.932S 1.9335 1.9427 
0.0028 0.0030 0.0039 
0.0506 0.0414 0.0466 
0.0104 0,0093 0.0092 
0.3190 0.3715 0.3769 
0.0083 0.0094 0.0072 
0.0025 0.0018 0.0013 
1.6155 1.6271 1.6007 
0.0321 0.0350 0.0371 
0.0006 0.0003 0.0000 
4.0346 '.0383 4.0255 

0.8100 

I.' 
79.7 
18.1 

0.8111 
1.1 

79.8 
18.5 

0.609~ 

I., 
79.5 
18.1 

• 
!.S.18 

0.12 
1.12 
0.33 

12.88 
0.21 
0.06 

29.09 
0.59 
0.00 

100.18 

1.9792 
0.0031 
0.0467 
0.0093 
0.3822 
0.0063 
0.0011 
1.5381 
0.0225 
0.0000 
3.9896 

0.8010 
1.1 

19.2 
19.1 

• 
55.42 
0.14 
1.05 
0.34 

13.00 
0.24 
0. 11 

28 .84 
0.19 
0.01 

99.93 

1.9157 
0.00)6 
0.0443 
0.0095 
0.3816 
0.0013 
0.0032 
l.ill3 
0.0301 
0.0006 
3.9941 

O.l98J 
I.S 

18.6 
19 .9 

• 
s .... 
0.13 
1.12 
0. 31 

12.93 
0.24 
0.05 

29.18 
0.61 
0.00 

100.18 

1.9729 
O.OO~ 

0.0410 
0.0086 
0.3842 
o.oon 
0.0018 
1.5453 
0.0254 
0.0001 
3.9959 

0.8009 
I.l 

19.0 
19.7 

55.42 
0.12 
1.00 
0.36 

12.69 
0.29 
0.06 

28.17 
1.71 
0.00 

".82 

1.9198 
0.0033 
0.0422 
0.0102 
0.3791 
0.0088 
0. 0016 
1.4999 
0. 06SS 
0.0003 
3 . 9908 

0.7982 

l.' 
11.1 
19.5 

55 . 70 
0.12 
1.00 
0.33 

13.43 
0.31 
0.08 

28.85 
0.11 
0.00 

100.sa 

}.9763 
0.0032 
0.0416 
0.0092 
0.39M 
0.0092 
0.0023 
1.5255 
0.029] 
0.0000 
3.9951 

0.7929 
L5 

18.1 
20.4 

55. 22 
0.15 
0.97 
0.36 

13 .18 
0.25 
0.11 

28.44 
0.92 
0.01 

99.61 

1.9718 
0.0039 
0. 0410 
0 . 0101 
0.3941 
0.0017 
0.0033 
1.5183 
0.0]54 
0.0001 
3.9930 

0.7937 
I., 

17.9 
20.3 

55.05 
0.16 
1.01 
0.31 

13.24 
0.23 
0.08 

28.47 
0.69 
0.00 

99.25 

1.9776 
0.0043 
0.0421 
0.0088 
0.3979 
0.0070 
0.0024 
].5241 
0 . 0265 
0.0002 
3.9923 

0.1930 
U 

18.2 
20.4 

55.09 
0.12 
1.01 
0.32 

13.21 
0.30 
0.09 

28.39 
0.73 
0.00 

99.33 

1.9185 
0.0032 
0.CH28 
0.0092 
0.3966 
0.0092 
0.0025 
1.5200 
0 .0263 
0.0000 
3.9923 

0.1922 
LS 

18.1 
20.5 

• 
55.37 

0.15 
0.93 
0.28 

12.80 
0.28 
0.10 

28.57 
0.69 
0.00 

99.16 

1.9860 
0.0042 
0.0392 
0.0078 
0._ 
0."" 
0.0027 
1.5277 
0.0263 
0.0001 
J."" 
0 .7992 

L4 
78.8 
19.8 

• 
55.69 
0.13 
0.86 
0.30 

13,13 
0.24 
0.09 

28.10 
0.55 
0.02 

99 .11 

1.9818 
0.0034 
0.0363 
0._ 
0.3920 
0.0014 
0.0026 
1.5270 
0.0211 
0.001 0 
3.9810 

0.1957 
1.1 

18,7 
lD.2 

• 
55 .49 

0.13 
1.00 
0.34 

13.06 
0.26 
0.01 

28.64 
0.87 
0.01 

99.87 

l.9791 
0.0034 
o.om 
0.0096 
0.3895 
0.0019 
0.0020 
1.5230 
0.0312 
0.0001 
3.1191 4 

0.1963 
L1 

78.] 
20,0 

• 
55.40 
0.14 
0.86 
0.3 1 

13.01 
0.25 
0.09 

28.61 
0.60 
0.01 

99.35 

1.9850 
0.0037 
0.0364 
O.OOBB 
0.38~ 

0 . 0016 
0 . 0027 
1.5313 
o.Om 
0.0005 
3.9890 

0.7971 
1.1 

78.8 
20.1 

5·40 
199.3 

55.11 
0.12 
1.06 
0.32 

12.99 
0.28 
0,12 

28.51 
0.89 
0.00 

99.40 

1. 9164 
0.0033 
0.0449 
0 . 0091 
0 . 3896 
0.0084 
O.OO~ 
1.5240 
0.03041 
0.0000 
3.99JJ 

0.1964 
I., 

1B.2 
20.0 

5~40 

199.3 

55.21 
0.10 
1.04 
0.39 

13.18 
0.29 
0.10 

28.84 
0.69 
0.01 

99.86 

1.9723 
0.0028 
0.0431 
0.0111 
0.3937 
0._ 
0.0028 
1-5354 
0.0265 
0._ 
3.9979 

0.19S9 
I., 

78.5 
20.1 

5.40 
199.3 

• 
5S.s.. 
0.11 
0.90 
0.30 

12.61 
0.30 
0.03 

28.92 
0.49 
0.01 

99.19 

1.9879 
0.0029 
0 . 0318 
0.0085 
0.3173 
0.0090 
0.00tl9 
1.50129 
0.0186 
0.0005 
l.9864 

0.8035 
1.0 

79.6 
19.5 

5·40 
199.3 

• 
55.49 
0.10 
0.90 
0.28 

12.81 
0.25 
0.13 

28.69 
0 .61 
0.01 

99.28 

1.9815 
0.0026 
0.0381 
0.0081 
0.3831 
0.0018 
0.0038 
1. 5317 
0.0233 
0._ 
3.9870 

0.1997 
1.1 

79.0 
19.8 

5.40 
199.3 

• 
!I4.91 
0.11 
0.98 
0.31 

13.05 
0.26 
0.\4 

28.11 

0." 
0.02 

99.40 

1.9129 
0.0029 
0.0416 
0.0081 
0.3916 
0.0180 
0.0041 
1.5359 
0.0328 
0.0012 
3.9996 

0.1966 
1.1 

18. 4 
20.0 

5·42 
208.1 

54.59 
0.09 
0.9S 
0.31 

12.98 
0.29 
0.05 

30." 
0'.82 
0.01 

]00.68 

1.9383 
0.0024 
0.03951 
0.0088 
0 . 3855 
0.0061 
0.0015 
1.6183 
0.0312 
0._ 
4.0352 

0.6076 
I.. 

19.5 
18.9 

5-42 
208.1 

54.16 
O.ll 
1.27 
0.36 

12.79 
0.27 
0.04 

30.19 
1.14 
0.02 

100.35 

). 9303 
0.0031 
0.0531 
0.0100 
0.3812 
0 . 0082 
0.0013 
}.6037 
0.0436 
0.0012 
4.0356 

0._ 
2.1 

79.1 
18.8 

5~42 

2OB.1 

54.12 
0.10 
1.06 
0.37 

12.90 
0.28 
0.04 

30 .30 
0.96 
0.01 

]00.11 

1.9336 
0.0026 
0.0446 
0.0103 
0.3854 
0.0Q8AI 
0.0010 
1.6135 
0.0366 
0.0006 
4.0366 

0.8012 
L8 

79.3 
18.9 

5. 42 
208.1 

53.~ 
0.12 
1.01 
0." 

12.92 
0.30 
0.07 
3O.~ 

O.~ 

0.00 
100 . 1' 

1.9211 
0.0032 
0.0449 
0.0107 
0.3862 
0.0090 
0 . 0020 
1.6249 
0 .0327 
0.0002 
4.0415 

0._ 
!.6 

79.5 
18.9 

5.42 
208.1 

s...l!> 
0.10 

I." 
0.31 

13.21 
0.32 
0.08 

30.29 
0.89 
0.00 

100.45 

).9316 
0.0026 
0.0438 
0.0105 
0.3939 
0. 0096 
0.0024 
1.6102 
0.0339 
0.0003 
4.0388 

0.8034 
L1 

19.0 
19.3 

5. 42 
208. 1 

5'.32 
0.12 
1.05 
0.35 

13.CH 
0.26 
0.07 

30.65 
0.84 
0.0\ 

100.10 

).9300 
0.0031 
0.0442 
0.0099 
0.387' 
0.0018 
0.0020 
1.6232 
0.0]21 
0.00()6 
4.0402 

0.8073 
!.6 

19.5 
19.0 

S~1 
208.1 

54.00 
0.11 
1.08 
0." 

13.0] 
0.29 
0.08 

30.51 
0.19 
0.00 

100.21 

I. 9280 
0.0029 
0.0454 
0. 0107 
0.3891 
0.0089 
0.(02) 
1.6236 
0 .0300 
0.0002 
4.0411 

0.8067 
L5 

79 .5 
19.0 

5·43 5-45 5-45 5·45 5-45 5·45 5-45 5-45 5-45 5-45 5-45 5-49 
211.2 22L9 221.9 221-9 221.9 221.9 221.9 221.9 221.9 221.9 221.9 238.9 

• 
55.30 

0.13 
0.86 
0.35 

13.28 
0.25 
0.10 

28.65 
0.77 
0.01 

99.10 

1.9188 
0.0036 
0.0364 
0.0098 
0.3973 
0.0011 
0.0030 
1.5282 
o.om 
0.0005 
3.9941 

0.1937 
LS 

7B.2 
20.3 

55.13 
O.H 
1.03 
0.29 

12 . 93 
0.29 
0.05 

28.65 
0.81 
0.00 

99.32 

L9711 
0.0038 
0.0431 
0.0081 
0.3876 
0.0088 
0.0014 
1.53lS 
0.0312 
0.0002 
3.11933 

0.7980 
I.. 

18.5 
19.9 

55.19 
0.15 
0.92 
0.23 

13.25 
0.28 
0 . 06 

28.89 
0.60 
O.OJ 

99.57 

L9759 
0.0040 
0.0389 
0 .0065 
0.3966 
0.0~5 

0.0018 
1.5418 
0.0230 
0.0001 
3.9917 

0.1954 
1.1 

78.6 
20.2 

55.16 
O.ll 
1.04 
0.35 

13.33 
0.10 
0.09 

28.69 
0.83 
0. 01 

99.92 

1.9714 
O.OO~ 

0.0437 
0.0098 
0.3985 
0.0091 
0.0026 
1.5281 
0.0]17 
0 .0004 
3.9981 

0.1931 
I., 

18.0 
20.4 

5U4 
0.12 
1.07 
0.35 

13.15 
0.30 
0.05 

28.66 
0.78 
0.01 

99.74 

1.9748 
0.0033 
0.0452 
0.0099 
0.3931 
0 . 0090 
0.0015 
1.5213 
0.0300 
0.0001 
3.9941 

0.7953 
I.. 

18.3 
20.2 

!o5.27 
0.11 
0.94 
0.31 

1l.21 
0.26 
0.06 

28.98 
0.65 
0.00 

99.79 

1.9747 
0.0029 
0.0396 
0.0088 
0.3948 
0.0078 
0.0017 
1.54lO 
0.0251 
0.0001 
3.9983 

0.1953 
Ll 

18.6 
20.1 

, 
55.B2 

0.15 
0.86 
0.27 

13.38 
0.21 
0.05 

28.89 
0.65 
0.02 

100.36 

1.9824 
0.0041 
0.0359 
0.0075 
0.3913 
0.0082 
0.0015 
1.5296 
0 .0241 
0.0011 
3.9923 

0.1938 
Ll 
18.~ 

20.4 

• 
55.60 

0.13 
0.82 
0.25 

13.19 
0 . 23 
0.05 

28.94 
0.65 
0.00 

".88 

1.9828 
0.00)4 
0.0).44 
0.0071 
0.3933 
0.0070 
0.0014 
1.5384 
0.0252 
0 .0000 
].9931 

0.7964 
I.l 

78.6 
20.1 

• 
55.20 

0.10 
0.95 
0.34 

13.26 
0.22 
0.06 

28.67 
0.67 
0.01 

99. 47 

l.97a. 
0.0026 
0.0401 
0.0096 
0.3974 
0.11068 
0.0016 
1- 5318 
0.0251 
0.0007 
3.9946 

0.7940 
Ll 

78.4 
20.3 

• 
55.12 
0.09 
0.94 
0.29 

13.15 
0.27 
0.06 

28.75 
0.81 
0.01 

99 .50 

1.9756 
0.0025 
0.0399 
0 .0083 
0.3943 
0.0081 
0.0017 
1.5351 
0.0313 
0.0004 
3.9980 

0.79~7 

L6 
78.3 
20.1 

• 
54.62 
0.10 
0.95 
0.31 

13.29 
0.23 
0." 

28.88 
0.68 
0.01 

99.11 

1.9674 
0.0028 
0.0404 
0.0089 
0.4002 
0.0071 
0.0013 
1.5507 
0.0261 
0.0005 
4.0054 

0.lS48 
I.l 

18.~ 

20.2 

SU, 
0.09 
0.98 
0.21 

13.82 
0.32 
0 .10 

28.85 
0.42 
0.00 

99.12 

1.9677 
0.0024 
0.0416 
0 .0078 
0.4145 
0,0091 
0.0029 
1.~22 
0.0]63 
0.0000 
4.0051 

0.7882 

0.' 
18.2 
21.0 

n 
>--' 
." 
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MICROPROBE DATA TABLE C5: Composition of orthopyroxene in the UGI Footwall and MG3 Units - all S samp les. 
Metres given below base of UGI chromitite. 
c ~ core of grain m - grain margin. 

S.~le S·" s·" s·" S·" 5-66 S·" S . .. S·" S·" S-" S-" S- " S-" 5-71 5-11 5-11 5-11 S-7l 5-11 5- 11 5-11 S-81 5-81 5-81 5-81 5-81 S-Bl 
I'Ittr-es 301. 9 307.9 301.9 307.9 lOUI 310.2 lIO.Z 310.2 310.2 310.2 310.2 310.2 310.2 '" 32S '" '" 315 '" '" '" lH.9 344.9 14~ . 9 344.9 344.9 344.9 
Po~ it Ion • • • • • • • • • • • • • • 
lit. % 
SIO, 53.97 55.11 55.03 ... " 55.11 504 ,90 54.71 55.75 55.56 55.15 55.sa 55.14 55. 12 55.10 ... " ".S< ..... 55.00 55.18 55.41 55.42 5S.14 55.40 55.51 5S,Dl 55.38 55.48 
1102 0.18 0.12 O.ll 0.1 3 0.12 0.13 0.15 0.10 0.13 O.HI 0.13 O.ll 0.14 0.16 0.15 0.14 0.15 0.15 0.13 0.12 0.13 0.18 0.16 0.15 0.16 0. 18 0.19 
Al203 1. 76 1.12 1.13 I.ll 1.12 1.24 1.08 1.15 1.11 1.15 1.0- LlS 1.22 1.11 1.13 1.17 1.15 1.11 0.93 0.88 1.00 1.00 I.H 1.08 1." 0." 0." 
Crz03 0.62 0.43 0.44 0.42 0.43 0.53 0.50 0.48 0.49 0.48 O.U 0.51 0 .46 0.51 0." 0.51 0.53 0 . 54 0.41 0.41 0.43 0.31 0.30 0.39 0 .33 0.35 O.ll n 
roO 11.75 ll.S9 11.91 11.91 II.B9 ll.94 12.06 11.90 11.72 11 .90 12.03 11.93 11.92 11 .81 U.81 12.03 12.21 Il.~ 11.92 Il.g] 12.01 12.16 12 . B1 12.99 12.&1 12.99 12.13 ~ ... 0.18 0.23 0.20 0 .19 0.23 0 .30 0.32 0.23 0. 26 0.23 O.~O 0.33 0.29 0.23 0.22 0.25 0.25 0.26 0.25 0.25 0.23 0 .28 0.30 0 . 30 0.24 0.29 0 .24 Q) 

'10 0.10 0.09 0.11 0.09 0.09 0.13 0.11 0.10 0.15 0.10 0.09 0. 12 0. 11 0.05 0.02 0." 0.03 0.05 0 .01 0.08 0." 0.06 0.08 0.09 0.10 0.09 0.09 

"" 2B.B2 30.10 30.10 29.91 30.30 28 .99 29.50 29.19 29.00 29. 19 29.13 29.S6 29.32 30.10 29.51 29.36 29.35 29.65 30.53 30.49 30.15 29.35 29.24 28.91 28.93 29.15 29.01 

"0 LIB 0.45 0." o.n 0.45 0.94 0.66 0.66 0.91 0.66 0.6< 0." 0.62 0.80 0.89 0." 0.11 0 . 11 0.46 0." O.sa 0.52 0.82 0.97 O.sa 0,63 0.10 .. ,. 0.02 0.00 0.00 0 . 01 0.00 0.00 0.00 0.01 0. 00 0.01 0.00 0. 00 0.00 0.01 0.01 0.00 0. 01 0.01 0.00 0.01 0 .01 0.01 0.03 0.02 0.02 0.02 0.03 
10t .. 1 99.19 99 ,14 99.58 99.44 99.14 99.10 ".09 99.15 99.40 99.15 99.41 99.57 99. 21 99.86 99.30 99 . 30 99,37 99.58 99,89 100.13 100.07 99.&1 100.~2 100.46 99 .21 100 . 03 99.72 

Cal10nl (based on 6 OlYVtns): 
SI 1.9390 1.9591 1.96Q.4 1.9614 1.9591 1.96S0 1. 9626 ).9804 1.9810 1.96Q.4 1.9822 J .9659 1.9106 1.9581 1.9636 1.9626 1.9626 1.%17 1.9598 I. 9633 1.9651 1.9123 1.9559 1.9103 1.9735 1.9726 1.9769 
FI 0.0049 0.0032 0.0033 0 ,0035 0.0032 0.0035 0.0040 0.0028 0,0034 0.0028 0.0036 0.0034 0.0039 0.~3 0.0042 0.00l!! 0.0041 0.0041 0.00)6 0.003] 0. 0034 0.0041 0.0044 0.0040 0.0042 0.0049 0.0050 

" 0.0146 0.0468 0.0414 0,0466 0.~68 0,0523 0.0.55 0.0481 0.1M6B 0.0481 0.04lti 0.0-496 0.0514 0.0464 0.~78 0.0494 0.1M87 0.1M90 0,0389 0.0358 0.041S 0.0419 0.0476 0 . 0452 0 . 0442 O.IMOI 0.0395 
C, 0.0116 0.0121 0.0124 0.0119 0.0121 0,0151 0.0142 0.0133 0.0139 0.0133 0.0132 0.0145 0.0130 0.01~2 0.0142 0.0144 0.D151 o.om 0.0116 0.0114 0.0121 0.0088 0.0107 0.01011 0.0095 0.0098 0.0092 
r. 0.3530 0.3531 0.3548 0,3553 0.3531 0.3579 0.3618 0.3535 0.3U5 0.3535 0.3587 0.3559 0.3565 0.3S09 0.]547 0. 3599 0.3613 0.3592 0.354\ 0.3545 0.3518 0.1802 0.?B20 0.3855 0 . 3840 0.3810 0,3797 

'" 0.0055 0. 0010 0.0062 D.0058 0.0070 0.0091 0. 0096 0.0058 0.0079 0.0066 0.0(190 0.0101 0._ 0.0059 0.0056 0.0075 0. 0076 0.0079 0.0076 0.0016 0.0069 0.0083 0.0091 0.0089 0.0073 0.0088 0.0071 

"' 0.0029 0.0025 0.0030 0.0025 0.0025 0.0038 0.0033 0.0029 0.0644 0.0029 0.0011 O.OOlti 0.0031 0.0013 0.0006 0.0012 0.0010 0 .0014 0.0020 0.0022 0.0013 0.0018 0.0022 0 .0026 0.0021 0.0025 0.0026 

" 1.5.33 1.6056 1.5984 1.5912 }.6056 1.5489 1.5m 1.5453 1.S411 1.5453 1.S486 )'5109 1.S621 1.5946 1.5152 1. 5560 1.S653 1.5761 1.6161 1.6105 1. 5936 1.5594 1.5465 1.5327 1.5468 1.54 74 1.5420 

" 0.0684 0.0173 0.0205 0.0211 0.0173 0.0362 0.0254 0.0321 0.0311 0.0327 0 .020 O.OlSO 0.0231 0.0303 0.0340 0.0368 0.0295 0.0270 0.0173 0.0191 0.0222 0.0199 0 .0313 0.0368 0.0224 o.om 0.0251 ., 
0.0016 0.0000 O.DODO 0."" O.DODO 0.0000 0.0000 0 .0006 0 . 0000 0.0006 0.0000 0 . 0000 O.OOOC 0 .0005 0 .0009 O.DODO 0.0006 0 .0010 0.0001 0.0008 0.0001 0._ 0.0020 0.0016 0.0016 0.0011 0.0019 

lot i 1 4 .0108 4.0017 4.0064 4.0062 4.0017 3.9948 4.0035 3.9864 3. 9852 3.9864 3.9859 3.9981 3.9933 4.0075 4.0017 4.0016 4.0017 4.0026 4.0113 4.0091 4.(){M9 3.9978 4.0016 3.9985 3.996] 3.9981 3.9926 

"" 0.8138 0.8195 0.8183 0.8174 0.8195 0. 8123 0.8m 0.8138 0.8J51 0.8136 0,8119 0.8153 0.8142 0.8196 0.B162 0.8131 0.8100 0.81.4 0.8203 0.8196 0.8166 0.8040 0.8019 0. 1990 0.8011 0,7999 0.8024 

"" l.' 0.' \.0 1.. 0.' 1.9 1.3 1.1 I.. 1.1 \.3 1.3 \,2 1.1 1.1 I.. 1.1 1.4 0.' 1.0 1.1 \.0 1.' 1.9 \,1 1.2 1.4 ,. 78.5 81.2 8\.0 80.' 81.2 19. 1 80. 3 80.0 19.9 80.0 80.1 80 . ' 80.' 80. 1 80.2 19.8 79.S 80.3 81.3 81.2 80 .1 79.6 78,9 78.4 79.2 19.0 79.1 r, 18.0 17.9 18,0 18.0 17.9 lB .4 IB.4 18.3 18.1 IB.3 18.6 HI.2 lB.4 11 . 8 18.1 18.3 IB.1 18.3 17.8 11.9 18.1 19.4 19 , 5 19.7 19.7 19.8 19.5 



MICROPROBE DATA TABLE C6: Composition of clinopyroxene in the UG1 Footwall Un it - S samples. 
Metres given below base of UGI chromitite. 

5a""le 5-35 5-35 5-35 5-42 5-42 5-42 5-52 • 5-52 5-52 5-59 5-59 5-59 
Metres 175.6 175.6 175.6 208.1 208.1 208.1 252 .2 252.2 252.2 286 .4 286.4 286.4 
Wt. % 
5i02 54.02 53.76 53.82 53.95 53.63 53.77 53.09 53.15 53.16 53.53 53 . 58 53.66 
Ti02 0.22 0.22 0.23 0.23 0.23 0.22 0.27 0. 26 0.26 0.25 0.24 0.22 
A1203 1.22 1.27 1.27 1.50 1.39 1.34 1.37 1.36 1.24 1.55 1.44 1.42 
Cr203 0.54 0.51 0.50 0.74 0.63 0.66 0.70 0. 71 0.63 0.66 0.62 0.63 
FeO 4.39 4. 58 4.66 4.45 4.17 4.24 4. 51 4.61 5.35 4.56 4.29 4.50 
HnO 0.12 0.11 0.11 0.11 0.13 0.12 0.14 0.12 0.13 0.08 0.10 0.09 
HIO 0.07 0.06 0.03 0.06 0.04 0.08 0.06 0.07 0.08 0.03 0.05 0.07 
HgO 16.96 17.18 16.97 16.83 16.77 16.70 16. 73 16.86 17.10 16.90 17.00 16.90 
CaD 21.90 22 .08 22.03 22 .24 22.42 22.58 22.49 22.50 21.49 22.54 22.66 22.51 
Ha20 0.29 0.30 0.29 0.30 0.31 0.28 0. 33 0.35 0.27 0.30 0.30 0.31 
Total 99.72 100.06 99 . 93 100.41 99.72 99.99 99 . 70 99.99 99.70 100.40 100.29 100. 31 

Cations (based on 60xygens): n 
51 1.9763 1.9642 1.9687 1.9636 1.9649 1.9663 1.9525 1.9500 1.9561 1.9527 1. 9552 1.9583 -..... 
T1 0.0060 0.0061 0.0064 0.0063 0.0064 0.0060 0.0075 0.0071 0.0072 0.0068 0.0065 0.0061 
Al 0.0525 0.0545 0.0549 0.0644 0.0599 0.0576 0.0593 0.0590 0.0536 0.0667 0. 0619 0.0612 
Cr 0.0155 0.0146 0.0144 0.0213 0.0184 0.0190 0.0204 0. 0206 0.0184 0.0190 0.0178 0.0181 
Fe 0.1343 0.1401 0.1426 0.1355 0.1277 0.1297 0.1388 0.1414 0.1645 0.1392 0.1310 0.1372 
Mn 0.0038 0.0034 0.0035 0.0034 0. 0041 0.0038 0.0042 0.0037 0.0040 0.0025 0.0032 0.0027 
HI 0.0020 0.0017 0.0009 0.0018 0.0011 0. 0024 0.0018 0. 0020 0.0022 0.0009 0.0016 0.0020 
Hg 0.9247 0.9357 0.9251 0.9128 0.9160 0.9102 0.9174 0.9221 0.9376 0.9187 0.9248 0.9192 
Ca 0.8584 0.8645 0.8634 0.8673 0.8802 0.8846 0.8863 0.8846 0.8473 0.8807 0.8858 0.8801 
Na 0.0202 0.0209 0.0208 0.0215 0.0222 0.0197 0. 0238 0.0250 0. 0194 0.0211 0.0213 0.0217 
Total 3.9938 4.0056 4.0006 3.9980 4.0007 3.9993 4.0121 4.0155 4.0104 4.0082 4.0091 4.0068 

HHF 0.8731 0.8698 0.8665 0.8708 0.8777 0.8753 0.8686 0.8671 0.8507 0.8684 0.8760 0.8701 
Wo 44.8 44 .6 44 .7 45.3 45.8 46 .0 45 .6 45.4 43 .5 45.4 45 .6 45.4 
En 48 .2 48.2 47.9 47.7 47.6 47.3 47.2 47.3 48.1 47.4 47.6 47.5 
fs 7.0 7.2 7.4 7.1 6.6 6.7 7.1 7.3 8.4 7.2 6.7 7.1 
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MICROPROBE DATA TABLE C9: Representative clinopyroxene analyses in the Bastard Unit - profile RPM (from Kruger, 1982). 
Metres given above base of Unit. 

Sa~le 8-2 8-3 8-4 8-5 8-7 8-9 8-10 8-13 8-15 8-19 8-20 8-21 8-22 8-13 8-25 8-26 8-28 8-30 
Metres 0.5 1.7 3.0 4.1 7.0 9.1 10.4 11.2000 12.7 15.0 18.6 23.2 27 .7 31.3 41.9 46.3 51.9 60.1 
wt. \: 
5102 53.08 52.08 52.18 52.42 52.38 52.08 52.82 52.67 53.30 52.54 51.99 52.41 52.58 52.36 51.19 51.50 51.88 51.60 
r102 0.70 0.65 0.39 0.39 0.38 0.37 0.38 0.52 0.37 0.37 0.39 0.28 0.47 0.48 0.33 0.57 0.37 0.48 
A1203 2.10 1.86 2.87 2.37 1.71 1.98 1.89 1.66 1.70 1.94 1.46 1.50 1.45 1.45 1.59 1.47 1.63 1.64 
Cr203 0.72 0.69 0.97 0.86 0.71 0.66 0.53 0.53 0.33 0. 54 0.27 0.52 0.17 0.15 0.26 0.11 0.18 0.15 
FeO 5.58 5.08 4.73 5.08 4.17 6.20 5.90 6.04 8.09 8.59 8.13 6.33 8.10 7.92 8.96 11.67 10.48 11.10 
"nO 0.16 0.14 0.13 0.15 0.13 0.18 0.16 0.15 0.14 0.23 0.21 0.17 0.22 0.11 0.22 0.27 0.14 0.21 
.10 0.06 0.02 0.08 0.07 0.07 0.05 0.03 0.04 0.03 0.04 0.00 0. 04 0.04 0.06 0.03 0.07 0.03 0.02 
"90 16.21 16.40 16.12 15.28 15.94 15.64 15.91 15.55 14.24 14.89 14.84 15 . 79 14.96 15.41 15.51 13. 04 13.39 13.15 n 

N 
C.O 22.08 21.83 22.20 22.96 21.85 21.71 22.79 22.12 22.08 20.68 22.56 22.07 21.41 21.18 10.74 19.63 20.88 20.64 0-

Ha20 0.44 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 0.00 0.00 
Total 101.13 98.75 99.67 99.58 97.46 98.93 100.72 99.28 100.28 99.82 99.B5 99.11 99.40 99.31 99.43 98.33 99.08 99.00 

Cations (based on 6 oxygens): 
5i 1. 9316 1.9353 1.9193 1.9361 1.9618 1.9406 1.9358 1.9534 1.9698 1. 9523 1.9406 1. 9512 1. 9611 1.9536 1.9392 1.9668 1. 9610 1.9570 
Ti 0.0192 0.0182 0.0108 0.0108 0.0107 0.0104 0.0105 0.0145 0.0103 0.0103 0.0109 0.0078 0.0132 0.0135 0.0093 0.0164 0.0105 0. 0137 
AI 0.0901 0.0815 0.1244 0.1031 0.0781 0.0870 0.0816 0.0726 0.0741 0.0850 0.0642 0.0658 0.0637 0.0638 0.0702 0.0662 0.0726 0.0733 
Cr 0.0207 0 .0203 0.0282 0.0251 0.0228 0.0194 0.0154 0.0155 0.0096 0.0159 0.0080 0. 0153 0.0050 0.0044 0.0071 0.0033 0.0054 0.0045 
Fe 0.1698 0.1579 0. 1455 0.1569 0.1306 0.1932 0.1808 0.1873 0.2500 0.2669 0.2538 0.1911 0.2517 0.1471 0.2806 0.3727 0.3313 0. 3521 
Hn 0.0049 0.0044 0.0041 0.0047 0.0041 0.0057 0.0050 0.0047 0.0044 0.0072 0.0066 0.0054 0.0070 0.0066 0.0070 0.0087 0.0071 0.0011 
.1 0.0018 0.0006 0.0024 0.0021 0.0021 0.0015 0.0009 0.0012 0.0009 0.0012 0.0000 0.0012 0.0012 0.0018 0.0009 0.0022 0.0009 0.0006 
"9 0.8793 0.9085 0.8839 0.8413 0.8899 0.8688 0.8692 0.8597 0.7845 0.8248 0.8258 0.8763 0.8318 0.8511 0.8657 0. 7424 0.7545 0.7434 
C. 0.8609 0.8692 0.8750 0.9087 0.8769 0.8692 0.8950 0.8790 0.8744 0.8234 0.9023 0.8804 0.8556 0.850B 0.8321 0.B033 0.8457 0.B388 
N. 0.0310 0.0000 0.0000 0.0000 0.0000 0.0000 0.0220 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Total 4.0094 3.9957 3.9936 3.9889 3.9711 3.9958 4.0162 3.9880 3.9780 3.9870 4.0123 4.0004 3.9913 3.9988 4.0116 3.9820 3.9895 3.9904 

HMF 0.8381 0.8519 0.8586 0.6428 0.8720 0.8181 0.8178 0.8211 0.7583 0.7555 0.7649 0.8164 0.7670 0.7761 0.7552 0.6657 0.6949 0.6786 
No 45.1 44 .9 45.9 47.7 46.2 45 . 0 46.0 45.6 45.B 43.0 45.5 45.1 44.1 43.5 42.1 41.9 43.8 43.4 
En 46 .0 46.9 46.4 44.1 46.9 45.0 44.7 44.6 41.1 43.1 41.7 44.9 41.9 43.B 43.B 38.7 39.1 38.4 
F' 8.9 8.2 7.6 8.2 6.9 10.0 9.3 9.7 13.1 13.9 12.8 10.1 13.0 12.6 14.2 19.4 17.2 18.2 



MICROPROBE DATA TABLE ClO: COl11'osition of orthopyroxene in the Bastard Unit - profile Y. 
Metres given above base of Unit. 

Set()le TJ22.~ Y121.~ Y122.4 '122.4 n40.~ Y740.5 Y740.5 T146.4 Y146.4 Y146.4 Y746.4 T155.66 T155.66 T1S5 .66 Y155.66 Y160.2 'f7/iO.2 T160.Z T1/iO.2 Y7f1.4.4 Y7M.4 Y1M.4 Y7fJ.4.4 YJ65 .48 1765.48 T165.48 T165.48 
lle t res ".0 ".0 ".0 54.0 35.9 35.9 lS.' lO.O 30.0 ]0.0 30.0 ZO.8 20.8 20.8 20.8 16.2 16 .2 16.2 16.2 1l.2 12.2 11.2 12.2 10.9 10.9 10,9 ]0 .9 
lit. ~ 

Si~ 52.43 S2.H 52.501 52 .56 5l.lS S}.48 51.15 504.35 54.11 54.13 53.94 55.09 55.20 5S.SO 55.44 55,30 55.33 55.20 55.41 SoI.Z9 S4.41 504.02 SoI.31 54.3< 504. 32 54.38 504 .41 

Tt°2 D.ZO 0.24 0.27 0.23 0.19 0.62 0.21 D.H 0.14 0.18 0.25 D.n D.2S O.B 0.20 0.21 0.29 0.21 0.19 0.22 0.23 0.28 0.19 0.28 0.26 0.25 0.24 

AI~3 0.55 0.51 0.61 0.60 0.54 0." 0.57 0.88 1.15 0 .79 0.63 0.69 0.66 0.61 0.87 0.69 0.83 0.82 0.76 0.78 0.82 0.82 0.80 0." 0.81 0.88 0.82 

Cr,03 0.02 0.01 0.03 0.02 0.00 0.03 0.02 0.23 0.21 O . I~ 0.11 0.09 0.08 0.09 0.11 0.11 0.08 0.09 0. 11 0.26 0.23 0.25 0.25 0.\2 0.10 0.14 0.10 

'oO 25.91 26.09 26.8\ 27.24 21.92 26.13 26.57 \1.41 11 . 70 18.5\ 19.02 15.95 16.05 15 .31 15.21 15 .66 16.11 15 . 52 15.82 16.15 11.01 16.74 16.503 18.29 18.62 19.11 18.66 

"'" 0.52 0." 0.61 0.57 0.57 0.48 0.53 0.36 0.33 0.39 0.42 0.30 0.32 0.28 0.29 0.28 0.3< 0.28 0.29 0.30 0.32 0.32 0.30 0.3< 0.35 0.35 0.34 
",0 0. 06 0.06 0.06 0.10 0.0\ 0 .03 0.00 0. 13 0.09 0.09 0.08 0.10 O.ll 0.06 0.07 0." 0.01 0.03 .. " 0.04 0.06 0.03 0.03 0.02 0.02 0.01 0." 

"" 18.89 19.H 18.38 18.34 18.09 18.90 18. n 25.35 24.70 25 . G4 24.58 26.40 26 . 77 21.37 27.11 21.20 26.24 26.46 ,6.71 26.56 26.62 26.32 26.55 24.39 24.33 R58 24.64 

C.O 1.21 1.06 1.42 1.03 0.98 1.19 \.30 1.38 2.01 1.01 0.90 1.19 0.81 0." 1.08 0.75 1.16 1.21 1.1 5 0.74 0.72 0.92 1.08 0.92 0.98 0." 0.83 .. '" 0.00 0.00 0.02 0.01 0.0\ 0.00 0.00 0.01 0.05 0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.00 0.02 0.02 0.00 0.00 0.01 

Io ta 1 99.85 100.42 100 .75 100. 70 99.67 100.02 99.78 100.29 100.~ 100.30 99.93 100.05 100.21 100.4] 100.46 100.32 100. 42 99." 100.62 99.95 100.44 99.69 100.06 99.57 99.18 100.59 100.16 

Cit ioos (based on 6 O)l;Y'ijensj; 

" 1.99)2 I. 9924 1."" ).9911 1.9714 1.9655 1.9780 1.9162 1.9699 1.9155 1._ 1.9893 1.9819 1."" 1.9859 1.gij61 1.9903 1.9911 1.9881 1.9109 1.9679 1.9618 1.9694 J.9911 I.99Dn 1._ 1.9878 

1; 0.0058 0.0069 0.0016 0.0066 0.0056 0.0118 0.0017 0.0038 0,0039 0,0049 0.0068 0. 0061 0.0061 0,0061 0.0053 0.0056 0.0079 0.0056 0.0051 0.0059 0.0062 0.0016 0. 0052 0.0078 0.0011 0.0066 0."" 

" 0,02~8 0.02503 0 .0273 0.0269 0.0247 0.0251 0.0259 0.0379 0.0492 0.0341 0.0213 0.0293 0.0219 0,028~ 0.0361 0.0292 0. 0350 0. 03-49 0.0321 0.0333 0.0350 0.0352 0.0343 0.0361 0.0349 0.0311 0.0351 
C, 0.0006 0.0004 0.0009 0.0005 0.0000 0._ 0.0005 0,0066 0.0060 0.Dn41 0.0031 0,0026 0.0023 0.0026 0.0030 0.0047 0.0024 0,0027 0.0031 O.OOH 0.0066 0.0011 0.0072 0.0035 0.0030 0.00)9 0.0030 

" 0,8256 0.820 0.8487 0.8632 0.8992 0.85036 0.8492 0.5310 0.5382 0.5650 0.5839 0.4816 0.4835 0.4604 0.4574 0.410] 0,4646 0.4682 0.4743 0.5086 0,SH6 0.5099 0.5013 0.5608 0.5105 0.5840 0.5695 

" 0.0157 0.0151 0.0195 0. 0182 0.0166 0.0157 0.0111 0.01ll 0.0102 0.0120 0.0131 0.0093 0. 0099 0.0086 O.OOBB 0,0086 0.0103 0.0086 0.0089 0.0091 0,0098 0.0100 0.0093 0.0101 0.0107 0.0108 0.01 06 

"' 0.0018 O.OOlO 0.0019 0.0030 0.000) UIOIO 0.0001 0.0038 0.0026 0.0021 0.0024 0.0029 0.0031 0,0018 0,0021 0,0012 0.00lH 0.0008 0,0012 0.0012 0.0016 0.0009 0."" 0,00050 0. 0001 0.0003 0.0012 .. 1.0101 1.0176 1.0368 1.0358 1.0382 1.01!14 1.0693 1.37350 \.3387 1.3622 1.3452 1.4209 1.4371 1.4612 1.4416 1.4560 1.4066 1.4229 1.003 1.069 1.4)50 1.4292 U348 1.3326 1.3284 U343 1.3401 
C. 0.0492 0.000 0,0578 0.0411 0.0405 0."" 0.05031 0 . 0536 0.0184 0.0395 0.0353 0.0460 0.0312 0.0)23 0,0416 0.0290 0.0448 0.0491 0.0441 0. 0288 0.0218 0.0358 0.0418 0.0352 0.0]84 0.0321 0.0325 ,. 0.0000 0 .0000 0.0013 0.0007 0._ 0.0002 0.0000 0.0006 0.Dn32 0.0010 0.0000 0.0014 0.0014 0.0010 0.0009 0.0011 0. 0015 0,0011 0.0011 0.001l 0.0010 0.0000 0.0012 0.0015 0.000, 0.0002 0.0006 
10111 3.9883 3.9819 3.9903 3._ 4.0048 ~.0038 4.0011 3.9981 ~,OOO2 4.0010 3.9916 3.9893 3.9910 3.9901 3,9894 3,9919 3.98)9 3,9850 3.989. 4.0034 4.0055 4,0035 4.0053 3.981~ 3.9840 3.9911 1.9869 

lOr 0. 5646 0.5666 O.!I499 0.5454 0,5359 0.5575 0.5514 0.7212 0.7133 0.7068 0.6913 0.7~69 0.1483 0.1604 0.1599 0.1559 0.1~37 0.7524 0.1510 0.7386 0.7361 0. 7310 0.1411 0.1038 0,6995 0,6956 0.1018 .. 2.' 2.1 l.O 2.1 2.0 '-' 2.1 2.1 ••• 2.0 1.' 2.' c.. 1.1 2.1 l.l 2.3 2.' 2.3 '-' 1.< 1.' 2.1 c., 2.0 1.1 1.1 n 
E, 55.0 55,4 53.4 53.4 52.5 54.' 54 . 2 70.1 " .l 69.3 " .. 72.9 73.6 14.8 74.4 74,5 72,7 13.3 1],4 12,6 12.6 72,4 72.5 69.1 " .. " .. 69.0 N 

" 42.4 42.4 43 .7 ..... ~5.5 43.2 43.1 21.1 21.5 28. 1 29.7 24.1 24 .8 23.6 23.5 24.1 25.0 24.1 24.3 25.8 26.0 25.8 25.3 29.1 29.4 29.9 29.3 
N 

Sa~le Y770.58 Y170.58 Y110.58 Y110,58 Y775 Y715 Y175 

Ktlre~ ••• l.' ••• ••• 1.' c. • 1.' 
wt. % 
5102 56.63 56,]1 56.40 56.18 56.45 55.29 55.9] 

Tl02 0.24 0.18 0.17 0.17 0,24 0.28 0.22 

A1 203 1.13 1.15 I.Hi 1.05 0.91 1.03 0.99 

Cr,O] 0.45 0.44 0.42 0.45 0.27 0.30 0.33 

'oO 1I.92 12.11 12. 02 12.30 12.16 12.32 11.92 

"'" 0.24 0.30 0.26 0,31 0.26 0. 28 0.29 

'10 0,10 0." 0.10 0.08 0.10 0.00 0.12 

"" 29.26 29.44 29.44 29.52 29.78 29.20 29,63 

COO 1.10 0.80 1.00 0." 0.10 1.03 I." .. '" 0,01 0.00 0.01 0.00 0.01 0.02 0.01 
10t,1 101.08 100.18 100.98 101.00 10{1.91 99.82 100,51 

Cat tons (but;d on 6 o)l;)'geosj: 
Sf 1.984 7 c._ 1.9199 1.915.6 1.9615 1. 9697 1.97~5 

fl 0.0062 0.OGol1 0.0045 0. 0046 0.0064 0.C016 0.0059 

'1 0.0468 0.0418 0.041Wl 0.0435 0,040) 0.0434 0.0412 
C, 0.012~ 0,0122 0.0116 0.0124 0.0016 0,0085 0.0092 

" 0.349~ 0.3563 0.3527 0.3617 0.3511 0,3669 0.m9 

" 0.0073 0.0089 0.0018 0.0091 0.0019 0."" 0.0087 
or 0.0029 O.OOUj 0.0021 0.0024 0,0028 0,C018 0,0033 .. 1.5286 ).54]0 1.54~ 1.~73 1.5581 l.S~ 1.5591 
C. 0.0-411 0.0300 0,0371 0.0353 0.0263 0.03~ 0.0402 .. 0._ 0.0001 0.0010 0.0000 0.0008 o.con 0._ 
TOtil 3.9791 3.9850 3. 9863 3.9919 3._ 3,99]4 3.9948 .. 0.8139 0.8124 0.8131 0.8105 0.8136 .. "" 0.8158 .. 2.1 l.O 2.0 1.. c.. 2.0 2.1 
E, 79 .6 80.0 79.8 19.6 80.3 79.2 79.9 ,. 18.2 18.!> 18.3 18.6 18 .• 18.8 18.0 



MICROPROBE DATA TABLE ClI : Composition of clinopyroxene in the Bastard Unit - profile Y. 
Metres given above base of Unit . 

SalJ1)le Y/22.4 Y722.4 Y/22 . 4 Y/22.4 Y740.5 Y740.5 Y755 . 66 Y755 .66 Y755.66 Y755.66 Y765 .4B Y765.4B Y765.4B Y765.4B 
Metres 54 . 0 54.0 54.0 54.0 35.9 35.9 20.3 20.3 20.3 20.3 10 . 9 10.9 10. 9 10.9 
wt. % 
Si02 52 . 33 52.62 52.60 52.34 51.1B 51.49 53.22 49.69 52.99 52.95 52.62 52 .37 52.4B 52.63 
Ti02 0.31 0.2B 0.27 0.26 0.40 0. 27 0. 34 0. 01 0.53 0.49 0.51 0.44 0.41 0.29 
A1203 1.2B 1.2B 1.08 1.33 1.30 1.20 1.35 31.1B 1.4B 1.44 1.57 1.61 1.47 1.44 
CrZO) 0.21 0.22 O. IB 0.111 0.01 0.02 0.20 0.00 0.23 0.26 O. IB 0.25 0.23 0.22 
feO 9. 05 B.67 B.52 10.22 11.59 10.79 5.7B 0.30 5.91 6. 06 B. 21 B.21 8.24 7.79 
HnO 0.24 0.26 0.23 0.24 0. 27 0 .27 0.15 0.00 O.IB O.IB 0. 20 0. 20 0.21 0.19 
.iO 0.02 0.02 0.01 0.04 0.05 0. 06 0.02 0.00 0. 04 0. 02 0. 04 0.06 0.04 0. 05 
lOgO 15 . 01 14 . 76 14.93 13.74 13 . 28 13. 30 15.69 0. 01 16 .06 16 . 22 14.64 14.85 15.00 15 .02 
C.O 20.94 21.79 21.62 21.64 21.22 22 . 23 23.56 15.38 22.91 22.65 22 . 00 21.81 ·21.72 22.21 
HazO 0. 22 0.23 0.20 0.22 0. 25 0.23 0.27 2. 91 0.2B 0. 30 0.29 0.31 0. 27 0.26 
Total 99.59 100. 33 99.63 100 .39 99 .55 99.86 100.60 99 . 49 100.60 100 . 56 100.46 100,)1 100. 07 100.09 

n 
Cations (based on 6 oxygens): N 

w 
5i 1. 9570 1. 9607 1.9643 1. 9568 1. 9435 1.9467 1.9536 1.7126 1.9443 1.9435 1.9464 1.9466 1. 9504 1.9535 
TI 0.0087 0.0079 0.0076 0.0074 0.01ll 0.0077 0.0093 0.0001 0.0146 0.0135 0.0143 0.0123 0. 01l5 0.00B1 
Al 0.0564 0. 0559 0.0474 0.0564 0.0583 0.0535 0.0564 1.2664 0.0639 0. 0622 0.0685 0.0704 0.0642 0.0629 
Cr 0.0062 0.0064 0.0054 0.0042 0.0004 0. 0005 0.0059 0. 0000 0.0066 0.0075 0. 0054 0.0073 0.006B 0.0065 
f. 0.2B29 0.2691 0.2660 0.3197 0.36B1 0. 3411 0.1773 0.0068 O.IB13 0.1861 0.2543 0.2550 0.2561 0.2417 
Hn 0. 0075 0.00B3 0.0074 0.0077 0.0068 0. 00B6 0.0046 0.0000 0.0055 0.0055 0. 0063 0.0064 0.0067 0.005B 
HI 0.0007 0.0007 0.0003 0. 0013 0.0016 O.OOIB 0. 0006 0. 0000 0.0012 0.0007 0.0012 0.0019 0.0012 0.0015 
109 0.B365 0.8165 0.8lll 0.765B 0 .7515 0.7497 O.B564 0.0007 0.87B2 0.6876 0.81B9 0.B224 0.B309 0.B310 
C. 0. B392 0.B667 0.8650 0. B750 0.B632 0. 9005 0. 9273 0.56B1 0.9005 0.B90B 0. B727 0.B6B6 0.8651 0.6833 
H. 0.0156 0.0164 0.0143 0. 0161 0.01B2 0.0170 0. 0191 0.1945 0.0196 0.0216 0. 0206 0.0226 0. 0194 0. 01B7 
Total 4.010B 4.00B5 4.0086 4.0125 4. 0249 4.0271 4.0145 3.7513 4.0157 4.0189 4.0106 4.0136 4.0123 4. 0111 

I'I1f 0.7473 0. 7521 0.7575 0.7055 0. 6712 0.6673 0.B268 0.0766 0.8268 0.8267 0.7631 0.7633 0. 7644 0.7747 
Wo 42.8 44.4 44.1 44 .6 43.5 45.2 47 . 2 9B .4 45.9 45.3 44.B 44.6 44.3 45.2 
En 42.7 41.B 42.4 39.1 37.9 37.6 43.7 0. 1 44 .8 45 .2 42.1 42.3 42.6 42.5 
f' 14.4 13.B 13.6 16.3 lB. 6 17 .1 9.0 1.5 9.3 9. 5 13 . 1 13 . 1 13.1 12.4 
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MICROPROBE DATA TABLE Cl4: CO"1'osition of orthopyroxene in the Bastard Unit - profile VA. 
Metres given above base of Unit. 

Sa~le UA-19 UA-19 UA-21 UA-21 UA-21 UA-23 UA-23 UA-23 UA-25 UA-25 UA-25 UA-27 UA-17 UA-27 
Metres I1.B 11.8 8.5 8.5 8.5 5.1 5.1 5.1 1.9 1.9 1.9 0.05 0.05 0.05 
Wt. % 
5102 55.75 55.61 55.17 55.63 55.14 55.86 56.0B 55.B2 55.65 56.09 55.61 54.80 54.99 55.19 
1102 0. 15 0.17 0. 17 0.17 0. 14 0.15 0. 13 0. 15 0.19 0.16 0.20 0.17 0.16 0.15 
A1 203 1.09 1.07 1.15 LOB 1.15 1.24 1.34 1.36 1.17 0.91 0.88 1.23 1.04 1.30 
Cr203 0.45 0.45 0.50 0.42 0. 47 0.46 0.50 0.54 0.36 0.34 0.30 0.41 0.31 0.43 
feO 12.29 11.81 11.21 11.52 11.43 11.13 11.61 11.44 12.14 12.05 12.28 12.2B 12.86 12.9' 
"nO 0.27 0.25 0.19 0.25 0.27 0.23 0.23 0.25 0.26 0.25 0.2' 0.20 0.22 0.25 
HIO 0.06 0.09 0.17 0.09 0.13 0.09 0.11 0.07 0.15 0.08 0.11 0.09 O.OB 0.10 
"90 28. 95 28.81 29.23 30.08 29.68 29.13 29.97 29.17 28.57 28.95 29.20 28.42 29 . 24 29.09 
CoO 0.59 1.00 1.85 0.17 0.97 1.26 0.58 1.33 1.02 1.23 0.58 1.89 0.54 0.62 
Ha20 0.00 0.01 0.04 0.03 0. 02 0.01 0.01 0.03 0.04 0.04 0. 02 0.03 0.02 0.00 
Total 99. 59 99.25 99.68 100.03 99 . 40 99.56 100.55 100. 26 99.56 100.10 99.42 99.50 99 .46 100.07 n 

N 

" Cations (based on 6 oxygens): 
51 1.9849 1.9853 1.9647 1.9690 1.9661 1.9629 1.9722 1.9721 1.9841 1.9881 1.9841 I. 963B 1.9684 1.9648 
Ii 0.00'0 0.00'5 0.0047 0.0045 0.0037 0.0039 0.0035 0.0040 0.0050 0.0041 0.0054 0. 0047 0.0043 0.00'0 
Al 0.0457 0.0448 0.04B2 0.0449 0.0485 0.0518 0.0554 0.0567 0.0491 0.03B1 0.0370 0.0519 0.0440 0,0544 
Cr 0.0128 0.0126 0. 0141 0.0118 0.0132 0.0128 O.013B 0.0152 0.0103 0.0095 0.0084 0.0115 0.0088 0.0121 
fe 0.3659 0.3525 0.3340 0.3410 0.3408 0.3305 0.3415 0.33BO 0.3618 0.3572 0.3665 0.3680 0.3851 0.3851 
"n 0.0080 0.0076 0.0058 0.0076 0.0080 0. 0071 0.0068 0.0074 0.0079 0.0076 0.0073 0.0060 0. 0068 0.0076 
HI 0.0018 0.0025 0.0048 0. 0026 0.0038 0.0025 0.0030 0.0019 0.0044 0.0023 0.0033 0.0026 0.0023 0.0017 
"9 1. 5362 1.5332 1.5516 1.5868 1.5775 1.5412 1.5711 1. 5413 1.5182 1.5292 1.5529 1.5180 1.5604 1.5436 
C, 0. 0225 0.0381 0.070' 0.0291 0.0370 0.0480 0.0119 0.0505 0.0391 0.0466 0.0121 0.0724 0.0106 0.0137 H, 0.0000 0.0005 0.0014 0.0017 0.0014 0.0006 0.0010 0.0017 0.0030 0.0015 0.0017 0.0019 0.0011 0.0000 
Total 3.9818 3.9817 4.0007 3.9990 4. 0000 3.9811 3.9901 3.9888 3.9818 3.9853 3.9887 4.0008 4.0015 3.9980 

"Hf 0.8076 0.8131 0.8229 0.8231 0.8114 0.813' 0.8114 0.8101 0.8075 0.8106 0.8091 0.8049 0.8021 0.8003 
Wo 1.1 1.0 3.6 1.5 1.9 1.5 I.! 2.6 1.0 1.' !.I 3.7 1.0 1.2 
En 79.8 79.7 79.3 81.1 80.7 80.3 81.1 79.9 79.1 79.1 80.0 17.5 79.4 79.1 
f, 19 .0 18.3 17 .1 17.4 17.4 17 .1 17.7 17.5 18.9 18 .5 18.9 18.8 19.6 19.7 



C28 

MICROPROBE DATA TABLE C15: Composition of orthopyroxene in the UGI and UG2 Units - profile VB. 
Metres given above the base of the UGl chromitite. 
c = core of grain m = grain margin. 

Sal11l 1e 235/31 235/31 235/31 235/31 235/31 235/34 235/34 235/34 235/34 235/34 235/34 235/34 
Metres 18. 7 18.7 18.7 18.7 18.7 12.5 12.5 12.5 12.5 12.5 12.5 12.5 
Position c c c c c c c c c c c c 
'Nt.% 
5102 55.99 55.31 56.26 55.73 55.97 55.15 54.56 54.96 54.88 55.42 55.47 55. 39 
TlO2 0.13 0.12 0.08 0.12 0.12 0.17 0.17 0.14 0.16 0.15 0.17 0. 19 
AI203 1.18 1.30 0.75 1.20 1.21 1.26 1.20 1.19 1.10 0.92 0.97 0.86 
Cr2D3 0.28 0.28 0.12 0.24 0.24 0.46 0.48 0.47 0.49 0.35 0.36 0.33 
feO 12.77 12 . 67 12.90 12.79 12.79 12 .46 12.52 12 .29 12.36 12.15 12.48 12.58 
HnO 0.30 0. 27 0.25 0.24 0.23 0.27 0.26 0.32 0.23 0.25 0.29 0.29 
HiD 0.06 0.05 0.08 0.04 0.09 0. 10 0.10 0.07 0.12 0.09 0.08 0.10 
H90 28.58 28.07 29.03 28.52 29.15 28.75 28.74 28.46 28.56 27 .70 28.10 28.59 
CaO 1.08 1.24 0.53 0.95 0.84 1.34 0.96 1.65 1.31 2.35 1.35 0.83 
Ha20 0.03 0.03 0.01 0.02 0.04 0.02 0.01 0.01 0.02 0.05 0.02 0.02 
Total 100.38 99.34 100.00 99.85 100.69 99.98 98.99 99.56 99 .23 99.43 99.29 99.17 

Cations (based on 6 oxygens): 
51 1.9836 l.9815 1.9972 1.9842 I. 9765 I. 9654 1.9638 I. 9676 1.9700 I. 9863 1.9877 1.9861 
TI 0.0035 0.0031 0.0021 0.0031 0.0033 0.0044 0.0047 0.0036 0.0043 0.0040 0.0047 0.0051 
AI 0.0493 0.0549 0.0314 0.0505 0.0504 0.0530 0.0508 0.0501 0.0465 0.0388 0. 0412 0.0364 
Cr 0.0078 0.0081 0.0032 0.0067 0.0068 0.0131 0.0138 0.0133 0.0138 0.0099 0.0101 0.0093 
fe 0.3783 0.3795 0.3829 0.3809 0.3777 0.3714 0.3767 0.3680 0.3711 0.3643 0.3741 0.3773 
Hn 0.0089 0.0083 0.0075 0.0071 0.0069 0.0081 0.0079 0.0096 0.0071 0.0076 0.0087 0.0088 
HI 0.0016 0.0013 0.0023 0.0012 0.0026 0.0028 0.0028 0.0021 0.0034 0.0026 0.0023 0.0028 
H9 1.5095 1.4987 1.5360 1.5136 I. 5343 1.5272 1.5416 1. 5189 1. 5281 1.4800 1.5009 1.5279 
Ca 0.0409 0.0475 0.0203 0.0362 0.0319 0.0510 0.0371 0.0632 0.0506 0.0901 0.0517 0.0318 
Ha 0.0017 0.0019 0.0009 0.0013 0.0026 0.0015 0.0004 0.0010 0.0013 0.0035 0.0015 0.0011 
Total 3.9851 3.9849 3.9838 3.9847 3.9930 3.9979 3.9995 3.9975 3.9962 3.9871 3.9828 3.9865 

HHF 0. 7996 0.7979 0.800' 0.7989 0.8024 0.8044 0.8036 0.8050 0.8046 0.8025 0.8005 0.8020 
Wo 2.1 2.5 1.0 1.9 1.6 2.6 1.9 3.2 2.6 4.7 2.7 1.6 
En 78.3 77.8 79.2 78 .4 78.9 78. 3 78.8 77.9 78.4 76.5 77 . 9 78.9 
fs 19.6 19.7 19.7 19 .7 19.4 19 .1 19.3 18.9 19.0 18.8 19.4 19.5 

Salq) Ie 235/37 235/37 235/37 235/37 235/37 235/37 235/37 235/37 235/37 235/37 235/37 
Metres 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 
Pos i t Ion c c c c c c c m m • m 
'Nt.t 
5102 55 .48 55.62 55.36 54 . 52 54.91 55.04 54.42 54 .39 5'.68 54.90 54.65 
Tl02 0.13 0.11 0.08 0.18 0.21 0.17 0.15 0.20 0.20 0.21 0.19 
AI203 1.15 0.74 1.46 1.18 0.91 0.97 1.22 0.84 0.95 0.84 0.86 
Cr203 0,41 0.23 0.45 0.37 0.23 0.26 0. 34 0.21 0.30 0.21 0.29 
feO 14.41 13.99 13.69 14.06 14.31 14.09 13.93 1'.47 14 . 27 14.10 14.55 
HnO 0.3' 0.29 0.29 0.26 0.26 0.26 0.31 0.35 0.31 0.31 0.28 
HIO 0.06 0.04 0.09 0.09 0.08 0.08 0.08 0.07 0.04 0.06 0.07 
HgO 27.59 28.27 27.'8 27 . 74 27 .81 27.62 27.40 27.58 27.90 28.10 27.74 
CaO 0.75 0.40 I. 31 0.94 0.90 1.13 1.38 0.83 0.92 0.69 0.85 
Ha20 0.01 0.02 0.03 0.02 0.02 0.03 0.01 0.01 0.01 0.00 0.01 
Iota 1 100 . 33 99.72 100.23 99.37 99.65 99 .66 99 .24 98.94 99.57 99 .43 99.49 

Cations (based on 6oxygens): 
5i I. 981. I. 9917 I. 9760 1.9673 I. 9764 I. 9794 I. 9678 1.9745 1.9704 1.9775 I. 9732 
TI 0.0035 0.0029 0.0020 0.0050 0.0056 0.0047 0.00'1 0.0054 0. 0053 0.0056 0.0052 
Al 0.0485 0 . 0313 0.0613 0.0503 0.0384 0.0411 0.0520 0.0359 0. 0403 0. 0356 0.0367 
Cr 0.0117 0.0066 0.0126 0.0106 0.0065 0.0074 0.0097 0.0062 0.0085 0.0061 0.0082 
fe 0.'305 0.4189 0.4088 0.4243 0.4308 0.4238 0.4212 0.4392 0.4302 0.4248 0.'394 
Hn 0.0101 0. 0088 0.0086 0.0081 0.0080 0.0078 0.0095 0.0109 0.0096 0.0094 0.0085 
HI 0.0019 0.0011 0.0026 0.0026 0.0023 0.0023 0.0024 0.0019 0.0012 0.0018 0.0021 
H9 1..686 I. 5089 1.4620 1.4922 1..921 1.4806 1.4767 1.4922 1.4987 1.5087 1.4928 
Ca 0.0285 0.0154 0.0501 0.0364 0.0348 0.0'36 0.0533 0.0324 0.0355 0.0265 0.0329 
H. 0.0009 0.0016 0.Q024 0.0013 0.0016 0.0022 0.0010 0.0008 0.0005 0.0002 0.0006 
Total 3.9855 3.9872 3.9863 3.9980 3.9964 3.9928 3.9978 3.9994 4.0001 3.9962 3. 9995 

HHf 0.7733 0.7827 0.7815 0.7786 0.7760 0.7775 0. 7781 0.7726 0.7770 0.7803 0.7726 
Wo 1.5 0.8 2.6 1.9 1.8 2.2 2.7 1.7 1.8 1.4 1.7 
En 76 . 2 77 .6 76.1 76.4 76.2 76.0 75.7 76.0 76.3 77 .0 76.0 
fs 22 . 3 21.6 21.3 21.7 22.0 21.8 21.6 22.4 21.9 21.7 22.4 
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MICROPROBE DATA TABLE C17: Co""osition of clinopyroxene in the Bastard Unit - profile UC. 
Metres given above base of Unit. 

Sa~le UC - l UC-l UC-l UC-l UC-3 UC-3 UC-5 UC-5 UC-5 UC- 7 UC-7 UC-7 UC-13 UC·13 UC-13 UC-13 UC·20 UC-20 UC-20 UC·20 
Metres 30.8 30.6 30.8 30.8 28.5 28.5 2'.0 2'.0 24 .0 21.5 21.5 21.5 11.1 11.1 11.1 11.1 0.1 0.1 0.1 0.1 

wt. " 
Si02 51.88 52.13 51.87 52.32 52.58 52.48 52.51 52 .17 52 . 19 52.79 52.70 52.77 52.27 52.55 52.26 52.28 52.83 52.88 52.97 52.71 

TiOZ 0 .35 0.31 0.37 0.15 0.26 0.26 0.46 0.46 0.44 0.2' 0.34 0.29 0.25 0.24 0.21 0.2' 0.51 0.44 0.39 0.42 

AlZ03 1.28 l.Ui 1.30 0.98 1.04 1.07 1.23 1.83 1.15 1.13 1.25 1.32 2.12 2.17 2.24 2.05 2.36 2.23 2.Hi 2.23 

CrZ03 0.29 0 .26 0.30 0.24 0.08 0.07 0.16 0.19 0.07 0.32 0.32 0.31 0.70 0.73 0.81 0.68 0.86 O.Bl 0.80 0.81 
FeO 7.84 7.43 7.87 7.41 9.23 10.14 7.36 7.41 7.58 5.65 5.84 6.11 4.42 4.51 4.61 '.69 5.38 6.15 5.87 5.49 
H..o 0.18 0.20 0.21 0.16 0.23 0.26 0.19 0.17 0.16 0.23 0.21 0.21 0.14 0.12 0.11 0.16 0.15 0.23 0.18 0.22 
HID 0.01 0.03 0.02 0.04 0.05 0.00 0.02 0.06 0.07 0.03 0.00 0.00 0 .04 0.05 0.09 0.03 0. 10 0.09 0.11 0 .09 
KgO 14.50 14.56 14.67 14.90 13.69 13.44 14.86 14.59 14.53 15.53 15 . 50 15.59 16.73 16.77 Hi.liD 17 .17 16 .95 17.98 18.07 17 .15 
C,O 22.57 22.77 22.46 23.13 22.50 21.46 22.95 22.50 22.75 23.05 22.86 22.48 22.78 22.46 22.56 22.09 20.88 19.15 19 . 55 20.67 
HaZO 0.2 7 0.26 0.26 0.24 0.24 0.25 0.27 0.2~ 0.22 0.24 0.26 0.29 0.30 0.30 0.31 0.25 0.40 0.33 0.38 0 .37 n 

w 
ro ta 1 99.16 99.10 99.34 99.58 99.89 99.44 100.00 99.65 99.16 99.22 99.28 99.37 99.74 99.90 99.80 99.63 100.43 100.28 100.49 100.16 ...... 

Cations (based on 6 oxygens): 
SI 1.9498 1.9570 1.9461 1.9562 1.9695 1.9766 1.9521 1.9442 1.9579 1.9631 1.9590 1.9595 1.9245 1. 9293 0.0218 0.0247 0.0529 0.0464 0.0409 0.0434 
TI 0.0098 0.0087 0.0105 0.0043 0.0012 0.0074 0.0128 0.0129 0.0123 0.0066 0.0094 0.0082 0.0068 0.0068 0,1729 0.1599 0.1829 0.1167 0.1708 0.1142 
Al 0.0566 0.0512 0.0577 0.0431 0.0460 0.0476 0.0539 0.0805 0.0511 0.0496 0.0550 0.0576 0.0921 0.0937 0.0982 0.0836 0.1041 0.1004 0.0997 0.0996 
C, 0.0087 0.0076 0.0090 0.0070 0.0023 0.0020 0.0048 0.0055 0.0020 0.0095 0.0095 0.0091 0.0205 0.0212 0.3738 0 .3848 0.4393 0.5128 0.4884 0 .4519 
F. 0.2462 0.2333 0.2471 0.2318 0 . 2891 0.3193 0.2289 0 . 2309 0.2379 0 . 1757 0.1815 0. 1897 0.1360 0.1385 0.0098 0.0141 0.0130 0.0202 0.0159 0.0193 
Hn 0.0057 0.0062 0.0067 0.0052 0.0073 0.0084 0.0060 0.0054 0.0052 0.0073 0.0055 0.0066 0.0044 0 .0037 0.0076 0.0023 0.0090 0.0082 0.0098 0.0081 
H; 0 .0003 0.0008 0.0005 0.0013 0 .0016 0.0000 0.0006 0.0018 0.0020 0.0009 0.0000 0.0000 0.0011 0.0015 1.3702 1.4343 1.4065 1.5259 1.5295 1.4346 
Kg 0.8123 0.8147 0.8204 0.8301 0.7643 0 .7 54 5 0.8231 0.8105 0.8125 0.8608 0.8585 0.8632 0.9179 0.91 75 3.4512 3.4193 3.2107 3.0u6 3.0661 3.2045 
C, 0.9088 0.9159 0.9028 0.9266 0.9029 0.8661 0.9140 0.8984 0.9144 0.9185 0.9105 0.8945 0.8985 0.8836 0.0342 0.0284 0.0444 0.0378 0.0429 0.0412 
H. 0 . 0193 0.0186 0.0189 0.0175 0.0177 0.0185 0.0191 0.0199 0.0162 0.0175 0.0187 0.0210 0.0212 0.0211 0.0591 0.0598 0.0594 0.0601 0.0606 0.0599 
Tota 1 4.0175 4.0141 4.0195 4 .0231 4.0079 4.0005 4.0153 4 . 0099 -1.0114 4.0095 4.0087 4.0094 4.0230 4.01 70 5.5988 5.6111 5.5221 5.5007 5.5245 5.5366 

"'" 0.7674 0.7774 0.7685 0 . 7811 0.1256 0.7027 0.7825 0. 7783 0.7735 0.8305 0.8255 0.8198 0.8710 0 .8688 0.9972 0.9959 0.9960 0.993' 0.9948 0.9940 
110 46.2 46.6 45. 8 46.6 46.2 44 . 6 46.5 46.3 '6.5 47.0 46.7 45.9 '6.0 45.6 1.0 0.8 1.4 1.2 I.' 1.3 
En 41.3 41.5 41.6 41.7 39 . 1 38.9 41.9 41.8 41.4 44.0 44.0 44.3 47 .0 ~7 . 3 98.7 98.8 98.2 98.1 98.1 98.1 
F, 12.5 11 . 9 12 . 5 11.1 14.8 16.5 11.6 11.9 12.1 9.0 9.3 9.7 7.0 7.1 0. 3 D •• D •• 0. 7 0.5 0.6 



MICROPROBE DATA 

TABLE CI8: Average composition of orthopyroxene in the Bastard Unit. TABLE C19: Average composition of clinopyroxene 1n the Bastard Unit. 
Profile AUK (from Field. 1987 p.51). Profile AUK (from Field. 1987 p.58). 
Metres given above base of Unit (n - number of analyses). Metres given above base of Unit (n - number of analyses) . 

Salllle "·1 "·2 "., ".7 "., Af-IO AE- 12 M·ll 10(·15 10£_16 .... ,. "·2 "., "·7 Af:'13 I.E_I!> M - 16 
i'letre$ 35.6 ".0 26.4 zo.n 17.0 14.7 '.1 '.1 1.1 0.2 I'Ietrt!5 3~.O 26.4 20.0 '.2 1.1 0.2 , • • , , • • • • • • , , • 1 , 1 , 
lit. \: lit. \" 

51°2 53.75 53. 89 53.84 54.16 54.62 55.07 5S.!i8 5S.S1 55.40 54.16 "liz 52.65 52.51 52 . 35 53.06 52.86 Sl.gS 
11°2 0." 0.28 0.28 0.26 0.31 0.28 0.19 0.25 0.25 0.19 TlIIz 0.50 O.~9 0.47 0.48 0. 60 0.50 
A1z03 0,73 0." 0.70 0.85 1.01 }'09 1.24 1.28 1.16 1.30 A120) 1.50 1.23 1.12 2.23 2.08 1.80 
Cr~) 0.08 0.10 0.09 0.11 0.22 0.29 0.26 0.21 0.25 0,29 CrZO) 0.17 0.09 0.16 0.59 0.46 0." 

'" 20.29 19.67 19 .43 17.53 14 .60 12.89 11 . 12 11.0 U.S!> 14.96 '" 8 •• , 10.9) 8.30 .... 5.19 6.57 n 
"oO 0.'" 0.31 0.39 0.37 0.31 0.29 0.25 0.25 0.21 0.31 "'" 0.20 0.26 0.23 0.15 0.14 0.19 W 
lI iO 0.05 0.04 0.07 0.05 0.08 0.10 0.09 0 . 01 0.08 0.14 "'0 0.04 0.0' 0.04 0.00 0.05 0.12 N 
",0 23.34 23.08 23.81 25 .• 0 27.13 28.71 29.73 29.72 28.95 21.02 IIgO 15 ,28 ' •• 05 15.18 11 .30 16.36 14 .13 
C.O 1.18 1.13 }.13 1.22 1.34 1.20 1.03 1.12 I.U 1.85 COO 20.~ 20.14 19. 98 20.16 21.18 23.0) 
11420 0.04 0.01 0 . 02 0.02 0 .02 0.02 0.01 0 . 01 0.05 0.02 "',0 0 . 26 0.25 0.28 0.35 0." 0." 
lotal 100.16 99 .• 0 99.76 99.97 99.84 99.94 99.50 99.91 99.61 100.84 Total 99.43 99.96 99.31 99. 62 99.38 100.59 

tat ion5 (baSed on 6 ol~n5): C.tlons (based on 6 o~)gens) : 

Si 1.98GB 1.9934 1.~3 I.SH9 1.9701 1.9664 1.9138 }.9671 1.97.0 1.960] Si 1. 9617 1.9670 1.9508 1.9H9 1.90412 1.9(9) 
11 0 .0100 0.0078 0.0018 0.0011 0.0084 O.OOH 0 .0051 0 .0061 0.0061 0 . 0051 11 0 .0)40 0.0138 0.0132 0.01ll 0.0}66 0 . 01)8 

" 0. 0311 0.0362 0.0)0-4 0.0365 0.0429 0.0459 0.0519 0.0535 0.0487 D. 0s.48 AI 0.0659 0 .0~3 0. 0155 0.0963 0.0903 0 . 0181 
C, 0.0023 0.0029 0.0026 O.OOll 0.00fi3 0.0082 o.oon 0.0015 0.0010 0.0082 C, 0.0050 0.0021 0.0047 0.0111 0.0140 0.0111 

" 0.6253 0._ 0. 5989 0 .5346 0.44fi.o1 0.3849 0 . 3302 0.3381 0.3531 0.4-419 ,. 0.26H 0 . 342~ 0.2587 0.1624 0.1599 0.2023 

"' 0.0106 0.01l6 o.om 0.0114 0.0095 0.0088 0.0075 0.0075 0.OM3 0.0094 ", 0.0063 0.0082 0.0073 0.00.0 0.004~ 0.0059 

"' 0. 00) 5 0 .0012 0.0021 0.0015 0.0023 0.0029 0 .0026 O. OOZO 0.0023 0.00-40 "' 0.0012 0.0003 0.0012 0.0000 0.0015 0 . 0035 

"' 1.2820 1.2125 1.3079 1.3805 1.4SB5 1.5280 } ,5136 1.S698 1.5376 1.4417 "' 0.8487 0.7845 0.8755 0.!H48 . 0 .11984 0._ 
C. 0.0-456 0._ 0.0«6 0.0477 0.0518 0.0459 0.0392 0.0425 0.0538 0.0110 C. 0.8120 0.8084 0.7978 0. 7914 0 .11360 0.9077 .. 0.0029 0 .0001 0.0014 0 .0014 0 . 0014 0.0014 0.0001 0.0007 0 .0035 0 .0014 .. 0.0202 0.0182 0.0202 0.0249 0.0314 0.02n 
Totill 3.9937 3.9196 3.9922 3.9988 3.9975 3.9998 3.9919 3. 9960 3.9931 •• 0038 lotal 3.9990 3.9998 ~.OO60 3.9986 3.9997 ~ . 0044 

"" 0. 6722 0 .m5 0.6859 0 . 1209 0 .1651 0.1988 0.B265 0.8225 0.8132 0.1630 "" 0.16lB 0.6962 0. 7121 0.8533 0 .8489 0.7998 

" 2.' 2.' 2.' 2.' 2.' 2.' 2.0 2.2 2.' , .. " .2.2 U.8 ~1.3 ~1.7 4U ~1.3 
E, 65.6 ".1 67.0 10.3 7~ . 5 18.0 81 . 0 80.' 1U 73.5 E, ~4 . 1 ~0,5 45.3 ~9.8 .7.4 42.1 

" 32.0 31.6 30.7 21 . 2 22.8 19 .1 17.0 11 .4 IB. 2 22.11 ,. 13.1 11.7 13.4 ••• ••• 10.5 



MICROPROBE OATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGI chromitite . 
c • cumulus and intercumulus gra ins. 

- inclusions within cumulus or thopyroxene. 

Sa~le ,., ,., ,., ,., ,., '·2 '·2 '·2 ,., ' -2 '·2 ,., '.2 ,., '·2 ,., ,., ,., ,., ,., ,., ,., ,., s·, ,., 5-. , .. 
IIUres , .. , .. , .. , .. , .. s.' s., s., s., s., s., s., s., s., s., 8.' 8.' 8.' 8.' ••• • •• 8.' 8.' ••• 8. ' ll.l ILl 
Posit Ion , , , 
1It.~ 

S102 48.71 48.61 48.02 47.83 48.18 47.S3 48.04 .9.29 49.55 47.98 " .58 4].71 41.52 41.10 48.71 48.65 48.92 49.33 49.20 48.85 4!U5 49.79 48.20 ... as 48 . 92 50.25 50.21 
AllO] 32 .18 32.44 32.10 32.17 32.38 33.60 33.42 31.49 32.15 33.45 33.02 33 .82 33.91 ]3.63 32.88 12.10 32.62 32.06 l2.l6 32.72 ]1.83 32.08 32 . 15 l2.58 32.49 31-83 31.98 
h20] 0.18 0,03 0.05 0.15 O.ll 0.11 0.11 0.12 0.15 0.15 0.16 0.14 O.ll 0.14 0.16 0.]5 0.Z8 0.21 0.Z8 0.32 O.B 0.31 0.32 0.36 0.28 0.21 0.24 
C.O 15. 52 15.99 16.25 16.69 16.01 16.46 lli.n 16.02 15.32 15.93 15.64 16.21 16.39 16.20 15.43 16.04 15.86 15.62 15.74 15.99 15 . 18 15.40 lli.21 15.61 15.53 14.96 15.17 

",0 2. 12 2.56 2.35 2.01 2.44 2.24 2.43 2.81 2.68 2.48 2.76 2.39 2.25 2.31 2.81 2.21 2. 35 2.66 2.41 2.46 2.11 2.74 2.18 '.30 2.35 2.96 2.88 
',0 0.10 0.09 0.01 0.02 0.02 0.00 0.00 0.10 0.02 0.01 0.01 0.01 0. 02 0.01 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.02 0.01 0.02 0.01 
Total 99.41 99.13 99.44 99.47 99.62 99 .94 100.11 ".82 99.81 100.00 100.16 100.28 100.22 1110.04 1011.112 99.91 100.02 99.93 100.06 100.34 99.% 100.32 99.14 99.78 99.58 100.26 100.49 

CatIons (based on 32 o.yoens); 
8.1876 8.8164 8.1224 8.69S6 8.1393 8.91178 8.9065 8.9418 9.0240 51 8.9615 8.9255 8.8501 8.8178 8.9431 8.7228 8.1896 9.0484 9.0542 ...... 8.9133 9.11123 9 .~2 a .8SS3 8.9486 8.9712 9.1406 9.11&4 

" 6.9822 7.0204 7.1028 7.1195 6.9969 1.2671 1.2068 6.8131 6.9236 7.2203 1.lH)8 1.2860 7.3141 1.2630 1.0869 1.0541 7.0281 6.9135 6.9668 7.0361 6.6495 6.11842 1.0918 1.0334 7.0231 6.8240 6.6425 

" o.om 0.00'10 D.OD6O 0.0181 0.0l6l 0.Oll9 0.01l5 0.0144 0.0192 0.0190 0.0195 0.0174 0.0158 0.0168 0.0204 0.0439 0.0346 O.Olll 0.0351 0.0392 0.0409 0.0387 0.0401 0.0442 0.0353 0.0283 0.0293 
C. 3.061) 3.H62 3.2068 3.2963 3.1568 3.2352 3.1584 3.1501 2.9999 3.1251 3.0624 3.1759 3.2132 3.1195 3.0235 3.1450 3.1057 3.0608 3.0811 3.1251 2.9691 3.0037 3.2020 3.0757 3.0506 2.9Ui3 2.9511 .. 0.9106 0.9103 0.8395 0.7182 0.8611 0.7957 0.8631 0.9987 0.9510 0.8797 0.9767 0.8451 0.79]9 0.8415 0.9959 0.1851 0.8314 0.9425 0.8747 0.8696 0.9805 0.9670 0. 1178 0.8177 0.8358 1.0444 1.0132 , 0.0235 0.0221 0.0166 0.0035 0.0055 0.0000 0.0008 0.0232 0.00'10 0.0019 0.0021 0.0032 0.0039 0.0029 0.0041 0.0028 0.0000 0._ 0.0037 0.0011 0.0000 0.0003 0.0015 0.0039 0.0028 0.0038 0.0025 

Toul 20.0213 20.0285 20.0236 19.9740 19.9861 20.0346 20.0321 20.0485 19.9519 20.0l36 20.0479 20.0500 20.0404 20.0430 20.0386 19.9381 19.9<422 19.9139 19.9<498 19.9844 19.9<428 19.9580 19.9684 19.9234 19.9188 19.9S14 19.9556 

" 75.93 77 . 56 79.26 82 .11 78.45 80.26 18.54 75.93 75.93 18.0l 75.82 78.98 80.ll 19.07 15.22 80.02 78.88 76.415 71 .89 78.23 75.18 15.65 80.46 79.00 18.50 13.63 74.45 
("") 

W 
W 

Si.qlie , .. ,., , .. , .. ,., , .. , .. , .. '·S S·S ' · S '·S '·S ,., ,., , .. ,., ,., ,., ,., ,., ,., ,., ,., ,., '·8 '·8 
~tres 11.3 Il.l 11.3 IL3 Il.l 11.3 1l.3 11 .3 18.2 18.2 18.2 18.2 18.2 22 . 1 22.1 22.' 22.1 22.1 22.1 22.1 26.5 26.5 26.5 26.5 26.5 32.' 32.l 
PosItIon 

, I , , 
1It.~ 

5102 4!1.S8 48.S4 50.~ 48.98 48.68 48.18 49.72 49.26 48.43 49.U 48.06 49.29 48.98 49. 31 49.60 49.16 49.44 49.25 50.07 so.n 49.25 48.93 411.93 49.72 49 .67 49.31 49 .U 
AI203 32.46 32.91 31.85 32.47 32.59 32.12 31.92 32.41 l2.68 32.41 33.19 32.57 32.71 31.94 31.11 31.36 31.91 31.19 31.20 31.20 31 .14 32.51 32.51 31 . 53 31.80 31.85 31.73 
re203 0.19 0.25 D." 0.21 0.28 0.30 0.22 0.30 0.09 0.17 0.08 0.09 0.15 0.09 0.1I 0.08 0.04 0.08 0.20 0.18 0.1I 0.13 0.13 0.10 0.11 0.18 0.14 
C.O 15.60 16.42 15 .28 15.07 16.22 16.U 15.U 15.90 15.90 15.32 16.37 15.32 15.70 15.51 15.56 15.46 15.50 15.11 14 .80 H.5l 15.56 15.84 15.84 15.41 15.39 15.52 15.35 

",0 2.65 2.20 2.99 2.44 2.39 2.24 2.86 2.54 2.45 2.62 2.13 2.73 2." 2.58 2.64 2.76 2.54 2.59 '.04 ,." 2.155 2." 2." 2.79 2.13 2.68 2.85 

',0 0.00 0.01 0.02 0.02 0.02 0.01 0.03 0.0] 0.08 0.09 0.07 0.09 0.11 0.01 0.01 0.02 0.01 0.01 0.03 0.03 0.01 0.02 0.02 0.02 0.02 0.01 0.02 
Totll 100.41 100.34 100.47 100 .19 100.18 99.88 100.17 lOO.U 99.63 99.14 99.89 100.09 100.32 ".SO 99.69 ".44 99.51 99. 44 ".l4 99.66 99 .32 99. 91 99.91 ".58 99.71 99.150 99. 52 

Cit Ions (bned on l2 o.)'\Iens): 
51 9.0144 8.8634 9.0995 8.9417 8.9035 8.8456 9.0111 8.9748 8.8971 8.9977 8.8128 8.9942 8.9356 9.0576 9.1lB45 9.1360 9.0649 9.0S03 9.1912 9.2216 9.0590 8.9551 8.9551 9.lIM 9.0928 9.0561 9.0741 

" 6.9550 1.0816 6.8263 6.9902 7.0245 1.0815 15.8623 6.9598 7.0160 6.9947 7.1118 1.0049 7.0330 6.9062 5.8579 6.7859 6.9091 6.8850 6.7500 6.1253 '.8808 1.0115 7.0115 6.81lS 6.8603 ...... 6.6650 

" 0.0231 O.Ol13 0.0367 0.0264 0 .0349 0.0367 0.0266 0.0365 0.0111 0.0201 0.0098 0.0111 0. 0184 O.OUO 0.0138 0.0097 0. _ O.OIM 0.0249 0.0220 0.0138 0.0158 0.0158 O.OIU 0.0136 0.0221 0.0169 

" 3.0377 l.2lZl 2.9179 3.1455 3.1182 3.2318 3.0151 3.1041 3.1296 3.0060 3.2151 2.99<45 3.0684 3.0487 l.0534 3.0412 l.0«9 3.0939 2.9108 2.8473 3.0665 3.10s.- 3.1054 l .0271 l.0181 ,.- l.0191 

" 0.9321 0.7802 1.0536 0.8649 0.8413 0.7962 1.0114 0.8975 0.8129 0.9292 0.7563 0.9659 0.9411 0.9174 0.9312 0.9822 0.9034 0.9225 1.0816 1.1698 0.9448 0.8813 0.8813 0.9926 0.9613 0.9528 1.0148 , D."" 0.0030 0.0035 0.0038 0.0040 0.OOl5 0.0073 0.0062 0.0183 0.0220 0.0161 0.0203 0.0249 0.0033 0.0030 0.0041 0.0033 0.0023 0.0070 0.0070 0.0023 0.0055 0.0055 0.0055 0.0036 0. OOZ3 0.0050 
Totll 19.9630 '9.9718 19.9976 19 .9184 19.9924 19.9952 19.9938 ,9 .9789 20.0050 19.9102 19.9826 19.99OB 20.0l20 19.9442 19 .9498 19.9597 19.9311 19.9644 19.9656 19.9931 19.9612 19.9146 19.9146 19.9690 19.9557 19.!Hi82 19.9949 

An 76.52 80.46 73 .86 18.43 18.95 80.23 74.88 77.51 76. 19 76.39 80.96 75.61 76.52 76.81 16 .52 15.59 11.12 11.03 12.91 70.88 16.45 71.89 71.89 15 .31 75.73 76.lO 14.64 



MICROPROBE DATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given be low base of UGI chromitite. 
C B cumulus and intercumulus grains. 

~ inclusions within cumulus orthopyroxene. 

Sa~'e s·, s·, s·, s·' s·, s.a s·' s·' 5-10 5-10 5-10 5-10 5-10 5-10 S-10 S-10 5_10 5-10 5-10 5.10 5-10 5-10 5-10 S-10 5-10 5-10 5·10 
Metres 32.3 32.3 32.3 ]2.3 32.] 32.' 32.3 32 . 3 42.5 42.5 42.5 42.5 42.5 42. 5 42.5 42.5 42.5 42.5 42.5 42.5 42.S 42.5 42.5 42.S 42.5 42 .S 42.5 
PMltlon I I I I I , , I I I I I 

lit.' 
StOz 49.61 49.37 49.61 SO.55 50.55 SO.55 50.55 50.55 49.75 49.60 SO.50 n.97 50.41 SO . ]1 50. 72 50.14 50.26 49.89 51.64 50.62 SO. 71 49.86 50.40 49.80 SO.Ol 50 . 16 SO.18 
AlZ03 31.72 31.85 31.12 30.97 30.97 31.04 31.04 31.04 ]1.40 31.70 31.41 11.81 31.51 11.43 31.30 31.58 11.51 31.64 30 .13 31.24 3Il.85 31.34 31.18 31.65 ]1.57 31.26 JJ .25 
hZD] 0.20 0.18 0.20 0.31 0.31 0." 0.30 0.30 0.21 0.18 0.15 0.19 0.21 0.28 0.19 0.18 0.20 0.14 0.21 0.15 0.31 0.15 0.38 0.26 0.34 0. 31 0 . 51 
COO 15.33 15.52 15.11 14.48 14.48 14.70 14.10 14.10 15.26 15.46 15.21 15.16 14.20 14.41 14.72 15.40 15.29 15.21 14.24 14.16 14.47 14.66 14.&1 15.26 15.23 14.89 15.04 

"'20 1.86 1.68 1.86 3.33 1.11 3.21 3.27 3.27 2.94 2. 76 2.76 2.71 1.12 3.01 2.98 2.75 2.81 2.16 3.40 3.22 3.26 '.08 1.07 2.76 1.95 1.15 1.05 

',0 0.00 0.01 0.00 0.02 0.01 0.02 0.01 0.02 0.03 0.04 0.05 0.04 0.04 0. 06 0." 0.05 0.05 0.06 0.06 0. 05 0.04 0.q6 0.04 0.09 0.03 0 . 03 0.04 
10t.I 99.73 ".60 99.73 99.12 99.72 ".88 99.88 99.88 99. 59 99.13 100.13 99.89 99.49 99.49 " ... 100.10 100. 18 99.10 100.28 100.04 99.67 99.55 99.87 99.82 100.17 ".80 100.06 

C.tlons (based on 32 oJ.)'!If!ns): 
SI 9. 0861 9.0561 9.0861 9.2444 9.24U 9.2322 9.2322 9.2322 9.1264 ...... 9.1949 9.1232 9.2180 0.2061 9.21SS 9.101 9.1553 9.1296 9.3678 9.2251 9.2133 !U478 9.2078 9.1120 9.1266 9.1763 9.1641 

" 6.~82 6.8846 6.8(82 6.6154 6.6754 6.6813 6.6813 6.6813 6.1891 6.6432 6.1401 6.8452 6.1904 6.7789 6. 7199 6.7662 6.7119 6.8241 6.S690 6.1105 6.6493 6.1161 6.7115 6.8241 6.1661 6.1400 6.7269 
F. 0.0253 0.0221 0.0253 0.0454 0.0454 0.0366 0.0366 0. 0366 0.0258 0.0224 0.0166 0.02U 0.0264 0.0345 0.0231 0.0219 0.0251 0.0116 0.0262 0.0184 0.0408 0.0438 0.0469 0.0328 0.01123 0.0388 0.0629 

" , ..... 3.0502 3.0084 2.8]11 2.8371 2.8113 2.8713 2.877] 2.9985 3.0348 2.9191 2.9651 2.7816 2.8260 2.8127 3.0094 2.9834 2.9628 2. 7680 2.8811 2.8359 2.9199 2.8958 2.9904 2.9712 2.9180 2.9437 .. 1.0153 0.9528 1.0153 1.1803 1.1803 1.1516 1.1576 1.1516 1.0450 0.9796 0.9136 0.9599 1.1053 I. .... 1.0527 0.9731 0.9923 0.9116 1.1943 1.1364 1.1559 1.090 I ..... 0.9109 1.0441 l.lt55 1.07BI , 0.0008 0.0023 0.0008 0.0053 0.005] 0.0055 0.0055 0.0055 0.008ll 0.0083 0.0101 0.0097 0.0090 0.0130 0.0139 0.0115 0. 0108 0.0134 0.0127 0.Olt8 0.0087 0.0136 0 ..... 0.0206 0.0018 0.0069 0.0088 
Tota l 19.9846 19.9682 19.9846 19.!J880 19.9880 19.9904 19.9904 19.9904 19.9921 19.9147 19.9116 19.9210 19.9307 19.9211 19.9220 19.9452 19.9448 19.94SO 19.9381 19 .9839 19.9639 19 .9964 19.9601 19.9598 19.9848 19.9955 19.9845 

'" 14.17 16.20 14 . 17 10.62 10.62 11.31 11.31 11.31 74.16 75.60 75.37 75. 54 71.56 72.57 73.18 15.56 15.04 15.12 69.66 11.1l 11.04 72.73 72.11 15.32 14 . 1M 72.34 13.19 

n 
W .., 

Saq,le 5-10 S-12 5-12 5-12 S-12 5-12 S-12 S·12 S-12 S-12 S-12 S-12 S-12 5-12 S·12 5-12 5-12 5·12 5-12 5·12 5-12 5-15 5-15 5-15 5_15 5-15 5_15 
lletres 42.5 51.1 57.1 57.1 57.1 51.1 57.1 51 . 1 51.1 51.1 51.1 57.1 51.1 51.1 57.1 57.1 51.1 51.1 51.1 51.1 57.1 80.' 80.' 80.' 80.> 80.' 80.' 
Position I , I I I I I I I , , , C 

Wt.% 
S102 50.00 49.03 49.23 49.35 48.99 49.11 48.31 49.12 49.21 49.15 49.18 48.25 48.23 ~9.51 49.55 49.54 49.06 50.00 48.31 48.52 48.82 SO.32 SO.l~ SO.48 49.67 50.35 SO.73 
AI203 31.54 31.89 31.81 31 .83 31.99 31.54 32.31 31.81 32.08 31.95 31.78 32.64 32.52 31.54 31.10 31.99 31.16 31.21 32.47 32." 32 .23 31.57 31.49 31.83 32.14 31.80 31.7B 
h203 0.38 0.11 0.10 0.01 O.OS 0.08 0.08 0.09 0.09 0.11 0.10 0.08 0.08 0.25 0.18 0.12 0.26 O.lO 0.23 0.09 0.11 0.20 0.14 0.17 0.19 0.22 0.27 
C.O U.SS 15.14 15.62 15.48 15.62 15.80 16.11 15.46 15.84 15.92 15.15 lIi.44 16 .44 15.49 15.49 15.31 15.60 15.10 16.14 16.35 16.12 15.41 15.08 15.35 15.16 15.16 15.01 

",0 2.93 2.89 2.85 2. 95 2.85 2.92 2.61 1.98 2.87 1.84 1.86 1.50 1.56 , ... 3.11 2.98 3.03 3.35 2.13 1.39 2.71 2.8] ' .04 1.88 2.59 2.92 2.91 

',0 0.05 0.1l 0.\4 0.15 0.14 0.11 0. 12 0.15 0.14 0. 1l 0.14 0.09 0.11 0.15 0.14 0.15 0.21 0.19 0.16 0.1l 0.02 0.01 0.02 0.03 O.OZ 0.03 0.03 
Tot. l 99.89 99.19 99.81 99 .83 99.64 99 . 63 99.65 99.81 100.23 100.10 99.81 ".99 ".94 99.99 100.11 100.09 ".91 100.14 100 . 05 100.03 100.08 100.35 100.52 100.14 100.57 100.41 100.78 

ClUons (based on 32 oJl)'!lens): 

" 9.1386 9.0023 9.0288 9.0454 9.0010 9.0351 8.8922 9.0442 8.9948 8.998Z 9.0243 8.8541 8.8599 9.~96 9.0595 9.0510 9.00fi2 9.1421 8.6691 8.8911 8.9416 9.1S24 9.2040 9.1440 9.0251 9.1421 9.1161 

" 6.7952 6.8994 6.8817 6.8752 6.9264 '.8l88 1.0223 6.8741 6.9118 6.8940 6.8743 1.0592 7.0413 6.8095 6.8309 ...... 6.8718 6.n48 1.0263 7.0331 6.9517 6.7686 6.7321 6.1950 6.9260 6.8051 6.1765 

" 0.0469 0.0136 0.0128 0.0092 0.0057 0.0102 0.0103 0.0108 0.0116 0.0139 0.0124 0 ..... 0.0103 0.0316 0.0219 0.0147 0.03Z8 0.0367 0.Ol90 0.0113 0.0158 0.0251 0.0172 0.0212 0.0234 0.0268 0.0332 

" 2.9339 3.0966 3.0690 3.0408 3.0151 J.1149 3.1161 3.0164 3.1013 3.1l19 3.0959 3.2326 3.2352 3.0393 3.0351 2.9966 3.0671 2.9585 3.1140 3.2101 3.1632 3.0035 2.9]04 2.9789 3.0676 2.9m 2.9085 

" 1.0395 1.0280 1. 0123 1.0418 1.0164 1.0422 0.9530 1.0603 1.0156 1.0091 1.0188 0._ 0.9103 1.0855 1. 1005 1.0563 1.0179 1.1862 0.9720 0.8500 0.9822 0.9983 1.0702 1.0108 0.9105 1.0265 1.0404 , 0. 0120 0.0310 0.0311 0.0356 0.0330 0.0405 0.0274 0.0355 0.0326 0.0]04 0.0320 0.0219 0.0248 0.0345 0.0)29 0.0359 0.0485 0.0438 0.0315 0.0268 0.0049 0.0039 0.0051 0.0061 0.0051 0.0061 0.0062 
Total 19.9660 20.0708 20.0431 20.0540 20.0571 20.0817 20.0818 20.0613 20.0676 20.0676 20.0511 20.0660 20.0819 20.0699 20.D808 20.0433 20 . 1047 20 .092 1 20.1080 20.0242 20.0653 19.9519 19 .9590 19.9566 19.9578 19.9516 19.9411 

" 73.84 75.08 75 .20 14.37 75.16 74.93 76.92 74.12 15.33 15. 57 7S.24 18.44 18.04 13.68 13.39 13 . 94 74.00 1}.38 76.S6 19.01 16.31 75.05 73.25 14.~ n.ll 14.18 7].65 
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MICROPROBE DATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGI chromitite. 
c ~ cumulus and intercumulus grains . 

• inc lusions within cumulus orthopyroxene. 

Sa~le 5-29 5-29 S-29 5-29 5·29 5-29 5-29 5-29 5-29 5-29 S-29 5-29 S-29 5-29 5-211 s·" 5-31 5-31 5·31 S-ll S-ll 5-31 5-31 5-11 5-11 5-11 5-11 
lletres 1~6.9 146.9 146.11 146.9 U6.11 H6.11 146.9 146.9 146.9 146.9 146.11 146.9 14MI 1~6,9 146.9 146.9 151.1i 151.6 151.6 151.6 151.6 151.6 151.6 1SI.6 lSI.6 151.6 151 . 6 
Position 

, , , , , , , , , , 
1It.l: 

"0, 49.92 49.53 49.36 SO.84 50.20 50.05 SO.IS 49 . 74 SO.58 50.52 49.20 SO . 61 49.64 50.65 49.85 50.71 51.00 50.9] 51.82 52.48 52 . 01 50.82 50.80 50.02 49.69 50 . 79 51.59 
AlzOJ 31.31 ]0.81 31.40 lO." 31.31 31.55 31.17 32.00 31.21 31.84 32.65 J1.6$ 32.40 Jl.S6 32.11 31.58 31.12 ]1.44 30.67 30.42 30.26 31.02 30.83 ]LU 3l.18 ]1. 25 30.19 
feil3 0.24 0 . 25 0.22 0.25 0.19 0.24 0.63 0.53 0 .51 0 . 35 0.36 0.29 0.24 0. " 0." 0." 0.28 0.17 0.20 0.17 0 .20 0. 26 0.26 0 . 22 0.16 0.19 0.39 
,.0 14.96 14.86 15.20 14.36 15.16 15.19 15.52 15.55 14.73 14.91 15.93 15 . 02 15.94 15.03 15.78 15.06 14 .41 14.31 13 .89 13.28 13 . 51 14 .35 U.57 15.U 15.36 14.89 13.71 
HaZO 2.91 l.04 2.19 3.25 2.95 l.OO 2. 69 2.66 3.24 3.14 2.44 3.09 2.51 3.03 2.65 3.09 3. 36 3. 28 l.54 3.81 3.13 3.30 3.16 2." 2.85 3.20 3.52 
'20 0.03 0 . 01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0 . 01 0.01 0.01 0.01 0.01 0.01 0.00 0.02 0.01 0.02 0.03 0.03 0.02 0.02 0.06 0.08 0 .08 0.01 
Total 99.42 98.50 98.97 99.10 ".66 100.04 100 . 11 100.49 100.39 100 .16 100 .59 100.14 100 . 14 100.61 100.74 100.18 100.19 100.21 100. 14 100.17 99 .19 99.77 99.64 99 .83 ".92 100.40 100.08 

Cations (based on 32 Olygens): 
8.9491 9.1168 g."" 9.0489 SI 9.1621 9.1809 9.1062 9.2826 9.1714 9.1355 9.0996 9.0523 9.1993 9.1489 9.1842 9 . 1823 9.2121 9.2494 9.4008 9.49~ 9.4704 9 . 2751 9.2866 9.1456 9.0869 9.2281 9 .3102 

" 6.7722 6.7291 6.6264 6.6683 6.7539 6 . 1868 6.1953 6.8639 6.1032 6.1956 1.0002 6.1559 6.9301 6.1431 .. "'" 6.1398 6.6683 6.7291 6.5581 6.4813 6.4859 6.6731 6.64115 6.1866 6 .1149J 6.6922 6.5910 
f. 0.0294 0.0308 0.0215 0.0309 0.0229 0.0295 0.0111 0.0650 0.0100 0.0424 O. OHO 0.0361 0.0297 0.0420 0.0423 0 . 0411 0.0342 0.0214 0 .0242 0.02ll 0.0243 0.0322 0.0318 0.0215 0.019] 0 . 0238 0.0485 

" 2.9415 2.9500 3.0046 2. 8092 2.9683 2.9111 3.0119 3.0319 2.8102 2.8935 3.1052 2 . 9151 3.0995 2.9199 3 .0687 2.9219 2.8067 2.7955 2._ 2.5142 2.6337 2.8056 2 . 8531 2.9600 l .... 2.8979 2.6196 

" 1.0573 1.0920 0 . 9916 1.15U 1.0452 1.0625 0.9475 0.9394 1.1419 1.1010 0.8589 L0839 0.8821 1.0631 0 .9324 1.0831 1.11148 1.1552 1.2443 1.3341 1.3147 1.1611 1.1202 1.0424 1.0114 1. 1254 1.2381 , 0.0062 0.0033 0.0008 0.0015 0 .0019 0.0032 0.0009 0.0005 0.0011 0.0024 0.0017 0.0026 0.0019 0.0025 0 .0025 0.0001 0.0056 0.0030 0.0045 0.0059 0.0059 0.0053 0.0058 0.0130 0.0118 0.0180 0.0028 
lotll 19.9688 19.9865 19.9650 19.9445 19 . 9637 19.9an 19 . 9384 UI.9S31 19 . 9856 19.9838 19.9591 19.9104 19. 9521 19.9560 19.9631 19.9691 19.9718 19. 9542 19 . 9322 19.9197 19.9349 19.9S84 19.9397 19.9751 19.9933 19 .9855 19.9308 

" 13.56 12.98 15.07 10.92 73.96 73 .66 16.11 16.34 71.54 72.44 18.33 12.89 17.85 13.30 16.70 72 . 96 70.32 70.76 68.45 65.85 66.70 70.62 11.81 73.96 74.84 72.03 68.]9 n 
W 

" 
.... ,. 5-31 S-ll S·31 S-31 5-31 5-31 5-3) 5-31 5_31 5-3] 5- 33 5-33 5-33 5-33 5-31 S·ll Sol] 5-33 5-]3 5-33 5-33 5-33 5-33 S-ll 5-33 5-33 5-33 
Pletres 151.6 151.6 151.6 15{.6 151.6 151.6 15t.6 151.6 151.6 166.0 166 . 0 166.0 166 . 0 166.0 166.0 166 . 0 166.0 166.0 166.0 166.0 166.0 166.0 166.0 166.0 166.0 166.0 166.0 
Position , , , , , , , , < , , , , , , 
lit.' 
S102 SO.63 50.83 51.11 SO.95 51.02 51.03 SO." 51.03 51.02 SO.72 50.91 SO.S3 50.38 49.71 SO.61 49.14 49.02 SO.97 49.32 51 .19 SO.16 51.14 SO.97 50.48 50.95 50.19 50.14 
A1tl3 31.05 JO.92 30.17 JO.89 30.74 31.11 31.10 31.36 31.15 31.04 ]1.13 30.91 31.06 31.55 31.36 31 .80 32.00 31.05 31.91 30.11 30.9] 30.93 30.72 31.20 31.01 30.99 ]1.28 
fez03 0.56 0.52 0.45 0.42 0.35 0.35 0.40 0.32 0.40 0.15 0.23 0.18 0.25 0.23 0.28 0.26 0.20 0.22 0.23 0.24 0.39 0 .53 0.59 0.46 0." 0.19 0.29 
"0 14.20 13 .92 13.96 13.91 13.99 14.36 14.40 14.40 14.41 14.62 14.49 H.M 14.17 15.44 14.95 15.12 15 . 90 14.31 15.43 B.97 14.23 14.13 14.12 14.43 14.16 14.16 14.51 .. " 3.34 3.35 3.39 l . " 3.45 l." 3.29 3.29 3.21 3.16 3.32 3.13 ].14 2.89 2.85 2.64 2.60 3.40 2.68 3.79 3 .36 3.41 3.60 3.25 3. 40 3 .42 3.21 

'" 0.01 0.01 0.01 0.01 0.01 0.01 '.00 0.00 0.01 0.02 0.02 0.03 0.02 0.01 0.00 0.01 0.01 0.02 '.00 0.04 0.01 0.03 0.03 0 . 03 0.02 0.02 0.03 
Total ".80 99.55 99.69 99.56 ".56 100.26 100.03 100.40 100.26 99.71 100. 15 99.45 99 .61 99." 100.04 " .56 99.73 99 .97 99 .n 100.54 99.69 100 .17 100.03 "." ".89 99 . 77 100.11 

Ciltlon5 (based on 32 oJl.ygens): 
9 . 2561 9.2234 SI 9.2482 9.2948 9.3279 9.3HH 9.3258 9.2712 9 . 2613 9.2543 9.2704 9.2633 9.2697 9.1014 9.211l 9.0280 8.9956 9.2830 9.0431 9.3142 9.2757 9.3009 9.2943 9.2191 9 .2873 9.2734 9.2]61 

" 6.6848 6.6620 6.6190 6.6516 6.6222 6 .6130 6.6751 6.1038 6.6693 6.6819 6.6116 6.6866 6.7010 6.8011 6.1301 '.8868 6.9205 6.6647 .. -6.5521 6.6615 6.6283 6.6020 6.7172 6.6624 6.6690 6.7095 

" 0.0691 0.0641 0.0560 0.0523 0 .0430 0.0430 0 . 0490 0 . 0390 ...... 0.0186 0.0282 0.0229 0.0308 0.0290 0 . 0339 0.0327 0 . 0246 0.0267 0.0287 0.0295 0.0481 0.0653 0.0134 0.0564 0.0411 0.04 19 0.0358 

" 2.1193 2.1260 2.1308 2.1234 2 . 1192 2.7944 2.8094 2.1984 2.8051 2.8603 2 .8239 2.8652 2.8911 3.0294 2.9163 ] .0938 3. 1270 2.7934 3 .0306 2.7095 2.1868 2.7535 2.1587 2.8235 2.7655 2.1105 2.8292 .. 1.1838 1.1863 1.1999 1.1969 1.2211 1.1152 1.1631 1. 1510 1.1513 1.1188 1.1702 1.1099 1.1129 1.0255 1.0064 0.9404 0.9265 1. 2014 0.9524 1.3312 1.1897 1.2010 1. 2125 1.1490 1.2029 1.2101 1.1535 , 0.0034 0.0024 0.0022 0.0031 0.0016 O.OOJO 0.00iJ5 .. - 0.0031 0.0058 0.0031 0.0011 0.0040 0.0015 .. -0.0014 0.0015 0.0055 0.0000 0.0081 0.0029 0.0078 0.0065 ...... 0.0046 0 . 0046 0.0018 
lotal 19.9685 19 .9362 19.9351 19.9377 19.9531 19.9599 19.9585 19.9529 19.9478 19.9488 19.9613 19.9417 19.9692 19.9940 19,904J 19.9831 19.9958 19.9747 19.9641 20.0046 19.9654 19.9561 20.0075 19.9719 19.9644 19 .9755 19.9120 

'" 10.13 69.68 69 .41 69.41 69.16 10.39 10.72 70.15 70.90 71.88 10.10 72.08 12.25 14.71 14.34 76.69 17.14 69.93 15.09 61.05 70 . 08 69 .63 68.43 11.08 69.69 69.60 71.04 



MICROPROBE DATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGl chromitite. 
c • cumu lus and intercumulus grains. 

- inclusions within cumulus orthopyroxene. 

5.llllPlt Sol) Sol] SolS 5-35 5-35 5-35 5-35 5-35 5-35 SolS SolS SolS 5-36 ,·36 5-36 5_36 5-36 , ·36 '·36 ,·36 5-36 5-36 '·38 ,·38 '·38 '·38 ' -38 
Metres 166.0 166.0 115.6 115.6 175.6 115.6 115.6 115 . 6 115.6 175.6 175.6 115.6 181.5 181.5 181.5 181.5 181.5 181.5 181.5 161.5 181.5 181.5 190.] 190.3 190.3 190.3 190.3 
Postt Ion I I I I I I I I I I I I I I I I I 
ilL:': 

S10! 51.11 51.10 Sl.Zl 51.14 49.85 SO.89 48.!J4 50.45 50.18 50.71 SO.35 SO.55 48. 45 48.21 48.55 41.78 41.11 S2.ll 49.s.. SO . 51 49.39 50.76 53.66 51.81 51.49 51.46 51.84 
AIZ 1 30.82 30.63 30.\15 31.37 31.13 31 .28 32.11 31 . 22 31.111 10.\19 31 .62 ]1.31 33.21 33.36 32.22 32 .63 32.78 30.51 31.94 ]1.42 32.01 30,\19 211.45 30 . \15 30.65 10.\10 30.112 
fe201 0 .21 0.28 0.49 0.t8 0.22 0.49 0 .19 0.40 0.37 0.42 0." 0.1] 0.t2 0.10 0.18 0.15 0.15 0 ... 0.42 0.46 0.34 0.59 0.48 0. 38 0.34 0.26 0.27 
e.o 14.2] 14.28 13.90 14.72 15. 67 14.30 15.8] 14.62 14.51 15.12 15.26 15.05 16.94 16.88 16.42 16.87 17.11 11.84 15.SO 14.79 15.19 14.58 12.57 1l . 65 1].15 13.82 1].80 
KaZO ].52 3.41 ].21 ].21 2.89 3.35 2.56 3.18 3.09 3.13 1.84 1.20 2.01 2.05 2.26 1.04 1.96 1.21 1.88 1.23 2.74 3.15 4.51 3 ... 3.56 3.51 3.56 

',0 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0 . 02 0 .02 0 . 02 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.00 0 .01 0.02 0.01 0.01 0 . 02 
Total 100 . 19 99.12 99.87 100.63 99.16 100.]2 99.65 99.87 99.36 100.40 100.5] 100.47 100.75 100.66 ".54 99.47 99.12 100 . ]5 100.29 100.41 l00.Z9 100.27 100.71 100.48 100.01 "." 100.]9 

"'tlon5 (ba5ed on 12 oxygens): 
51 9.]259 9.]302 9.3215 9.2552 9.1385 9.2450 8.9848 9.2124 9 .2061 9.2255 9 . 1U3 9.1895 S. 811] 8.7914 8.9269 8 . 8154 8.7366 9.4486 9.0]95 9.1831 9.0155 9.2408 9.6611 9.31oa 9.]587 9.3552 9.3807 
AI 6.6026 6.5911 6.6417 6.6917 6.1266 6.6969 .. - 6.1183 6.7431 6.6455 6 . 1692 6.7078 1.1223 1.1620 6.9816 1.0942 1.1641 6.5042 6.869l 6.1308 6.6869 6.64!ro 6.2495 6.5972 6.6018 6.6200 6.59JO 

" O.OllS 0.0340 0 .0609 0.0226 0.0269 0 .0597 0.0238 0.0489 0.0465 0.0522 0.0544 0.0411 0.0152 0.0119 0.0225 0.0188 0.0185 0.0661 0.0511 0.0572 0.B42l 0.0722 0.0591 0.0469 0.0411 O.Oll1 0.0325 
e. 2. 7706 2.79]2 2.7118 2.8538 3.0114 2. 78]2 3.1119 2.8608 Z.8512 2.9410 2 . 9101 2.9111 3. 3030 3.2936 1.2]55 ].]342 ].]990 2.6822 ].0296 2.8811 ] .0891 2.8443 2 . 4254 2.6460 2 .6172 2.6922 2 .6746 .. 1.2413 1.212] 1.1556 1.1255 1.0256 1.1804 0.9126 1.1255 1.0973 1.1051 1.0001 1.1266 0.1104 0.1246 0.8071 0.7290 0.1058 1.1246 1.0183 1,l376 0.9617 1.1836 1.5712 1.2887 1.2601 1.2369 1. 2H7 

0 .0054 0.0051 0.0028 0.0031 O.OOSO 0.0031 0.0053 0.0018 0.0052 0.0056 0.0036 0."" 0 .0023 0.0012 0.0021 0.0018 0 . 0022 0.0056 0.0028 0.00]8 0 .0047 0.0011 0.0059 0.0031 0.003~ 0.0028 0.0036 
Total 19.9794 19.9660 19.9004 19.9519 20.0000 19.%84 19.9883 19.9611 19.9501 19.9810 19.9431 20.0025 19.9703 19. 9846 19.9751 19.9915 20.0261 19 . 8313 20.01OB t9.9916 20.0061 19.9909 19.9742 19.9511 19.9485 19.9388 19.9321 

'" 69 . 06 69.1] 70.12 71.72 75.00 70.22 77.13 71.76 72.21 72.73 74.81 72.24 82.30 81.97 80,0] 82.06 81 .80 70.~6 74.84 71.69 76.15 10.62 60 . 66 61.25 68.00 68.52 68 . 19 n 
W 
CXl 

Slqlle '-38 '-38 '_38 '-38 '-38 5-~0 5-40 S-~O 5·40 '-<0 '-<0 ,-<0 5-~0 S-IG S-~O 5-40 5-~0 '-<0 5-.0 '-<0 5-42 5-42 5-42 5-42 5-42 5-42 5-42 
l'ietres 190 .3 190.3 190 .3 190.] 190.] 199.3 199.1 199.3 199.3 199.] 199.3 199.3 199.1 199.3 199.1 199.1 199.3 199. 3 199.3 199.3 208.1 208.1 208.1 2na.1 208.1 208.1 2oa.1 
I'os It ton I I I I I I I I I I , I I 
lit.' 
SI02 52.52 52.49 53.11 50.07 52.49 51.10 SO .94 SO,23 SO.95 SO. 11 50.94 SO.23 SO.95 SO. 71 51. 10 SO .52 51.33 .9.89 SO.49 51.]] 52.92 49.56 ~9.36 49.08 4!J.Ol 4!U8 48.29 
AI203 30.65 30.51 30.01 31.08 29 .82 31 . 63 11.24 31.56 31 . 12 31.32 31.24 ll.56 31 . 12 31.32 31.63 31.42 10.57 31.n 31.09 30.57 29 .81 32.31 ]2.07 32 . .0 32.50 32.45 12 . 66 
FeZO] 0.19 0.16 0.17 0.14 0.19 0.]1 0.12 0.34 0. 38 0.31 0.12 0.34 0.38 '.31 0.31 0.06 0 .10 0.10 0.14 0.10 0.15 0 .19 0.34 0.25 0.21 0.31 0.27 
e.o 13.84 13.90 13.25 14.16 12.15 14.39 14.14 14.47 14 .11 14 .12 14.14 14.47 14.11 14.32 14.19 14.77 14.12 15.34 14.84 14.12 12.76 15.16 15.12 15 •• 8 15.98 15.94 16.21 
n'20 3.41 3.69 3.73 3.56 4.42 1.16 3.21 2.99 ].41 3.22 1.21 2.99 3.41 3.22 3.16 3.21 3.54 2.89 ].18 3 ... 4.39 2 . 73 2.72 2.62 2.51 2.41 2.35 
',0 0.02 0 . 02 0.03 0.01 0 . 01 0.01 0.01 0 .02 0.03 0.03 0.02 0.02 0.0] 0.03 0.01 0.02 0.03 0.02 0.02 0 . 0] 0.01 0. 00 0.01 0.01 0 . 01 0.00 0.00 
Total 100.68 100 . 81 100.1] 99.02 99.69 100.62 99.74 99.61 100.00 "." 99.73 99.61 100.00 ".98 100.62 99.98 99. 69 100.00 99.16 99.69 100.04 100.58 99.62 99.84 100.31 100.46 99. 18 

"'ttons (based on ]2 oxygens): 
51 9.4622 9 . 4517 9.S8SO 9.2162 9.5514 9.2418 9.2845 9.1844 9.2711 9.2460 9.2848 9.1844 9.2m 9.2460 9.2418 9.2069 9.3656 9.1011 9.2286 9.3656 9.S819 9.009] 9.0464 8.9838 8 . 9522 8 . 9717 8.8696 

" 6.5079 6.4892 6.3811 6.1422 6.3964 6.7427 6.7108 6.8003 6 . 6781 6.7223 6.1109 6.8003 6.6781 6.m3 6.7421 6.H86 6.5739 6.8350 6.6964 6.51]9 6.1650 6 . 9286 6.9262 6.9890 '.9668 6 . 9648 7.0683 

" 0. 0230 0.0199 0.0202 0.0176 0.02]7 0 . 0384 O.OISO 0.0422 0.0412 0 .0391 0.0151 0.0422 0.0472 0.0391 0.0384 0.0069 0 . 0121 0.0123 0.0169 0.0121 0 .0187 0.0239 0.0420 0.0311 0.0281 0.0388 0.0338 
e. 2.6115 2.6811 2.5627 2.7918 2.4866 2.1887 2.1619 2.8350 2.7534 2.794] 2.7614 2.8350 2.7534 2.194] 2.7887 2.8839 2 . 1602 2.9998 2.9066 2.1502 2.4710 3. 0705 2.9696 1.0356 3 .1246 1.1106 1.1887 .. 1.2113 1.2882 1. 3041 1.2681 1.5SBl 1.109] 1.1562 J,D6OQ 1.2024 1.1351 1.1552 1.0600 1.2024 1.1357 Ll093 1.1345 1.2528 1.0229 1.1270 1.2528 1.5421 0 . 9627 0.9679 0.9]07 0. 8878 0 .81]0 0.8315 

0.0039 0.0016 0.0079 0 .0032 0 . 0021 0.0028 0.0045 0.0049 0.0059 0 . 0015 0.0047 0.0049 0.0059 0.0015 0.0028 0.0037 0.0062 0.0048 0.0053 0.""" 0.0013 0.0000 0.0025 0 .0019 0 .001 6 0.0000 0 . 0000 
total 19.8799 19.9316 19.8676 20.0398 20.0189 19.9237 19.9329 19.9269 19.9642 19.9449 19.9321 19.9269 19.9&42 19.9449 19.92]7 19 .9845 19.9109 19.9825 19.!J609 19. 9109 19.9920 19 . 9954 19.9547 19.9723 19.9837 19.9610 19.99&0 

" ..... 61.56 66.26 68.16 61.48 11.54 10.49 12.79 69 .~ 11.10 10.50 12 .79 69.60 7\.10 11.54 71.11 68.78 14.57 12 . 06 68. 18 61.6] 76.U 75.42 76 . 53 11.81 78.09 19.20 



MICROPROBE DATA TABLE C2D: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGl chromitite. 
c a cumulus and intercumulus grains . 

- inclusions within cumul us orthopyroxene. 

Saqlle S~42 S -~2 5_42 5-43 5_43 5-43 5-43 ,-', ,-', 5- 43 5-41 5-43 s-u 5-45 5_45 5_45 5-45 5-45 5-45 5-45 5-45 5-45 5-45 5-49 5_49 5·0 5-49 
Ketres 2M.l 208.1 208.1 21l.2 213.2 213.2 213 . 2 213.2 213.2 213.2 213.2 213 . 2 213.2 221 .9 221.9 221 . 11 221.9 221.9 221.9 221.11 221.9 221.9 221.9 238.9 238.9 238.11 238.9 
Poslt'tln , , , , , , , , , , , , , 1 , , 
Wt.i\: 

'''2 49.30 48.66 49.51 49.21 49.62 SO.31 4!UI5 49 .46 50 .01 411.n 411.94 49.50 49 .65 SO." 50.91 51.02 51.00 SO.56 49 .~ 49.42 49,57 49.23 49.48 47 .61 48.31 48.61 41i.12 

"ttl) 32 .25 32.52 32.40 31 .38 31 .31 30 .46 lO.82 31 . 34 30.93 31.29 30.17 31.19 31.20 1l.Sl 31.31 31 .32 31.19 31.51 31.85 31.91 31.5] 32 .01 31.88 32.90 32 .20 32.14 33.39 

fez03 0.21 0.39 0.25 0.53 0.44 0.52 0.51 0. 44 0.22 0.21 0.18 0.20 0.18 0.28 0.32 0.38 0.30 0.39 0.13 0.11 0.15 0.11 0.17 0.11 0.25 0. 25 0.17 
e.o 15.4& 15.&7 15.87 15.22 15.05 14.26 14.H 15.18 14.10 15 . 35 14.82 15.16 15.15 15.27 14.68 H . 38 14.31 14.11 15 . 76 15.81 15. &9 15.68 15.81 16.63 15. CHi 15.87 17.48 

",0 2.14 2.11 2.65 3.01 3.18 3.61 3. 33 2." 3.38 3.06 3.21 3.06 3.14 2.94 3.29 3. 39 3.31 2.99 2.68 2.58 2.68 2.53 2.63 2.14 2.46 2.68 L66 

',0 0.01 0.01 0.02 0. 01 0.00 0.00 0.02 0.02 0.02 0.02 0.03 0. 02 0.01 0.01 0.03 0.02 0.02 0.03 0.01 0.00 0.01 0.01 0.01 0. 01 0.01 0.02 0.00 
TotaL 100.02 100 . 16 100.68 99.43 99.61 99.23 99.17 99.43 99.27 99.35 99.01 99. 12 99.34 100.10 100.61 100.51 100.13 l00.HL 100.01 99.89 99.62 99.83 ".98 99.46 99 .25 99.56 99.42 

Cations (based on 32 o.ot)gens) : 

" 9.0092 8.9329 8.9953 .. - 9.1125 9.2695 9.1751 .. "" 9. 1992 9.0992 9.2096 9. 1262 9.1348 9.U1J 9.2271 9.2501 9.2130 9. 1915 9.0661 9.0413 9.0931 9.0149 9.0491 8.1831 8.9259 8.9441 8.~ 32 

" 6.!}451 7.0018 6.93H 6.8116 6.7162 6.6051 6.6969 6.7955 6.7049 6.7902 6. 6878 6.1181 6.7653 6.7119 6.7022 6.6920 6.6841 6. 7559 6.8565 6.8931 6.8168 6.9224 6.8709 1.1526 1.0032 6.910<4 7.2795 
f. 0.0329 0.0485 0.0304 0. 0667 0.0549 0.0643 0.0631 0.0553 0.0217 0.0262 0.0220 0.0245 0.0223 0.0}44 0.0392 0.0461 0.0314 0.0483 0.01&0 0.0142 0.0190 0.0137 0.0206 0.0210 0.0318 0.0314 0.0216 

e. 3.0279 3.0690 3.0896 3.0031 2.9611 2.8121 2.9114 2.9917 2.8912 3.0282 2.9285 2.9!}45 2.9871 2.9841 2.8511 2.7939 2.1869 2.8611 3.0835 3.0988 3.0831 3.1161 3.0915 3.2819 3.15S6 3.1290 3.4&40 

" 0.9692 0.9SS9 0.!B21 1. 0958 1.1335 1.2885 1.1910 1.0625 1.2057 1.0919 1.1687 1.0!}46 1.1206 1.0402 1.1569 1.1930 1.165& 1.0552 0.9500 0. 9H9 0.9511 0.8983 0.9317 0.7670 0.8789 0. 9542 0.5959 , 0.0025 0.0024 0.0044 0.0030 0._ 0._ 0.0053 0.0055 0.0054 0.0055 0."" 0.0041 0.0031 0.0025 0.0061 0.0045 0.0040 0.0076 0.0012 0._ 0.0023 0.0017 0.0027 0.0015 0. 0013 0.0036 0."" 
Toul 19 .9814 20.019& 19.9891 20.0455 20.0391 20.0405 20.0430 20.0095 20.0401 20.0412 20.0232 20 .0219 20.0333 19.9775 19.9831 19.979& 19.9511 19.9317 19.9733 19.9630 19.9660 19.961l 19.9124 20.0137 19.9967 20. 0333 20.00012 

'" 75.75 76.19 76.82 ]3.27 72.32 68.58 70.91 73.19 10.51 13.50 71 .41 73.23 12.12 14.16 71 . 11 70.08 10.51 73.10 76.45 11.20 16.U 77.62 7&.88 81 .09 78.22 76.63 85.31 

n 
W 
-0 

Salq)le 5·49 5· 49 5·49 5·49 5·49 5·49 5·52 ~·52 5·52 ' · 52 5·52 5~52 5·52 '·52 5.52 S·52 ,." 5-54 ,." '·54 '·54 ,." '·54 ,." ,." ' ·54 5-56 
llet~, 238.9 238 .9 238.9 238.9 238.9 238 .9 252 .2 252.2 252.2 252 .2 252.2 252.2 252.2 252.2 252 .2 252.2 261.4 2&1.4 261 .4 2&1.4 261.4 261.4 261.4 261 .4 261 .4 261.4 270.2 
PositIon , , , , , , , , , , , , , , , , , 
Wt.t 
5102 41.08 49 .43 48.62 49.26 48 .86 SO.08 53.00 52 .70 51.55 51.95 51 .61 53.07 53.18 54 .41 51.38 53.37 52 . 19 52 .47 52.&8 51.62 52 .lO 51.40 51.91 52.11 52.11 52.33 50.83 

"'z03 ]1.25 32.21 32 .04 31.71 31 . 93 31.11 29.46 29.97 lO.36 lO. lO 30. 55 29 .43 29.41 28.~ 30.52 29.39 30 .10 30. 31 30.47 31.11 30 .82 30.94 30. 73 30.&3 30.&0 30 . 39 31 .60 

Ftz°3 0.17 0.48 0.50 0.« 0. 40 0.36 0.28 0.]0 0.36 0.23 0.25 0. 32 0.44 0.73 0. 42 0. 53 0.47 0.46 0.34 0.28 0.31 0.28 0.25 0.24 0.19 0.13 0.29 
COO 17.16 15.51 15.91 15. 54 15 . 74 14.91 12.78 13.04 13.91 13.80 13.94 12.&0 12.78 11.73 14.11 12.74 13.43 1l.7S !l.51 14.59 14.08 14.43 14 . 21 1l.98 14.20 13.78 14.80 

",0 1.80 2.68 2 .60 2."' 2.81 ].29 4.10 4.05 3.00 3.10- 3.00 '.32 '.09 4.87 , ... 4.14 3.12 3.79 3.16 3.36 3.56 3.25 3.52 3.61 3.45 3.75 3. 15 

'20 0.00 0.01 0.03 0.00 0.01 0.01 0.04 0.03 0.03 0.05 0.02 0.04 0.04 0.03 0.02 0.04 0.04 0.0] 0.04 0.03 0.04 0.04 0.04 0.03 0.04 0 .06 0.01 
Total 99.4& 100.31 99.70 99.76 99.73 99.75 99.66 100.08 ".88 100. 02 9!1.98 99.78 100.00 100.40 100.10 100.20 " ... 100.81 100.80 100.99 101.11 100.]] 100.71 100.60 100.62 100.45 100.68 

c.tlons (based on ]2 o~Y9tns): 
9.3874 9.6380 9.6362 

" 8.6960 9. 0126 8. 9429 9.0394 8.9775 9.1737 9.6334 .. "'" 9.3933 9.4400 .. - 9.3522 9.6533 9.4841 9.4642 9.4853 9.3095 9.4048 9. 3246 ...... 9.4153 9.4176 9.4634 9 .2031 

" 7.2385 6.9211 6 .9463 6.8577 6.9146 &.1172 6.3116 6.4009 5.5194 &.4888 6.5500 6 .2989 6.2943 6.0853 6.5469 6.2651 6.44 70 6.4430 6.4664 6.6110 6. 5306 6. &143 6.5407 6.5229 6. 5148 6 .4713 &.1432 

" 0.0218 0.0592 0.0618 0 .0542 0.0492 0.0448 0.0346 0.0]6] 0.0448 0.0287 0.0313 0.0391 0.05]9 0.0891 0.0511 0.0649 0.0577 0.0566 0.0414 0.0341 0.0380 0.0342 0.03OB 0.0291 0.0234 0 .01&1 0.0361 

" 3.39SS 3.0]01 3.1361 ] . 0559 3.0982 2.9256 2.4~ 2.S311 2.1213 2.6870 2.7158 2.4521 2.4811 2.2&52 2.1523 2.4683 2.6146 2.&563 2.60&1 2.8187 2.7125 2.8(13& 2.749] 2.7057 2.748ti 2.668'1 2.8707 
No 0.6427 0.9463 0.9254 0.9941 1.0001 1.1666 1.4428 1.4230 1.2117 1.3033 1.2697 1.5211 1.4381 1.7010 1.28SS 1.4501 1.3091 1.3235 1.3131 1.1753 1.2400 1.1410 1.2321 1.2642 1.2071 1.3154 1.1067 , 0.0005 0.0015 0.0063 0.0010 0.0018 0.0018 0.0082 0.0061 0.0014 0.0105 0.0051 0.0084 0.0092 0._ 0.0054 0.0101 0.0082 0.0080 0.0100 0.0063 0.0099 0.0081 0.0091 0.0074 0.0102 0 .0130 0.001& 
Total 19.9954 19.9110 20.0188 20.0023 20.0419 20.0295 19.9190 19.!}412 19.9641 19.9582 19.9593 19.9577 19.9134 19.9S67 19.!ml 19.9118 19.9219 19.951 7 19.9223 19 .9515 19.9359 19. 92SS 19.9484 19. 9«5 19.9223 19.9542 19.9614 

'" ".08 76.20 71.22 75.45 15 . 59 71.49 63.30 64.02 68.20 67 .34 68.14 &1.12 &3.31 5l.11 68.1& 62.99 66.63 66 .14 &6.50 10.51 68.6] 11.07 &9.05 68.1& 69.41 66.98 12 .18 



MICROPROBE DATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGl chromiti te. 
c ~ cumulus and intercumulus grains. 

~ inclusions within cumulus orthopyroxene. 
,.,.,, S-56 S-56 S-56 5·56 5-56 S-56 5-56 S-56 S-56 s-sa s-sa s-sa s_sa s-sa s_" S-" S-" S-" S-" 5-59 5-5\1 5-59 5_59 5-59 S-" 5-59 5-59 
llet res 210.2 210.2 210. 2 210.2 270.2 210.2 210.2 270. 2 270.2 219.7 219.1 2:19.7 2711 .7 219 .7 219.7 21!U 219.7 219.1 279.7 286.4 286.4 286.4 286.4 286.4 286 •• 286.4 2:86.4 
PosItion I I I I I I I I I I 
lit.' 

"~ 51.43 SO.S4 SO." 51.32 51 . 45 50 .80 50.10 SO.81 SO . 10 54.16 54.18 53.91 5].59 51.89 53,90 5].11 5].19 53.40 5].30 51.00 50.99 5],]9 50.99 51.00 51.14 53.37 53.49 

" l 
]1.46 31.04 ) 1. 04 31.1. 3(1.41 ]0.84 30 .93 31.16 30. 112 211.29 29.66 211 .6] 30,03 30 .69 29.1] 29.96 29.98 30.08 211 .11 ]0.63 30.40 28.99 ]0 .39 3O.6J 30.4. 29.30 29.09 

rezOJ 0.26 0.18 0.18 D.ll 0 .38 0.]2 0.3] O. U o.~o 0.27 0.29 0.21 0.26 0.23 0.~0 o.~~ O.~O 0.~3 0.36 0.21 0,16 0.28 0.17 0.23 0.11 0.38 0.~7 
e.o 14.13 H. 49 14.~9 14.55 1~.23 1~ .19 1~.81 14.72 14.71 12.02 11.93 12.21 12 . 48 13.71 12 .09 12.25 12.32 12.53 12.35 14.34 14 .08 12.47 1~.10 14.34 14.26 12.22 12.03 

"t' 3.31 3.29 1.29 3.40 l.J< 3.07 3.09 3.24 3.26 ~.63 4.51 4.42 4. 34 3.63 4.40 4.40 4.23 ~.IS 4.33 l .38 3.74 4.60 1.13 l . 38 3.69 4.59 4.59 

't' 0.01 O.Ot 0.01 0.00 0,01 0.01 0.02 0.02 0.02 0.04 0,04 0.03 0.04 0.03 0.03 0.0] 0.02 0.03 0,03 0.02 0.02 0.03 0.02 0.02 0 .03 0.01 0.02 
Tola l 101.20 99.55 99.55 100.65 99.89 99.M 99 .93 100.36 100.01 100.40 100.63 100.46 100.14 100.39 100.56 100. 79 100.75 100.62 100,13 99.60 99,19 99.16 99.41 " .60 99.13 99.89 99.71 

CatIons (based on 32 o.lyqens); 

" 9.2598 9.2487 9.2481 9.2884 9.3727 9.2744 9.2526 9.2356 9.2498 9.7493 9.7254 9.6995 9.6261 9.3889 9.6901 9.603 9,6535 9.6010 9.6343 9.1239 9.3450 9.6968 9.3438 9.3239 9.3434 9.61H 9.7120 

" 6.6750 6.6952 6.69S2 6.6423 6.5425 6.6358 6.6522 6.6762 6. 6488 6.2140 6. 2734 6.2830 6.3581 6.5867 6.2986 6.3397 6.3415 6.3710 6.3418 6.5991 5."" 6.2012 6.5643 6.5991 6.5553 6.2606 6.2255 

" 0.0311 0.0224 0.0124 0.0283 0.G473 0.0392 0.0404 0.0500 0.G493 0.0334 0.0358 0.0250 0.0321 0.0258 0.0485 0.0536 0 ..... 0.0529 0.0«3 0.0288 0.0195 0. 0341 0.0215 0.0258 0.0212 0.0469 0.0583 

" 2.11420 2.11404 2 ..... 2.8212 2.1783 2.8932 2.9012 2.8662 2.8748 2.3188 2.293-4 2.3652 2.4023 2.6585 2.3266 2.3554 2.3693 2.H46 2.3910 2 ..... 2.7651 2 . ~261 2.7681 2.8094 2.7911 2.3740 2.3401 .. 1.1536 1.1686 1.1686 1.1911 1.1801 l.0879 l.0931 l.1411 1. 1513 1.6150 1.5746 1.5404 1. 5101 1.2713 1.5339 1.5300 1.~723 1.4460 1.5160 1.1975 1.3293 1.6201 1.3258 1.1975 1.3083 1.6142 1.6150 , 0.0030 0.0029 0.0029 0.0010 0.0033 0.0034 0.0G42 0.0055 0.0056 0.0082 0.0094 0.0073 0.0103 0.0078 0.0070 0.0065 0.00040 0.0013 0.0061 0.0041 0.0041 0.0014 0."'" 0.0041 0.0060 0.0070 0.0053 
Totll 19.9651 11I.978J 19.9183 19.9124 19.9242 19.9338 111.9498 19.9146 19.9196 19.9386 19.9120 19.9203 19.9389 19.~39 19.9068 19.9284 19.8895 19.9041 19.9340 19.9633 20.0290 19.9943 20.(ll9O 19.9633 20.0254 19.9797 19.9563 

" 11.13 10.85 70.85 10.31 10.19 12.61 12 .67 11.S2 71.40 sa.95 59 .29 50." 61.~0 61 .62 60.29 60.62 61 .61 62.55 61.20 70.11 67.53 59.97 67.62 70.11 56." 59.53 59.17 

n 
-'" a 

Saqlle 5-59 5·59 5-62d 5-62d S-62d 5.62d 5_66 S_56 5. 66 5- &6 5·66 5-66 5·66 5-66 5-66 5-58 S-58 S-58 S-58 S-58 5-58 5-58 .. 58 S-58 5_58 5-11 5·11 
~tre1 286.4 286.4 296.0 296 .0 296.0 296.0 301.9 307.9 307.9 307.9 J07.9 307 . 9 307.9 307.9 307.9 310. 2 310.2 310.2 310.2 310.2 310.2 310.2 310.2 310. 2 310.2 325 .0 325.0 
'MUlon I I I I I I , I I I I I 
Wt,% 

"0, 53.61 53.01 49. 38 49.54 49.68 49.55 49.84 SO .03 SO. 11 48. 38 49.78 SO .51 49.94 SO.07 49.92 49.10 49.65 49.65 49.13 49.69 49.88 48.76 49.09 49.13 48.89 49.51 49.07 
A1z03 29.26 29.01 32 . 19 32.29 32 .08 32,15 ]1.44 31.4] 30.9] l2.12 ]I.~O 30 .97 ]1.~8 31.25 ]1.61 32.15 11.84 31.85 31.18 31.99 31.~3 32.46 32.19 31.95 31.83 ]1.61 31.90 
Fi!ZO] 0.33 O.U 0.16 0.16 0.19 0.14 0.48 0. 38 0.16 0. 59 0.27 0.25 0. 38 0. 29 0. 22 0. 25 0.29 0.26 0.24 0.20 0.31 0." 0.47 0.45 '.SO 0.24 0.31 

'" 12.27 12.33 15.63 15.55 15.69 15 .42 14.65 1~.71 13.98 15.48 14.59 13.88 14.64 14.13 14.71 15.11 15.46 15.46 15.66 15.52 15.03 16.02 15.89 15.83 15.114 15 .67 16.03 

"t' 4.59 4.63 2.81 2.82 2.80 2.81 3.07 3.07 3.36 2.42 2.95 3.30 2.92 l.OO 2.95 2.65 2.64 2.63 2.65 2.13 2.71 2.40 2.46 2. " 2. 51 2.69 2.55 
,,0 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0. 02 0.02 0,01 0.02 0.02 0. 01 0.02 0.01 0.02 0.00 0.0] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 
Toul 100. 09 99.52 100.39 100.37 100 .46 100.09 99.49 ".54 99.16 99.20 99.01 98.95 99.37 98 .96 9\1,42 99.87 99.88 " ... 100.01 100.15 99.48 100. 18 100.11 99.95 " ... 99.14 99.81 

Cit Ions (based on 32 o_ygens): 

" 9.6919 9.6708 9.0021 9.0216 9.0425 9.0437 9.1438 9.161S 9.2195 8.9264 9.1627 9.2831 9.1613 9.2111 9.1508 8.9939 9.0191 9.0791 ...... 9.0642 9.1480 8.9196 8.9769 ...... 3.992'2 9.0766 8.9985 

" 6.2388 6.2]05 6.9162 6.9291 6.8825 6.9148 6.7973 6.7825 6.7068 7.0280 6.8127 6.1086 6.8055 6. 7745 6.828-4 6.9398 6.8605 6.8640 6.8403 6.8718 6.7923 6.9914 6.9384 6.8984 6.9009 6.8295 6.8943 

" 0.G408 0.0564 0.0203 0.0)91 0.0230 0.0171 0.0600 0.0470 0.0947 0.0743 0.0334 0.0312 0.047] 0.0358 0.0274 0.0309 0.0364 0.0318 0.0298 0.0244 0.0459 0.1)663 0.0581 0.0563 0.0628 0.030] 0.0388 

" 2.3186 2.4070 3.0915 3.0340 3.0600 3.0151 2.8792 2.8856 2.1566 3.0593 2.8781 2.7333 2.8117 2.8251 2.8899 3.0640 3.0288 3.0295 3.0632 3.0333 2.9541 3. 1392 1.1112 ].1014 3. 1215 3 .0185 3.1492 .. 1.6018 1.6]62 0.9921 0.!}945 0.9818 0.99]3 1.0914 1.0903 1.1985 0.8663 1.0512 1.1759 1.0378 1.0106 1.0471 0.9399 0.9340 0.9301 0.9382 0.9667 0.9114 1 0.8503 0.8m 0.9158 0.8955 0.9545 0.90U , 0.0G46 0.0051 0.00040 0.0029 0. 0057 0.0041 0.0030 0.0G42 0.0058 0.0026 0.0035 0.0058 0.0028 0.0D41 0.0025 0.0044 0.0010 0.006-4 0.0034 0.0030 0.0012 0.0019 0.0034 0.0031 0.0016 0.0027 0.0035 
TOlil 19.9685 20.0061 20.0213 20.002~ 20 .0015 19.9886 19.9741 19.9711 19.9819 19.9569 19.9416 19.9379 19.9325 19.9211 19.9461 19.9929 19.9]99 19.9416 19.9553 19.9695 19.9256 19 .9741 19.9628 19.9815 19.9746 19.9721 19.9892 

,. 59.61 59. 53 75.69 15 .31 15.60 15.22 72,51 n." 69.10 17.93 13.25 69.92 73.50 72 . S2 13.40 16.64 76.43 76.50 76.55 15.83 75.01 18.69 18.11 71.24 17 .11 16. 33 77.68 



MICROPROBE DATA TABLE C20: Composition of plagioclase in the UGI Footwall and MG3 Units - all S samples. 
Metres given below base of UGI chromitite. 
C m cumulus and intercumulus grains. 

- inclusions within cumulus orthopyroxene. .... ,. 5-71 5-71 5-11 s-n 5-11 5-11 5-11 S-l8b S-l8b S-78b S-78b 5-7& $-81 ,-8, 5-BI '-8, 5-81 
~trn 325.0 325.0 325.0 325.0 325.0 325.0 325.0 340.7 340.7 340.1 340. 7 340.1 344.9 344 .9 l44.' 344.9 344.9 
Pos t t Ion < , , , , , < < 
IIt.% 

'IO! 48.15 49.38 49. 12 49.47 48.24 49 . 38 49.42 49.34 49.26 49.30 50.04 49.12 49.62 49 . 27 49.05 49.78 50.21 
AIZ 1 32.10 31.54 31.68 31.21 32.34 31.91 31.75 31.89 l2.08 31.96 31.11 31.76 32.25 32.42 32.11 3l.79 J1.H 
Fe~Ol 0.Z8 0.11 0.40 0.45 0.61 0." O.l2 0.39 0.36 0,39 0.45 0.47 0.25 0.24 0.27 0.30 0. 16 
C. 16.29 15.39 15.17 15.21 16.10 15.53 15.58 15.98 15.66 15.18 15.26 15.11 16 .08 15.8] 15.99 15.45 14 . 98 

"'20 2.40 2. 90 2.63 2.87 2.34 2.17 2.14 2.59 2.52 2.53 2.91 2.60 2.51 2.52 2.55 2.15 3.09 

'20 0.02 0. 03 0.01 0.02 0.01 0.01 0.00 0.01 0.02 0.00 0.00 0.01 0. 01 0.01 0.01 0.01 0. 01 
Totll 99.24 99.55 ".60 99.22 " .M 100.01 99.81 100.20 ".M 951.91 " .84 99.61 loo.n 100.30 100.00 100.09 ".M n ..,. 
t.tlonl (bned on 32 Oll)gf:ns): ..... 
S! 8.9005 9.0732 9.0294 9.1165 8.8826 9.0302 9.0S49 9.0185 9.0167 9.0213 9.1591 9.0220 9.0125 8 .9833 8.9815 9.0863 9.1713 

" 6.9922 6."" 6.11619 6.7783 7.0m 6.8766 6.8566 6.8681 6.9202 6.8937 6.7248 6.8748 6.9040 6.9670 fi.IJZ99 6.8403 6.1658 

" 0.0352 0.0380 0.0494 0.0559 0.0759 0.0599 0.0400 0.0485 0.04~0 0.0488 0.0558 0.0581 0.0310 0.0295 0.0337 0.0372 0. 0199 
C. 3.USO 3.0302 3.1055 3.0021 3. 1769 3.0434 3.0583 3. 1294 3.0716 3. 0945 2.9931 3.0911 3.1303 3.0924 3.1371 3. 0225 2.9308 .. 0.8609 1.0340 0.9357 1.0236 0.8352 0.9816 0.9731 0.9157 0.8937 0.8970 1.0336 0.9265 0.8823 0.B89~ 0.9058 0.9746 1.0941 , 0.0048 0.0066 0.0016 0. 0037 0.0014 0.0013 0.0011 0.0016 0.0036 0.0011 0.0007 0.0035 0.0021 0.0032 0.0035 0.0029 0.0025 
loul 20.0186 20.0127 19.9836 19.9&00 19.9892 19.95130 19.9639 19.!;/I19 19.9499 19.9565 19 . 9678 19.9766 19.9622 19.9648 19.9914 19.9637 19.!I642 

'" 78.93 7~.56 76.85 14 . 51 79.18 75.61 15.86 77 . 36 71 . 46 77 .53 14.34 16.94 78.01 71.66 11.59 15.62 72.82 



MICROPROBE DATA TABLE C21: Composition of plagioclase in the Bastard Unit - profile LEF. 
Metres given above base of Unit. 

.... 1. 11979.91 H979.91 11979.91 H979.91 11964.~8 11984.48 119804.48 11984.(8 11984.48 11992.8 11992 .8 11992.8 11992.8 11992.8 H995.5 H995 .5 H995.5 11995.5 H9'S . 5 11995.66 H995.66 11995.66 11995.66 11995.66 11997.11 11997.11 11997.11 
Metres 18.29 18.29 18.29 18.29 n.12 13.12 13.12 ll. 12 13.12 5.40 5.40 5.40 5.40 5.40 2.10 2.10 2. 70 2.70 2.70 2.50 2.50 2.50 2.50 2.50 1.09 1.09 1.09 
Post It Ion 
1It.1I' 

"0, 49.51 49.12 49.06 ..... 49.75 49.00 49.48 49 .62 49.15 49.86 49.25 49.23 49.21 49.82 49.27 49.01 48.99 48.60 48.81 49.38 49.73 4!Ui5 4\1.22 49.23 49.29 49.81 49.10 
A1zOl 31.119 31.95 31.91 12.10 32.07 32.26 32.73 32,(19 32.116 32.22 32.38 32." 32.11 32.30 31.18 32.06 32.23 JZ.se J2.~ 32.23 32.03 31.64 32.29 32.00 32.98 32.41 1l.46 

fleZD3 0.34 0.33 0.44 0.34 0.41 0.38 0.39 0.17 0.45 0.33 0.35 0.33 0.32 0.33 Mil 0.31 0.41 0.37 0.38 0. 59 0.49 0.49 0." 0.57 0.31 0.36 0.28 
C .. 15.93 15.85 15.13 15.99 15.84 15 .98 16.13 15.17 16.40 15.Sot 15.88 15.83 15.45 15.19 15.53 16.03 15.10 16.13 16.00 15.91 15.36 15.61 16.12 15.80 16.20 15.10 15.70 
/liZO 2." 2.61 2.65 2.59 2.61 2.62 2.47 2.74 2. 40 2.65 2.58 2.55 2.11 2.72 2.81 2.62 2." 2.50 2.53 2.58 2.82 2.62 2.49 2.63 2.46 2.67 2.11 

',0 0.18 0.16 0.14 0.14 0.14 0.12 0.10 0.12 0.12 0. 13 0.12 0.12 0.13 O.ll 0.20 0.13 0.10 0.11 0.09 0.12 0.16 0.11 0.14 0.15 0.10 0.15 0.13 
Toul 100.60 100.68 99.93 " .82 100.82 100.34 101.29 100.72 101.38 100.13 100.55 100.60 99 .99 101.09 100.20 100 .23 10o.t1 100.21 100.21 100.86 100.59 100.23 100.19 100.37 101.40 101.09 101.03 

CatIons (based on 32 Ol(ygens): 

" 9.0185 9.0429 8.9971 8.941 5 9.0353 8.9525 8.9483 9.0234 8.8944 9.0485 8.9104 8. 9592 9.0141 9.0209 9.0180 8.9671 8.9655 8.8910 8.9385 8.9768 9.0481 9.0101 8.9568 8.9929 8.9017 9.0157 9.1)1)31 

" 6.8611 6.8492 6.8965 6.9511 6.8636 6.9471 6.9155 6.8711 1.0092 6.8923 6.9519 6.9803 6.9250 6.8933 6.8560 6.9151 6.9509 7.0116 6.9716 6.9061 ...... 6.8111 6.9252 6.8889 7.0250 6.9145 6.9299 
f. 0.0418 0.0405 0.0552 0.0424 0.0504 0.0461 0.0412 0.0456 0.0549 0.0411 0.0427 0.0402 0.0394 0.041)5 0.0153 0.0460 0.0510 0.0455 0.0411 0.0721 0.0606 0.0610 0.0667 0.0107 0.0455 0 .0445 0.0339 
c.. 3.1093 3.a895 3.0905 3.1488 3.0826 3.1276 3.1252 3.0131 3.1807 3.0214 3.0993 '.0866 3.0281 3.0639 3.0454 3.1435 3.0782 3.1543 3. 1362 3.m5 2.9943 3.0665 3.1439 3.0928 3.1366 3.0454 3.0476 

" 0.9388 0.9428 0.9425 0.9226 0.9186 0.9268 0.8651 0.9641 0.8406 0.9337 0.9095 0.9000 0.9623 0.9559 0.9970 0.9215 0.9513 0._ 0.8959 0.9019 0.9941 0.9287 0.8779 0.9298 0.8619 0.9351 0.9121 , 0.0415 0.0316 0.0329 0.0318 0.Oll8 0.0269 0.0221 0.0281 0.0278 0.0295 0.0261 0.0286 0.0293 0.0311 0.0458 0.0314 0.0244 0.0253 0.0211 0.0273 0.0318 0.0399 0.0314 O.Olo43 0. 0228 0.0342 0.0290 
Toul 20.0172 20.0025 20.0141 20.0361 19.9833 20.0215 19.9846 20 .0114 20.0077 19.9664 20.0004 19.9949 19.9989 20.0051 20.0)11 20.0312 20.0213 20.0305 20.0110 20.0011 20.00~ 19.9179 20.0019 20.009) 19.9995 19 .9894 20.0156 

" 76.81 16.62 76.63 77.~ 11.04 11.14 18 .31 76.12 79.10 76 . 39 77.31 11.4~ 75.88 76.22 75.34 71.22 76.39 78.11 11.78 11.41 75.08 16.75 18.11 16.89 lB.45 76.51 15.82 
n .., 
N 

Sl.qlle 11991.11 11991.11 HGG1.26 H997.26 119!H.26 11991.26 11997.26 H997.95 11997.95 11997.95 11997 .95 H991 .95 11998.1 "".1 11998.1 11998.1 11998.1 11998.1 11998.1 11998.1 11998.1 11998.1 "".1 H998.1 11998.1 11998.1 11998.1 
lletru 1.09 1.09 0." 0." 0." 0." 0." 0.25 0.25 0.25 0.25 0.25 0.10 0.10 0.10 0.10 0.10 0.01 0.01 0.01 0.01 0.01 -0.01 -0.01 -0.01 -0.01 -0.01 
Postttton t t t t t , 
lit.' (tOea above be5l! contact· t) (At bawl contact - c) 

"0, 48.91 49 .37 48.59 48.01 41.01 48.57 48 .03 48.74 49.34 49.24 49.42 49.10 50.44 50.20 49.82 49.17 49.11 48.35 48.41 48.13 49.36 48.97 41.19 47.21 48.41 41.33 47.92 
1.1 20) 32.0 ll.36 32.06 32.19 32 .69 32.30 32 .32 32.15 32. 39 32.67 32.12 32.67 31.94 31.55 31.59 31.48 31.35 31-66 31.90 31.81 32.02 32.39 33.36 33.42 32.62 33.15 31.85 
Fe203 0." 0.41 0.43 0.42 0.40 0.43 0.42 0.44 0.36 0.38 0.47 0.40 0.29 0.27 1).30 0.28 0.21 0.50 0.48 0.48 0.55 0.50 0.38 0.41 0.32 0.26 0." 
"0 16.21 15.93 16.18 16.19 16.85 15.&4 16.09 16.41 15.83 16.31 lIi.24 16.11 15.08 14.89 14.91 14.64 H.73 15.96 15.91 16.09 15.89 16.36 11. 31 11.14 16.52 11.12 16.15 

"'20 2.50 2.57 2.44 2.36 2.21 2.42 2." 2.35 2.61 2.35 2.44 2.42 2." 2.95 2.77 2." 2.96 2.55 2.55 2.53 2.62 2.43 1.15 1.87 2.40 2.03 2.41 
'2' 0.14 0.12 0.13 O.ll 0 .09 0.14 0.11 0.13 0.14 0.14 0.13 0.22 0.22 0.20 0.18 0.20 0. 18 0.15 0.16 0.13 0.14 0.13 a.05 0.08 0. 05 0.03 0.12 
Total too.56 100 . 16 99.83 99.34 99.25 ..... 99.50 100.81 100.67 101.09 101.41 100.93 100.86 100.06 99 .62 99.20 99.13 99.18 99.53 ... " 100.59 100.16 100 . 10 100.24 100.38 GG.91 98.81 

tltlons (based on 32 Ol(ygens): 
51 8.9224 8.9763 8.9ll6 8.8824 8.7226 8.9286 8.8644 B.8738 8.9168 8.9294 8.9348 8.9214 9.1324 9.1590 9.1294 9.1509 9.1511 8.9S01 8.9394 8.9579 8.9969 8.9211 8.6142 8.6110 8.8631 8 .7114 8.9003 

" 6.97lfi 6.9342 6.9451 7.0091 1.1480 .. -7.0301 1.0268 6.9451 6 .9825 6.9110 .. - 6.8156 6.7835 6.8223 6.8228 6.8030 6.9011 6.9331 6.9060 6.8197 6.9533 7.2271 1.2311 1.0305 1.1913 6.9125 

" 0.0450 0.0500 0.0538 0.0531 0.0500 0.0531 0.0520 0.05041 0.0444 0. 00465 0.0519 0.0498 0.0358 0.0332 0.0368 0.0348 0.0262 0.06l1 0.0593 0.0595 0.0685 0.0617 0.0472 0.0518 0.0396 0.0326 0.0458 
C. 3.1692 3.1033 3.1858 3.2049 3.~93 3.1193 3.1821 3.2015 3.0853 3. 1680 3.1453 3.1370 2.9257 2.9110 2.9392 2.8843 2.9041 3.1687 3.1568 3.1101 3.1043 3.1927 3.4210 3.3106 3.2370 3.3165 3.2133 

"' 0.8824 0.9014 0.8699 0.8464 0.7960 0.8611 0.9041 0.8301 0.9205 0.8269 0.8538 0.8521 1.0146 1.0439 0.9842 1.0085 1.0561 0.9150 0.9123 O.OOOS 0.9266 0.8564 0.6240 0.6&45 0 .8517 0 . 1229 0.8896 
0.0335 0.0281 0.0314 0.0256 a.0212 0.0318 0.0251 0.0291 0.0332 0.0326 0.0291 0.0499 0.0502 0.0476 0.0427 0.0466 0.0419 0.03S4 0.0375 0.0309 0.0326 0.0291 0.0126 0.0194 0.0115 0 .0067 0.0273 

Total 20.0261 19.9993 20.0186 20.0222 20.0810 19.9922 20.0591 20.01S4 20.0053 19.9859 19.9925 20.0065 19.9742 19.9184 19.9546 19.9479 19.9836 20.0396 20.0390 20.1)252 20.0086 20.014] 20.0066 20.021)5 20.1)334 20.0415 20.11491 

" 78.22 71.38 18.55 19.11 80.80 18.31 71.86 79.41 11.02 79.30 18.65 18.54 14 .25 73.60 74.91 14.09 73.ll 17.59 71.58 11.87 17.01 78.85 84.51 83.53 19.17 82.31 18.31 



MICROPROBE DATA TABLE C22: Composition of plagioclase in the Bastard Unit - profile ItP~ (from Kruger, 1982). 
Metres given above base of Unit. 

.... ,. 8-10 8-13 8-13 8-11 8-13 B-ll B_ll B-ll 8-13 B-IS 8_15 8-15 B-15 8-IS 8-15 8-1 5 8-15 8-19 8-1 9 8-19 8- 19 8-19 8-19 8-19 B-19 8-20 B-20 
Metres 10.4 Il.l 11.2 11.2 11.2 11.2 11.2 11.2 11.2 12.1 12.1 12.1 12.1 12.7 12.7 12.1 12.7 15.0 15.0 15 .0 15.0 15.0 15.0 15. 0 15.0 IB.6 18.6 
Wt.1f 
SIDl 49.51 48.76 48.14 49 . 52 49.32 48.92 48.32 48.74 ..... 49.51 48.94 48.93 48.46 48.29 4B.H 48.1l8 48.54 50.91 49.59 48.82 50.12 49 .08 41.41 49.85 50.09 50 .56 49.97 
A1ZO) 32 . 1(1 32.17 32.43 31.69 32.20 32.15 32 . 41 ]2.56 32.01 31.72 32 .05 31.84 31.85 12.36 31.95 32.37 32.50 30.59 31.13 32.30 11 . 33 JZ.0-4 32.95 ]1.36 31.42 31.96 32.0] 
h 2O) D.38 0,17 0.26 0.46 D." 0.41 0,]3 D." D." O.U 0 .42 0.39 O.~~ 0.43 0.41 0.42 0.31 D. " O.U 0.43 0.36 0.36 0.40 0.32 D." 0.43 0.43 
C.D 15.96 15.54 15.92 1~.99 15 .56 15 .52 15.99 15.19 15.71 15.09 15.11 15.50 15.81 16.00 15.59 16.18 16. 18 13./i3 14.0 15.54 13.93 15.70 1/i.26 14 .n 14.07 14.9/i 15.04 
",0 2. /i7 2.46 2.32 2.Bl 2.55 2.~/i 2.22 '.52 2.46 2.59 2.69 2. 71 2.H 2.31 2.62 2.19 2 . ~0 3.51 2.93 2./i9 3.16 2. 70 2.03 3.14 3.11 2.71 2.55 ", D." 0.13 0.11 0 .19 0.1/i 0. 14 0.14 0. 15 0.11 0.13 0.13 0.13 0.14 0.12 0.14 O. ll 0.10 0.16 0.12 '.01 0.20 0.20 0. 10 0.19 0.17 0.18 0.20 
Toul 100 .10 99.43 99.78 99 . /i/i 100 .13 99.60 99.U 100 .10 99.68 99.45 99.9~ 99.50 99.20 99.51 99.13 99.35 100.09 99.2~ 99.21 ".86 99.10 100.08 99.21 99 .58 99.30 100.80 100.22 

C.t10ns (ba.sed on 32 OX)'\Iens): 
51 9.0074 8.9135 8.9401 9.08-46 9.0103 8.9867 8.9045 8.9203 8.9971 9.0909 8.9152 9.0059 8.9567 8.8910 8.9526 8.8158 8.8945 9.3387 9.1l/i4 8.9532 9.2120 .. - 8.7781 9. 1467 9. 1921 9.1496 9.1001 

" 6.8828 6.9116 1.0Il2 6.8518 6.9331 6.9606 7.0391 1.0231 6.9284 ...... 6.9271 6.9068 6.9319 1.0261 6.9622 1 .0428 7.0188 6.6133 6.8147 6.9813 6.7867 6.9157 1.1811 6.1815 6.7960 6.8164 6.8146 
f . 0.0465 0.0451 0.0317 0.0%6 0.0426 0.0511 0.0416 0.0421 0.0428 0.05ll 0.0524 0.0485 0.0556 0.0541 0.0515 0.0528 1).0455 1).0469 0.1)512 0.1)538 0.0443 O.04U 1).1)501 0. (41)0 0.0470 0.0531 0.0534 
C. 3.1110 3.0641 3.1289 2.9464 3.0457 3.1)541 3.1511 3.0962 3.0912 2.9687 3."'" 3.0566 3.1427 3.1584 3.0884 3.2002 3.1766 2.6788 2.8422 3.0534 2.7~32 3.0607 3.2215 2.8938 2.7666 2.9DDO 2.9346 
N. 1).9415 0.8775 0.8249 D • ..., 0.9029 0.8759 0.7929 0.8939 0.8157 0.9218 0.9562 0.9668 0.8741 0.8249 0.9389 0.7836 0.8524 1.2693 1.0440 0.9562 1.1257 0.9584 0.n76 1.1161 1.1276 0.9505 0.9001 , 0.0186 0.0305 0.0257 0.0445 0.0373 0.0328 0.0329 0.0350 0.0398 0.0304 0.0304 0.0305 0.0330 0.0282 0.0330 0.0259 0.0234 0.0374 0.0281 0.0187 0.0469 0.0467 0.0236 0.0445 0.0398 0.0416 0.0465 
total 20.0079 19.9689 19.9631 19.9830 19 .9119 19.9618 19.9681 20. 0113 19.9750 19.9274 20.0283 20.0151 20.0001 19.9892 20.0266 19.9811 20.0112 19.9~5 19.9567 20.0167 19.9588 20.0341 19.9819 20.0231 19 .9696 19.9111 19 .9092 

'" 76.17 77.74 79.14 74.68 77.13 77 . 72 79.93 77.60 77 . 93 76.31 76.35 75.97 78.2~ 7g.29 76.69 SO .33 78.~ 61.85 73.14 76. 15 70.90 16.27 81.SS 72.16 71.04 ]5.32 76.53 n ..,. 
W 

Saqlle 8-20 8· 20 8-20 8-20 8-20 8- 20 8-21 8-21 8-21 B-21 8-21 8-21 8-21 8-21 8-21 8-22 8-22 8-22 8-22 8-22 8-22 8-22 8-22 8- 23 8-23 8_23 8-23 
lletres 18.6 18.6 18.6 18.6 18.6 18. 6 n.2 23 .2 23 .2 23.2 23.2 23.2 n.2 23.2 23.2 27. 7 27.7 27.7 21 . 7 21.7 21.7 27.1 27.7 32.3 12.3 32.3 32.3 
lit.' 

49.31 48.32 48.11 49.06 49.71 
51~ 50.91 51.12 51.15 51.31 52.32 49.28 49 . 12 49.82 48.31 48.17 49.26 47.95 ~8.10 48.39 49.28 49.41 U . 511 49.12 48.99 49.81 49.92 49.96 
AI 3 31.03 1l.!iIO 30.27 31.44 31.03 31.15 31-43 31.11 31.81 31.50 31.26 32.42 32.28 31.45 31.97 32.10 31.76 32.01 31.42 31.55 31.21 31.35 32.00 32.01 31.65 31.80 32.09 
Fe20] 0.59 0.39 0.33 0.39 0.53 0.43 0.38 0.311 0.40 D." 0.41 D." 0.29 D." 0.33 0.31 0.31 0.33 0.37 0.42 D.38 0.30 0.31 0. 36 D.ll 0 . 31 0.37 
e.D 14.36 14 .91 14 .66 14.59 14 .21 16 .08 14.69 14.15 14.96 15.16 14 .79 16.00 15.8-4 14 .65 15.64 15 .50 15.00 15.50 14.58 14.92 14.79 14.42 15.35 15.56 H . 17 14.99 15.21 
KaZO '.88 2.72 2.98 2 . 111 2.71 2.11 2.87 3.16 '.58 ,." 2. 77 2.24 2.36 2.89 2.46 , ... 2.81 2.45 2.117 '.94 2.87 2.82 2.56 2.61 2.91 2.16 2.17 
',D D.50 0.19 0.11 0. 20 0.20 0. 24 0.18 0.21 0.15 0.22 0.24 0.13 0.12 0.17 0.14 0.14 0.15 0.15 0. 18 0.11 0. 21 0.17 0.15 0.15 0.21 0.16 0.16 
ToUl 100.33 101.23 99.56 100.8-4 101.00 119 .89 98.61 98.90 98.21 98.63 98.73 ".DB 98." 98.81 98.86 99.24 99 .09 98.89 99.2] 99. 22 98.81 98.65 99.49 99. 7~ 99.68 99.94 100.62 

C.tlons (based on 32 oll)'\lens): 
8.8114 8.9025 51 9.2731 9.20Z4 9.3609 9.2672 9.4049 9.0590 9.0951 9.1889 8.9939 9.0462 9.1178 9.1117 8.9519 8.9796 9.0499 8.9564 9.1446 '.D8D2 9.1320 9.1622 9.0258 8.9925 9.1243 9.1172 9.0749 

" 6.6534 6.7680 6.5289 6.6924 6.5739 6. 1487 6.8588 6.1751 6.9796 6.8862 6.8193 7.0692 7.0414 6.8-492 6.9805 6.910 6.9048 6.9957 6.8121 6.8514 6.7983 6.8265 6.9300 6.9379 6.8330 6.8449 6.8698 

" 0.0726 0.0474 0.0411 0.0416 0.0649 0.05]9 0.0414 0._ 0.0504 0.04]] 0.0515 0.G432 0.0362 0.0411 0.0418 0.0388 0.0389 0.0418 0.0451 0.0527 0.G4]J 0.0375 0.0387 0.0442 0.0414 •• 0385 0.0451 
C. 2.7991 2.8757 2.8745 2.8233 2.1368 1.1670 2.11143 2.7962 2.9840 3.0128 2.9331 3.1116 3.1411 2.9004 3.1045 3.0615 2.9646 3.0738 2.8731 2.9455 2.9287 2.8545 3.0220 3.0601 2.8988 1_9332 2.9718 
No 1.0156 0.9-490 1.0570 1.0187 0.9442 0 .9656 1.0300 1.1297 0.9310 0.9491 0.9938 0.8033 0.8466 1.0351 0 .8833 0.8861 1.0047 0.8789 1.0590 1.OSOO 1.0281 1.0099 0.9117 0.9286 1.0332 " . 9770 0.9752 , 0.1160 0.0436 0.0397 0.G461 0.0459 0.0563 0.G425 0.049-4 0.0356 0.0521 0.05/i7 0.0301 0.0283 0.0401 0.0331 0.0329 0.0353 0.0]54 0.G422 0.0259 0.0495 0.0401 0.0352 0.0351 0.G491 •• 0373 0.0371 
Total 19.9298 19.8862 19. !iI024 19.8952 19.1701 20.0506 19.9881 19. 9885 19.97~4 19.9897 19.9720 19.9894 19.9962 19.9797 19.9951 19. 9133 19.9982 19.9820 19.9712 20.0056 19.9640 19.9307 1\1.9633 19.9984 19.9791 19_9-482 19.9738 

'" 73.38 15.19 B.lI 73.49 74.35 76.64 73 .89 11 . 23 76 .22 16.04 14.69 79.79 18.77 13.70 71.85 77.55 74.69 17.]6 73.07 n,n 74.02 73.87 16.82 16.72 71.n 15.01 75.29 
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MICROPROBE DATA TABLE C22: Composition of plagioclase in the Bastard Unit - profi1e JlP~ (from Kruger, 1982) , 
Metres given above base of Unit. 

,...,. 8-23 8·23 8-23 8-23 8- 25 8-25 8-25 8-25 8_25 8-25 8-25 8-25 8-26 8-26 B-26 8-26 8-26 B-26 B-26 8-2fi B-28 8-28 8-28 B-28 8-28 B-28 8-28 
Hetres 32.3 32 .3 32 . 3 32.3 41.9 41.9 41.9 41.9 41 .9 41.9 41.9 41.9 46.3 46.3 46.] 46 .3 46.3 46 .3 46,] 46. 3 51.11 51 .1l 51.9 51.9 51 . \1 51.\1 51.9 
"'t.\ 
SIDl 49.29 SO.18 49.53 SO . ]2 49.10 48.48 SO .47 49.31 SO.18 49.85 '49.06 ..... 49.69 49.60 50.25 49.41 SO.!H 48.54 49.01 51.03 49.93 51 .44 5D.H 51 .31 50.32 51.50 SO.91 
AIZO) 32.51 11.63 32.36 31 . 74 32.15 31.88 ]1.26 Jl.!J4 ]1.31) ]}.11 32.25 31.31 31.59 31.61 31 . 04 ]1.62 30.51 32 .32 ]1.68 30." 31.46 30.65 J1.16 30." ]1.55 30.48 30.93 
feZo] 0.32 0.36 0.3 1 0.34 0.30 0.21 0.30 0.31 0.28 0.31 0.34 0.31 0.29 0.40 0.38 0.34 0.40 0.31 0.37 0.34 D.H 0.42 0.40 0.]] 0.38 0.41 0.39 
c.o 15.51 14.64 15.55 14.66 15 .04 15.21 14.]1 15.04 14 .22 14.12 15.41 14.U 14.15 15.00 14.48 15.05 13.81 15 .31 15.29 1].61 14.92 1l.89 14.61 13.93 14 .66 1].60 U.06 
Ma20 2.66 2.94 2.51 2.93 2.71 2.50 3.09 2.60 3.22 3.22 2.SO 3.01 2." 2.85 3.11 2.15 ].40 2.11 0.26 3.55 2." 3.55 3.10 3.44 3.16 3.59 '.34 
'2' 0.13 0.21 0.18 0.18 0.18 0.13 0.24 0.17 0.24 0.19 0.16 0.20 0.12 0.14 0.19 0.14 0. 21 0.09 0.19 0.20 0.22 0.25 0.2] 0.20 0.15 0.]2 0.29 
Totll 100.42 99.!Ui 100.56 100.17 99.48 98.41 99.73 99 . 31 99.44 ".80 99.12 99.42 99.26 99.60 99.45 99.37 99 . 42 99.41) ..... 99.33 99.84 100.20 100 .14 100.17 100.22 99.90 99.98 

Cations (based on 32 ox:tQens): 
51 8.9792 9. 1597 9.0103 9.1614 9.0197 8.9990 9.2261 9.0610 9.2028 9.2004 8.9957 9.1808 9.1314 9.1004 9.2198 9.0943 9.3]74 8.9405 9. 1680 9.3518 9.1387 9.3540 9. 1954 9.3250 9.1666 9.3873 9.29]6 

" 6.9799 6.8046 6.9380 6.8106 ...... 6.9144 6.7348 6.9112 6.7654 6.7670 6.9694 6.1831 6.8419 6.8353 6 .7122 6.8509 6.6002 7.0160 6.9159 6.5962 6.7864 .. - 6.7380 6.6]13 6.7736 6.5479 6.6467 
f. 0.0398 0.0440 0.0452 0.0425 0.0373 0.0335 0.0371 0.0387 0.0345 0.0389 0.0428 0.0387 0.0360 0.0491 0.0469 0.0429 0.0496 0.0457 0.0464 0.0428 0.0537 0.0520 0.0494 0.0410 0.0466 0.0508 0.0480 

" ].0213 2.8632 3.0308 2.8597 2.9602 3.0250 2.8145 2.9611 2.794 1 2.7921 ].0274 2.8365 2.9042 2.9487 2.8465 2.9643 2.122:4 3.0213 3.0607 2.6841 2.9259 2.7062 2.8537 2.7124 2.8611 2.6560 2.7467 .. 0.9392 1.0402 0.9062 1.0339 0.9649 0.8995 1.0948 0.9260 1.1446 1.1519 0.8885 1.0911 1.0044 1.0135 1.1060 0.9799 1.2012 0.9889 0.0942 1.2610 1.0217 1.2512 1.0954 1.2111 1.1157 1.2683 1.1804 , 0.0302 0.0489 0.0418 0.0418 0.0422 0.0308 0.0560 0.0398 0.0561 0.0447 0.0374 0.0468 0.0281 0.0328 0.0445 0.0328 0.0491 0.0211 0.0453 0.0468 0.0514 0.0580 0.0535 0.0464 0.0349 0.0744 0.0675 
Total 19.9956 19 .9605 19.9721 19.9499 19.9&19 19.9621 19.9633 19 . 9439 19.9976 19.9950 19 .9612 19.9116 19.9460 19.9803 19.9159 19.9651 19.9659 20.0336 19.3905 19.9826 19. 9117 19.9902 19.9853 19.9679 19 . 91M6 19.98047 19.9829 

'" 76.32 73.35 76.98 73.45 75.42 11.08 71.99 16 . 18 70.94 10.19 11.31 JZ.21 74.30 14.42 12.02 15 .16 69.28 15 .34 97.02 ..... 74.12 ".38 72.26 69.l2 71.95 67.68 69.94 
n 

"" U1 

""''' 8-28 8-28 8-28 .-30 ' -30 8-30 8_30 8-30 '-30 8-30 '_30 '-30 ' -lO 
lletres 51.9 51.9 51.9 60. 1 60.1 60 .1 60.' 60.1 60.1 60.1 60.1 60.1 60.1 
IIt.\ 

Sl~ 51.45 5<1.16 51.68 49.48 51.02 51.01 51.42 50.84 52.19 5l.tiJ 48.84 51.32 51.40 

" , 30 . 76 31.07 30.54 31.85 30.97 31.41 30.37 31.12 30 .25 30.61 31.75 30.59 30." 
fl!Z03 0. 39 0.42 0.37 0.42 0.39 O.H 0.0 0.36 0.39 0.31 0.38 0.36 0.29 
C.O 13 .85 14 .33 13.50 14.93 14.14 14.44 iJ.38 13 .95 13.16 13.24 14.46 13.62 13.69 .. ,. 3.43 3.17 3.76 2.69 3.18 3.05 3.74 3.27 , ... 3.61 2.90 3.39 ,.« 
'2' 0.18 0.21 0.24 0. 17 0.27 0.21 0.27 0.25 0.24 ' .30 0.21 0.25 0.20 
Totll 100.07 99.96 100 .09 99 .54 99.97 100.59 99.61 99.79 100.09 99.16 ..... 99.53 100.01 

t.tlons (based on J2 G.QVens): 
51 9.3565 9.2S88 9.3912 9. 0786 9.2981 9.2413 9.3970 9.2789 9.4158 9.4075 9.0533 9.3119 9.3450 

" 6.5928 6.6793 6.5449 6.8813 6.6519 6.1194 6.5412 6.6940 um 6.5734 6. 9364 '.5880 6. 6404 
f. 0.0479 0.0522 0.0452 0.0525 0.0480 0 .0504 0.0536 0.04)9 0.0478 0.0452 0.0414 0.0440 0.0356 

" 2.1005 2.8005 2.6301 2. 9]50 2.7610 2.8029 2.6198 2.1219 2._ 2.5841 2.8118 2."" 2. 6661 

" 1.2090 1-1207 1.3252 0.9566 1.1233 1.0710 1.3248 1.1568 1.3584 1.2749 1.0419 1.2007 1.2122 , 0.OU8 0.0489 0.0557 0.0398 0.0628 0.0485 0.0629 0.0582 0.0556 0.0691 0.0491 0.0583 0.0464 
Total 19.9485 19.9603 19 .9982 19.9498 19 . 945<1 19.9335 19.9994 19.9596 19.9101 19 .9555 20.0006 19.9]55 19.9463 

'" 69.08 71.42 66.50 75 . 42 71.08 72.35 66 .42 10.22 65.33 66.97 13.38 68.95 68.75 



MICROPROBE DATA TABLE C23: Co~osition of plagioclase in the Bastard Unit - profile Y. 
Metres given above base of Unit. 

"",I. Y122.4 Y122.4 Y122.4 1122.4 T740.5 f740.5 1740.5 f74D . 5 Y74D.5 YH6.4 Y746.4 Y146.4 Y146.4 Y146.4 Y741U 1'155.56 Y1 5S.S6 Yl~.56 Y755.56 1155.56 Y160.2 Y760.2 1760.2 Y160.2 1760.2 Y1M.4 HM •• 
ltetres 54.0 ".0 ".0 ".0 35.9 35.9 35.9 35.9 35.9 30. 0 30.0 30.0 ]0.0 30.0 30 .0 20.8 20.8 20.8 20.8 20.8 16.2 16.2 16.2 16.2 16.2 12.2 12.2 
lit.' 

Sl~ 51.76 SO.72 SO.81 50.10 51.13 50 .51 SO.50 49.21 51.69 50.41 .9.42 49.12 49.41 48.89 49.15 49.47 49.98 49.35 49.64 49.38 SO . 21 50.22 49.58 49.86 49.]9 48.86 48.22 

AI 3 29.91 30.51 31.28 31.31 31.57 31.10 31.69 32.57 31.25 31.85 32." 32.36 32.46 32.6] 32.39 32.79 ]2.82 32.76 32 .41 32.48 32.88 32.37 32." 32.35 32.59 32.61 33.30 
feZD3 0.37 0.39 0.33 0.35 0.31 0.40 0.31 0.32 0."2 0.28 0.30 0.29 0.31 0.32 0.28 0 •• 0 0.40 0.38 0.39 0.38 0.28 0.31 0.36 0 .29 0.32 0. 31 0.31 
c.o 13.35 13.99 14.32 14.M 14.02 14 .28 14.28 15.35 13.82 14.64 15.40 14.114 15.28 15.4J 15 .08 15.54 15.43 15 .59 15.20 15.48 15 .• 6 15.14 15.42 15 .18 15.37 15 .74 16.47 

",0 3." 3.59 3.41 3.l3 3 •• 9 3.36 3.40 2.80 3.80 3.24 2.81 2 . " 2.86 2." 2.87 2.65 2.95 2.64 2.90 2.66 2.78 3.05 2.82 2." 2.71 2.'" 2.25 

',0 0.01 0.03 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.00 0.01 0.01 0 .00 0.02 
Toul 99.37 99.27 100 .17 99.81 100.59 100.32 100.17 100.32 100.98 100.48 100.62 100.29 100.3-4 99 . 93 99.77 100.87 101.58 100.14 100.56 100.40 101.60 101.10 100.78 100.65 100.39 100.1" 100.51 

cations (based on 32 olygens): 
Sl SU659 9.3090 9.2419 9.1636 !U516 9.1863 1l.I85.2 8.9783 9 . 3161 9.1576 8.9775 9.~83 9.0007 8.\l4S4 8.9978 8.9667 8 .9961 8.9583 9.0220 8.\1907 9.0218 9.0101 8.9941 9.~73 8.\1881 8.9274 8.1942 
AI 6.4605 6.6125 6.7065 6.1617 6.7321 6.7880 6.7933 6.119-42 6 .639-4 6.8111 6.9974 6.9403 6.9681 1.0366 6.9891 7.0052 6.9626 7.0096 6.\1411 6 .9111 6.11634 6.8916 6.9697 6.111112 6.9918 7.0353 7.1567 

" 0.~53 0.0479 0.0408 0.~36 0.~S1 0.04811 0.03&7 0.0399 0.0512 0.03311 0.0370 0.03511 0.0388 0 . 0396 0.0347 0._ 0.0483 0.0473 0.0481 0.0411 0.0336 0.0381 0.0440 0.0353 0.0393 0.0384 0.0382 
C. 2.6166 2.7508 2.7908 2.9017 2.1179 2.11112 2.1823 2.9974 2._ 2.84~ 2.9\117 2.9125 2.Y16 ].1ll03 2.11574 ].0184 2.9756 3.0317 2.11599 3.0190 2.11761 2.11291 2.9961 2.11510 2 ..... 3.08t6 3.2189 ,. 1.3823 1.2754 1.2034 1.1101 1.2221 1.1840 1.11164 O.gall] 1.3268 1.1399 0._ 1.0520 I._ 0 .94115 1.0194 0.9307 1.0284 0 . 9216 1.0214 0.9394 0.9680 1.0685 0.9897 1.0428 0.9563 0.11056 0.1957 , 0.0034 0.0059 0.0053 0.0038 0.0016 0.00111 0.0000 0.000] 0.0005 0.0024 0._ 0.0011 0.0035 0.1lOO0 0.0012 0.0033 0.00]1 0.0051 0.0031 0.0053 0.0003 0.0000 0.0009 0.0022 0.0018 0.0006 0.0044 
Total 19 .9740 20.0015 19.~ 111 .9911 19.51711 19.9882 19.9980 19.999-4 20.0023 19.9910 20.0011 19.91101 20.0024 111.91113 20.0003 111.11732 20.0142 19.9196 19.91156 111 . 11126 111.9638 1!1.11986 19.994" 111 .9919 111.9148 111 .118811 20.00811 

" 65.43 68.32 59.81 12.36 68 .91 70.13 511.90 15.19 66.711 71.40 15.16 13.U 14.10 16.08 H.l7 76.0 74.32 76.5] 74.35 16 .21 75.46 73.28 75.11 7).89 15.81 11.29 80.15 

n ..,. 
'" 

Saqlle 1164.4 '1'164.4 '1'164.4 '1'764.4 '1'765.48 '1'165.48 Y765 .• 8 '1'765.48 '1'765.48 'l'770 .sa Y770 .58 'l'770.sa Y710.58 ,no. 58 Y715 '1'715 '1'175 Y115 '(775 

Metres 12 .2 12.2 12.2 12.2 10.9 10.9 10.9 10.9 10.9 5.8 5.8 5.8 5.8 5.8 I.. I.' I.' I.. I.' 
Wt.' 
5102 48.30 411.25 47.87 .9.31 48.3-4 48.111 48.91 48.21 .8.21 48.112 n.31 49.04 48.45 48. 85 U.9] U.41 49.U SO .14 49.62 

Al~l 32.97 32.11 33.40 32.70 33.05 33.32 33.00 33.50 33.13 32.87 n.03 3UI 3J.26 32.11 32.22 32.48 32.21 ]1.85 32.50 

fe~3 0.26 0.20 0 .24 0 .22 0.45 0.46 0." 0.39 0.42 0.18 0.20 0.25 0.24 0.25 0.15 0 .14 0 .10 0.14 0.15 

c.o 16.30 15.60 15.64 15.55 15.64 15.115 15.80 16.40 15.\16 15.73 IS. SO 15.70 15.118 15.54 14 .94 15 .32 15.09 14.53 15.29 

lIaZO 2.35 2.78 2.011 2.71 2.311 2.35 2.55 2.211 2.41 2.55 2. 65 2.48 2.30 2.54 3.24 3.02 3.08 3.38 2.111 

',0 0.01 0.01 0 . 01 0.00 0.00 0.01 0.00 0 .00 0.00 0 . 01 0 .01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 
Tot,1 100.18 100.21 100.25 100.59 1111.81 100.211 100.70 100.78 100.111 100.26 100.10 100.59 100.25 100.06 100.53 100.44 100 .04 100.03 100.5] 

Cit Ions (bolsed on 32 olygens): 
Sl 8.8372 8 ..... 8.7581 8.9621 8.8513 8 .8054 8.11929 8 .7140 8.81:02 8 .9215 8.9-449 8.11114 8.8411 a.9261 9.0152 9 .0011 9.0345 11.1381 9 . 0156 

" 1.1091 5.9620 1.2025 7.00SO 1.1376 1.1156 7.0703 1.1862 7.1411 7.0656 7.0620 1.0904 1.1560 1.0579 6.8951 5.\1663 6.9424 6.8416 6.9603 
F. 0.03111 0.0245 0.021111 0.0273 0.0555 0. 0514 0.0541 0.0476 0.0526 0.0221 0.0244 0.0304 0.0296 0.0301 0.0187 0.0178 0.0129 0.0170 0.0111] 

" 3.11155 3.0510 3.2620 ].0487 3.0m 3.1226 3.0780 3,1980 3.1211 ].01-'3 3 . 0128 3.0518 3.1259 3.0620 2.9014 2._ 2.11524 2.8381 2.11761 ,. 0.8348 0.9819 0.1411 0.9543 0 .&482 0.8314 0 ..... 0 .8062 0.8746 0 .8998 0.11325 0.8737 0.8151 0 . 9005 1.1408 I.- 1.0906 1.19~ 1.0467 , 0.0021 0.0015 0.0026 0._ 0.0008 0.0030 0.0005 0. 0002 0.0000 0 . 0027 0.0033 0.0027 0.0031 0 . 0029 0.0006 0.0012 0.0005 0.0000 O.DODO 
Total 20.0107 20 . 00117 111 .11\169 111.11985 111 .11706 19.9953 19 . 9946 20.0122 20.0189 111.11859 111.11799 111.11664 111.9130 19.\l807 20.0383 20.0400 20.033-4 20.0281 20.0180 

'" 711.211 15. 65 81.49 76.16 78 .36 78.91 71.40 79.81 78.15 11.36 16.36 11.18 19.32 71.21 11.82 73.69 73.02 70.40 13.98 
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MICROPROBE DATA TABLE C26: Composition of plagioclase in the Bastard Unit - profile UA. 
Metres given above base of Unit. 

Suple UA·' UA-2 U"·2 UA-2 UA-' UA-' UA-' U1.-6 UA-' UA-' U,o\-9 UA-' UA_' UA-' UA-' llA_ll U1.-11 UA-ll U,o\-l1 U,o\-II UA-14 \lA- 14 UA-14 UA.14 UA-14 UA-17 UA-17 
Hetru SO.5 50.5 50.5 SO.5 50.5 39.4 .... 39.4 39.4 39.4 ]1 .2 31.2 31.2 31.2 31.2 26.3 26.3 26.3 26.3 26.3 20.2 20.2 20.2 20.2 20.2 16.2 16.2 
Wt" 
510, 49.91 50.13 50.36 49.80 49.18 49.)4 49.68 49.29 50,02 49 . 31 49.96 49.94 SO." 50.12 49 . 13 49.89 SO ... SO.81 51.02 49.78 49.86 49.37 49.68 49.31 49.74 49.63 49.08 
1.12°] 32.44 32.01 31.74 32.19 32.55 31.94 31.80 32.00 31.64 31.81 31.96 31.94 31 .91 31.13 32.08 12.02 31.46 31.20 31.34 31.19 31.25 ll.8l 31.65 31.84 31.60 31.'19 32.51 
reZO] 0.29 0.27 ..,. 0.32 0.17 0.31 '.34 0.12 0.11 0. 32 0.30 0.26 0.12 0.31 0.35 0.29 0.30 0.31 0.30 0.28 0.34 0." 0.39 0." 0.]1 0.21 0.25 
c •• 15.49 15.28 14.85 15.45 15.88 15.35 15.26 15.63 15.15 15.36 15.09 15.06 15.41 15.18 15.311 15.45 14.80 14.91 14.11 15.22 15.02 15.61 15.21 15." 15.21 15.88 16.37 
HazO 2." 2.92 3.00 2.73 2.63 2.11 , ... 2.16 2.98 2.]5 2.85 2.]3 2.85 2.92 2.]5 2.62 3.01 3.01 3.19 2.10 3.14 2." 3.05 2.18 2 .111 2.61 2.40 

'2' 0.13 0.11 0.11 O.ll 0.11 O.I~ 0.14 0.14 0.15 0.15 0.16 0.16 0.16 0.18 0.13 O.l~ 0.21 0.11 0.18 0.15 0.15 0.13 0.14 0.13 0.15 0.14 0.12 
To ta l 100.115 100. 73 10(UII 100.61 100.72 99.68 100. 11 100.13 100.23 99.76 100.33 100.011 100.80 100.43 100.42 100.42 100.52 100.42 100 .80 911.93 99.78 100.10 100. It 99.81 100.04 100.5) 100.13 

Cations (based on 32 DX~M): 

" 9. 0358 11.0938 9. 1488 9.0482 8.9459 9.0376 9.0727 9.0144 11.1210 9.0416 II .OIISB 11. 1<168 \1.0866 11.1203 9.05-42 9.0n4 9.2011 11.2326 9.2352 9.0991 9.14M 9.0321 9.0820 9.0361 , ..... 11.0378 8.9326 

" 6.9223 6.8431 6.71168 6 .8942 6.9791 6.8940 6.8453 &.89&3 &.7990 '.8886 6.8578 6.86J7 6.8349 6.8059 6.8837 6.8664 6.7315 6.6822 6.6861 6.8488 6.1518 6.8639 6.81110 6.8766 6.80\15 6.8660 6.9731 F. 0. 0356 0.0311 0.0466 0.0395 0.04S4 0.0411 0.0423 0. 0402 O.OlSO 0.0402 0.0371 0.0)25 0.0]96 0.03111 0.tH26 0.0]53 0.0374 0.0381 0.0311 0.0341 0.tH25 0.0441 ...... O.tH66 0. 0460 0.0334 0.0309 

" 3.0053 2.9696 2.8896 3.0019 3.01160 3. 0125 2.\l6ti6 3.0611 2.9594 3.0186 2.9442 2.9414 2.9951 2.9590 3. 0021 3.0116 2.8195 2.9035 2.86Sij 2.9809 2.951)9 3.1)605 2.9795 3.0326 2.9799 3.0989 3.1920 

"' 0.9417 1.0265 1.0563 0.9606 0.9262 0.9828 1.0398 0.9m 1.0520 0.1I7SB 1.0068 0.9643 1.0026 1.0282 0.9690 0.9241 1.07% 1.05119 1.1179 0.9558 1.1152 0 ..... 1.0801 ...... 1.0526 0.9203 0.8460 , 0.0310 0.0254 0. 0390 0.0291 0.0248 0.0363 0. 0336 0.0321 0.0340 0.0l« 0.0310 0.0373 0.03511 0.0407 0.0308 0.0371 0.0476 0.0400 0.0416 0.0353 0.0366 0. 0294 0.1)3111 0.0304 0.0353 0.0324 0.0216 
Tota l 19.11116 19.9939 19 .9772 19.9801 20.0114 20.0043 20.0202 20.0219 20.0035 19 .9991 111.9185 19.9459 19.9954 19.!I922 111.9825 19.9526 19.9114 19.9569 19 .9829 19.9541 20.0319 20.0252 20.0405 20.01011 20.0198 111.9688 20.0022 

" 76.14 74.31 13.23 75 . 79 16.97 75.40 14.18 15.81 13.71 75.57 ]4 .52 15.31 74.\12 74.21 15.60 16.52 72.13 13.26 71.93 15.12 12.57 75.41 13.39 15.43 13.90 71. 10 79.05 n .., 
\D 

.... ,. UA.17 UA·17 UA·17 UA·19 UA·19 UA·\9 UA-!9 U ... ·19 UA-21 UA-21 UA·21 UA-21 UA-21 UA-23 UA.23 UA·23 U"'-23 UA-23 UA-25 UA·25 UA-25 UA-25 UA-25 UA·21 UA-21 UA_27 UA·Z1 U ... ·27 
Metres 16.2 16.2 16.2 11.8 11.8 11.8 11.8 11.8 8.' 8.' 8.' 8.5 8.5 '.1 ' . 1 '.1 5.1 5.1 I.. 1., I.' 1.0 1., 0.' ••• 0.5 ••• '.5 
wt.% 
SI02 49.11 49.34 49 . 38 48.10 48.92 48.91 48.60 48.50 41.98 48.11 48.38 48.46 48.01 49.29 49.63 50.38 50.16 0.70 53.24 54.62 54.35 49.84 54.59 53.26 53.21 ".84 53.38 53.25 
... lz03 32.16 32.14 31.91 33.52 32.611 32.69 32.81 32.10 32.51 32.33 32.56 32.39 32.31 32.23 31.118 31 . 34 31.41 32.02 29.35 28.73 28.79 31.11 28.50 29.28 29.60 28.48 29.36 29.28 F·t] 0.21 0.21 0.32 0.24 0.24 0.22 0.25 '.25 0.24 0.21 0.20 0.18 0. 23 0.24 0. 22 0.21 0. 23 0.20 0. 17 0.19 0.20 0.26 0.16 0.27 0.25 0.25 0.21 0.27 
c. 16.08 16.16 15.88 16.94 16.31 16.21 16.19 16. 31 16.23 16.09 16.14 16.02 16.20 15.91 15.41 14.61 14 .18 15.40 12 .30 11.24 11.19 14.97 11.11 1Z . 46 12 .36 11.32 12.35 12 . 46 
IIIZO 2.47 2." 2.69 1.91 2.33 2.35 2.33 2.211 ,." , ... 2.57 2.51 2.41 2.53 2.79 3.15 3.04 2.16 4.4) 4.87 4.81 2." 4.87 .... 4.69 5.27 4.61 4.66 

'2' 0.12 0.11 0.11 0.07 0.13 0.13 0.13 0.11 0.10 0.14 0.12 O.ll O.JZ 0.12 0.13 0.16 0.11 0.14 0.33 0.4\ 0.33 0.18 0.45 0.27 0.29 0.43 0.31 0.27 
Total 100.16 100.til 100.29 100.19 100.62 100.51 100 . 31 100.16 99.43 99.42 99.97 99.74 ".l4 100.32 100 .16 ..... 99.85 100.22 ".82 100.06 99.72 ".80 99.69 100.19 100.47 100.59 100.27 100.19 

Cat tons (based on 32 Ollygens): 
8. !KI65 51 8.9809 8.9874 9.0202 8 .1581 8.9104 8.9150 8._ 8.8171 8.8534 8.8194 8.8786 8 .8678 8.\1\135 9.0590 9.2011 9.1685 9.0632 9.6671 9.8604 9.8425 9. 1181 9.8885 9.6511 9.6251 11.8706 9.6616 9. 6511 

" 6.9314 6.8988 6.8690 1.1924 7.0173 7.0220 7.0645 1.0538 7.0702 1.0334 7.0412 7.0171 7.0460 6.11312 6 .8792 6.1467 6.7183 6.8827 6.2828 6.1138 6.1436 6.8311 6.0857 6.2530 6.3034 6.0U8 6.2626 6.2530 
r. 0.0254 0.0339 0.03113 0.0295 0.02110 0.0270 0.0305 0.0307 0.0301 0.0265 0.0243 0.0223 0.0293 0.0295 0.0217 0.0266 0. 0287 0.0249 0.02011 0.0231 0. 0239 o.om 0.0202 0.0334 o.om 0.0303 0.0252 0.0334 
C. 3.1507 3.1S44 3.1075 3.3041 3.1824 3.1661 3.1692 3.1 \190 3.2071 3.1818 3.1130 3.1552 3. 2065 3.1105 3.0139 2.8SS9 2.8947 1._ 2.3924 2.1148 2.1711 2.9353 2. 1566 2.4198 2.39]1 2.1822 2.3949 2.4198 

•• 0.8761 0.11115 0.9535 0.6156 0.8242 0.8291 0.8256 0.8113 0.8456 0.%69 0.11147 0.9161 0.8616 0.8951 0. 9855 1.1184 1.0761 0.9152 1.5580 1.7027 1.1095 1.0061 1.7103 1.6352 1.6432 1 .8315 1.6155 1.6352 , 0.0286 0.0261 0.0257 0 .0169 0.0]04 0. 0310 0.0303 0.0266 0.0245 0.0321 0.0285 0.Olll3 0.0284 0.0280 o .OlOD 0.0310 0.03113 0.0318 0.0713 0.01152 0.0758 0.0429 0.IIM1 0. 0614 '.0658 .. -0.0853 0.0614 
Toul 19 .9931 20.0181 20.0152 19.9712 19.9938 19.9909 20.0002 19.9990 20.om 20.0601 20.0603 20.046.5 20.0395 19.9871 19.9953 19.9893 19 .9857 19.9865 111.9986 19.9101 19.9665 19.11111 19.9660 20.0540 20.0622: 20.0611 20.0449 20.0540 

" 18.24 17.47 16.52 83.03 19 .• 3 711.24 19.33 19.11 79.14 71 .82 71.62 11.50 18.82 17.65 15.36 11.88 12 . 90 75.52 60.56 56 . 011 55.95 1 •• n 55.11 59.67 59.30 54 . 29 5\1. 72 59.67 



MICROPROBE DATA TABLE C27: Composition of plagioclase in the Bastard Unit - profile lJC. 

Saqlie 
J1etres 
Post t ton 
Wt.% 
5t02 
AlzO) 
f ez03 
c.o 
",0 
',0 
loul 

lIe·l 
30.15 

" 
.9.26 
32.22 
0.21 

15. 19 
2.19 
0.01 

99.69 

lIe-l 
30.75 

" 
4!UO 
32.42 
0. 17 

15.33 
2." 
0.01 

100 ,02 

Catlolls (based on 32 o~ertS): 

lIe-1 
30 . 15 

" 
49.48 
32 . 16 
0. 1l 

14.81 
2.89 
0.01 

99.47 

51 9.0241 8.9906 9.0680 
AI 15.9570 fi,!J629 6.9459 
Fe 0.0251 0.0212 0.0161 
C~ 2.9816 3.0021 2.9013 
/Iii 0.9894 1.0195 1.0249 
It 0.0031 0.0017 0.0027 
Total 19 . 9808 20,0180 19.9648 

UC·I 
30.75 

" 
49.62 
]1.94 
0.26 

14.74 
3.06 
0.01 

99.6] 

9.0873 
6.890 
0.0320 
2.8917 
1.08S9 
0.0026 

19.9938 

Metres given above base of Un it. 
cc - cumulus cores ic - intercumulus cores. 
ern - cumulus margins 

lIe-l 
30.15 

" 
49.85 
11.86 
0.22 

14.49 
].11 
0.02 

99.55 

9.1256 
6.8144 
0.0277 
2.11420 
1.1026 
0. 0050 

19.9111 

IIt-l 
30 . 15 
~ 

48.48 
32.92 
0 .22 

15.89 
2.56 
0.01 

100.08 

8.8100 
7.0989 
0. 0269 
',1159 
0._ 
0.0029 

20.0227 

UC-I 
30.15 

'" 
48.04 
33 . 4\ 
0.24 

16.16 
2 .33 
0.00 

100 .18 

8 .7866 
7.2015 
0.0301 
3.1659 
0.8261 
0.0010 

20 .0112 

UC-I 
30.15 
~ 

48.S4 
33 . 07 
0.23 

15.90 
2.46 
0.01 

100.21 

8.8659 
1.1192 
0.0280 
3.11 21 
0.8li92 
0.0013 

19.9957 

im • intercumul us margins. 

UC- I 
30.15 

'" 
46.28 
32.18 
0.22 

15.15 
2.40 
0.01 

99.44 

8.8819 
7.1081 
0.0210 
3.1041 
0.8558 
0.0029 

19.9199 

uc·, 
26.51 

" 
50. 12 
32.36 
0.31 

15.03 
2.82 
0.01 

100.64 

9.0821 
6. 9101 
0.0316 
2.9166 
0.9869 
0.0024 

19.9397 

UC-3 
28.51 

" 
48.81 
3] .31 
0.31 

15.72 
2.40 
0.01 

100.56 

8.87~ 

7.1375 
0.0380 
3.0615 
0. 6456 
0.0027 

19 .9609 

UC_3 
28.51 

" 
50.39 
32.39 
0.29 

14.34 
3 .11 
0.01 

100.53 

9.1252 
6.9121 
0.0352 
2.7811 
1.0922 
0.00]0 

19.90188 

UC-3 
28.51 

" 
49.64 
32.10 
0.Z4 

14.16 
2.82 
0.02 

100.38 

9.0473 
6.9954 
0.0296 
2.6696 
0.9921 
0.0047 

19.9387 

UC - l 
28.51 

" 
49.20 
]2 .73 

0." 
15.ti2 
Ui1 
0.00 

100. 51 

8.9488 
7.0163 
0.0421 
3.0442 
0.~14 

0.0000 
111.9921 

UC-3 
28.51 

" 
50 . 20 
32 . 30 
0.32 

14.16 
3.07 
0.01 

100.61 

9. 0947 
6.81115 
0.0394 
2.8650 
1.0769 
0.00]3 

19.91611 

UC-5 
23.1111 

" 
49.41 

" .eo 
0.25 

15.11 
2.68 
0. 02 

100.94 

8.9631 
1.0032 
0.0305 
3.0501 
0.9419 
0.0046 

111 . 9933 

" 75.08 74.65 73.94 12.10 12.05 17.43 79.31 78.11 18.39 74.69 18.36 71.80 74.31 16.36 1Z.~ 76.41 

S.qlle 
Metres 
POI t t ton 
lit.-\: 
5102 
A1zG3 
h203 
C.O 
11120 

',0 
Tohl 

OC-Il 
14.11 

m 

46.68 
35.54 

0.28 
17.23 

1.24 
0.00 

100.97 

UC-ll 
14.11 
~ 

~6.34 
35 . 98 
0.35 

17.58 
1.02 
0.01 

101.27 

UC·lt 
14.11 
~ 

46.70 
35.57 
0.28 

17.28 
1.25 
0.00 

101. to 

Cat Ions (bued on 32 oll)'9tns): 
51 8.4812 8.4037 8.4165 
AI 1.6099 7.6692 1.6094 
Fe 0.0339 0.0421 0.0~9 
C. 3.3532 3.4152 3. 3600 
III 0.431 5 0.3574 0.4402 
k 0.0000 0.00111 0.0009 
Total 19.9157 19.9101 19.9220 

IIC-ll 
14.71 
~ 

46.33 
35.12 
0.22 

17.83 
1.42 
0.00 

100.92 

8.4502 
1.5494 
0.0271 
3.4843 

0."" 
0.0000 

20 . 0120 

UC-ll 
14.11 

'" 
46.47 
35.23 

0.14 
18.13 
1.35 
0.00 

101.33 

8.H41 
7.5446 
0.0111 
3.5300 
0.4754 
0.0000 

20.0129 

IIC-1I 
14.11 
~ 

~6.21 

35.15 
0.27 

11.81 
1.35 
0.00 

100 .85 

8 .4351 
1.5&21 
0.0340 
3.4960 
0.4770 
0.0000 

20.0047 

OC·ll 
14.71 
~ 

45.09 
35.58 
0. 31 

18.70 
0.93 
0.00 

100.61 

8.2766 
7.6978 
0.0388 
3.6171 
0.32114 
0.0000 

20.0198 

UC-ll 
14.71 
~ 

45.98 
35.57 

0.31 
18.46 
1.10 
0.00 

101 .42 

8.3591 
1.6211 
0.0)84 
3.5!HD 

0."" 
0.0000 

20.00]5 

UC·ll 
14.11 
~ 

44 .59 
35.50 

0." 
18.68 
0." 
0.00 

99.116 

8.2419 
7.7338 
0.0419 
3.6992 
0.3067 
0.0000 

20.0236 

OC-12 
13.30 

" 
47.66 
34.30 
O.ll 

17.38 
1.74 
0.00 

101.21 

8.6460 
1.]]32 
0.0154 
3.3786 
0.6126 0._ 

19.91163 

UC-12 
13.30 

tt 

47.41 
34.53 
0.15 

17.11 
1.71 
0.00 

100 .98 

8.6168 
7.3959 
0.0187 
3.3325 
0.6241 
0.0000 

19.11819 

UC·12 
13 . 30 

" 
41.22 
34 .49 
0.09 

16.97 
1.711 
0.00 

100.56 

8 .6140 
1.4147 
o.om 
3.3174 
0.6121 
0.0000 

19.9892 

UC_12 
13 . 30 

" 
47.42 
33.92 
0.15 

16.74 
1.81 
0.00 

100.11 

UC·12 
13.30 

" 
47 .51 
34 .21 
0.13 

16.99 
1.81 
0.00 

100.64 

8.6855 8.6589 
1.3217 7.34&4 
0.0185 0.0156 
3.2857 3.3168 
0.6650 0.6371 
0.0008 0.0001 

111 . 9113 19.9782 

UC·ll 
11.13 

" 
46.40 
34.11 
0.28 

11.33 
1.71 
0. 00 

99.89 

8.5488 
7.4081 
0.0350 
3. 4214 
0.6325 
0.0002 

20.0460 

UC-13 
11 .13 

" 
46.26 
34.14 
0.25 

17.39 
1.67 
0. 01 

99.13 

8.53&0 
1.4254 
0.0316 
3.4377 
0. 59110 
0.0025 

20.0342 

UC-5 
23.99 

" ..... 
" ... 
0.23 

15.24 
2.17 
0.02 

99.55 

8.9663 
1.0226 
0.0264 
2.9971 

0."" 
0.0038 

20.0020 

UC-5 
2].99 

" 
50.12 
12.18 

0.22 
14.82 

3.11 
0.01 

100.46 

11.0996 
6 .8855 
0.0275 
2.8830 
1.0946 
0.0022 

111.9924 

UC-5 
23.99 

" 
".83 
12.1Z 
0.20 

15.51 
2.69 
0.02 

".98 

8.9308 
7.0543 
0.0252 
3.0399 
0.9528 
0. 0053 

20.0085 

UC-1 
21.46 

" 
48.41 
12.42 
0.19 

15.18 
2.68 
0.01 

99.49 

8 .9107 
7.0]43 
0.0236 
3.1118 
0.9579 
0.0023 

20.0405 

UC - ll 
14.11 

" 
41.07 

" ... 
0.14 

17 .45 
1.61 
0.00 

101.13 

8.5500 
7.4627 
0.0174 
3.3~61 

0.5661 
0.0003 

19.9934 

UC-ll 
14.11 

" 
46.44 
".82 
0.16 

11.40 
1.66 
0.00 

lOO.4~ 

8.4994 
7.5O~1 
0.0202 
3.4116 
0.58!J4 
0.0003 

20 .0305 

UC_ll 
14.11 

" 
41.09 
".eo 

0.11 
11.21 

1.75 
0.00 

101.03 

8 .5605 
7.4563 
0.0141 
3.3646 
0.6170 
0.0003 

20.0129 

UC_ll 
14.71 

" 
41.16 
34.16 
0.16 

17.41 
1.77 
0.00 

101.14 

8.5565 
1.4322 
0.0198 
3.3964 
0.6240 
0.0010 

20.0300 

UC-ll 
14.11 

tt 

41.28 ,4.7, 
0." 

16.45 
!.S. 
0.00 

100.19 

8.6210 
7.46&4 
0.03Ui 
3.2151 
0.5615 
0._ 

1II.9OJI!I 

UC-ll 
14.71 

" 
47.90 
" .50 
0.23 

15.99 
1.82 
0.00 

100 .43 

8.1135 
1.3959 
0.0280 
3.1155 
0.6431 
0 .0002 

19.8962 

IIC·lI 
1~.71 

" 
47.32 
34.11 
0.21 

16.53 
1. 67 
0. 00 

100.51 

8.6206 
7 . ~650 
0.0260 
3.2272 
0.5902 
0.0000 

19.11290 

75.29 72.48 76.14 76.46 85 .70 85.27 84.50 84 . 48 85.13 82 .89 84 .54 

1IC-13 
11.13 

" 
46.00 
34.36 
0. 21 

17.78 
1.51 
0.00 ..... 

8. 48511 
1.4105 
0.0264 
3.51J7 
0. 5386 
0.0000 

20.0350 

IIC·13 
Il.ll 

" 
46.60 
]].60 
0.20 

11.51 
1.61 
0.00 

99.53 

8 .6112 
1.1200 
0.0246 
3.4671 
0.5761 
0.0010 

20.0032 

UC-13 
11.13 

" 
46.09 
33.74 
0.31 

17 .34 
1.62 
0.00 

99.16 

8.5575 
1.3832 
0.0460 
3.4489 
0.5845 
0 .0002 

20.0203 

IIC·ll 
11.13 
~ 

45.29 
34." 
0.33 

17.80 
1.50 
0.00 

l1li.26 

8.4185 
1.5230 
0.0412 
3.5451 
0.50421 
0.0001 

20.0705 

lIC-lJ 
11.13 
~ 

44.01 
33.51 
3.70 

16. 31 
1.29 
0.00 

98.114 

8 .2977 
1.4489 
0.4113 
3.28!J4 
0.4698 
0.0000 

111.11771 

UC-13 
11.13 
~ 

45.11 
34.35 
0.31 

18.04 
1.39 
0.00 

... eo 

8.4484 
1.4823 
0.0391 
3.5721 
0.4968 
0.0000 

20.0393 

UC·13 
11.13 

'" 
45.78 
33.60 

1.46 
16.98 
1.61 
0.00 

99.49 

8.5051 
7.3555 
0.1839 
3.3796 
0.6016 0._ 

20.0262 

UC-ll 
11.13 
~ 

45.33 
33.61 
0.55 

17.112 
1.35 
0.00 

".83 

8.4705 
7.4154 
0.0fi1l5 
3.58&9 
0.4891 
0.0000 

20.0120 

IIC-14 
'.00 

tt 

41.R 
".52 
0.00 

11.24 

I." 
0.00 

101.U 

8 . 6361 
1.]189 

0."'" 
3.3507 
0._ 0._ 

111.9649 

UC - 14 
'.00 

" 
41 . 47 
".56 

0.09 
17 .46 
1.65 
0. 01 

101.25 

8.6092 
1.3870 
0.0112 
3.3921 
0.5816 
0.0016 

19.98]] 

IIC-14 
'.00 

" 
46.82 
14.18 

0.11 
11.81 
1.46 
0.01 

10)'00 

8.5254 
1.4638 
0.0137 
3.4141 
0.5168 
0.0012 

111.99411 

An 88.~6 90.53 88.42 87.43 88.11 87.99 9}.78 90.30 92.34 84.65 84.23 83.99 83.17 83.81 84.40 85.16 Y.n 8S.74 85.51 86.74 81 .50 87.79 64.89 81.\19 85.04 85.37 81.05 

n 
<n 
o 
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MICROPROBE DATA TABLE C29: Composition of plagioclase in zoned grains. 

Sample - Y722.4 Profile 1. 

Point Si02 Al203 FeD CaD Na20 K20 Total An% 

Y722A1 51.07 30 . 78 0.30 13.45 3.58 0.13 99.31 67.52 
Y722A2 51.28 30.76 0.27 13.33 3.74 0.13 99 . 50 66.36 
Y722A2 51.58 30.58 0.31 13. 56 3.79 0.16 99.98 66.42 
Y722B1 51.25 30.55 0.2B 13.61 3.73 0.15 99.58 66.86 
Y722B3 50 .45 30.86 0.34 14.03 3.44 0.13 99.25 69.31 
Y722B4 50.48 30.90 0.32 14.22 3. 50 0.14 99.56 69.16 
Y722B5 50.91 30.64 0.26 13.97 3.63 0.15 99.56 68.01 
Y722B6 50 . 97 30.61 0.26 13 . 70 3.64 0.16 99.35 67.54 
Y722C1 51.05 30.89 0.30 14 .12 3.43 0.15 99.94 69 .45 
Y722C2 50.39 30.79 0.34 14.07 3.37 0.14 99 .10 69.74 
Y722C3 50.56 30 .96 0.31 14.13 3.37 0.14 99 .47 69.85 
Y722C4 50.57 30.62 0.34 13.98 3. 53 0.17 99.21 6B.62 
Y722C5 50.83 30.91 0. 31 13. 97 3.48 0.17 99.67 68.94 
Y722C6 50.69 30.86 0.30 14.01 3.51 0.18 99.56 68.78 
Y722C7 50.31 30.79 0.99 13.94 3.51 0.15 99.69 68 . 70 
Y722CB 50.50 30.78 0.37 14.06 3. 52 0.17 99.40 68 .80 
Y722C9 50.69 30.73 0.32 14.01 3.45 0.16 99.36 69.19 
Y722C10 50.67 30.79 0.30 13.B3 3.55 0.19 99.35 68.27 
Y722C11 50.54 30.17 0.34 14.15 3.33 0.17 98.70 70.14 
Y722C12 50 .02 30 .44 0.26 14.06 3.46 0.18 98.42 69.17 
Y72201 50.52 31.23 0.29 14.21 3.40 0.16 99.80 69.81 
Y72202 50.50 30.46 0.29 13.B9 3. 56 0.16 98.86 68.33 
Y72203 50 . 72 30 . 71 0.35 13.97 3.53 0.18 99 .45 68 .62 
Y72204 50 .67 31.16 0.32 14.21 3.42 0.15 99 . 94 69 .64 
Y72205 50.44 31.10 0. 31 14.0B 3.49 0.16 99.57 69.06 
Y72206 50 . 65 30.91 0.31 14.15 3.4B 0.17 99.68 69.19 
Y72207 50.71 30 .82 0.34 13 .99 3.53 0.16 99.55 68 . 69 
Y72208 50.75 30.96 0.35 14.11 3.45 0.18 99 .81 69 . 30 
Y72209 50.80 31.01 0.28 14.27 3.51 0.19 100.07 69 .21 
Y722010 51.01 30.87 0.28 14.10 3.53 0.19 99.98 68.83 
Y722E1 51.28 30.85 0.30 14.02 3.54 0.17 100.17 68.65 
Y722E4 50.62 30.54 0.31 13 .97 3.48 0.19 99.13 68.93 
Y722E5 50.31 30.30 0.32 14.31 3.37 0.15 98.76 70.12 
Y722E6 50.05 30.51 0.28 14.46 3.27 0.15 98.71 70 . 97 
Y722E7 49.90 30.98 0.31 14 .82 3.17 0.12 99.31 72.08 
Y722E8 50.05 30.54 0.28 14.43 3.31 0.16 98.77 70.69 
Y722E9 50.38 30.63 0.39 14 .26 3.39 0.14 99 .19 69.94 
Y722E10 50.80 30.69 0.31 14.36 3.42 0.17 99.74 69.90 

Sample - Y722.4 Profile 2. 

Y72211 53.42 29.02 0.53 12.08 4.51 0.15 99.70 60 . 00 
Y72212 50.99 30.42 0.30 13.84 3.71 0.14 99.40 67.34 
Y72213 50.15 30.85 0.28 14 .30 3.46 0.12 99.16 69.57 
Y72214 50 .04 30.95 0.29 14 .68 3.27 0.12 99.35 71.27 
Y72215 50.54 30.42 0.26 14.21 3. 50 0.15 99.08 69.18 
Y72216 50.41 30.76 0.28 14.18 3.46 0.16 99 .26 69.38 
Y72217 50.93 30.41 0.28 13.97 3.54 0.16 99.29 68.56 
Y72218 50.70 30.27 0.31 14.03 3. 55 0.14 99.01 68.58 
Y72219 50.54 30.44 0.28 14.22 3.48 0.15 99.11 69.31 
Y722l10 50.27 30.23 0.28 14.26 3.45 0.17 98.66 69 .52 
Y722J1 50.92 30.80 0.25 14.14 3. 36 0.18 99.66 69.92 
Y722J2 50.59 31.02 0.22 14.29 3. 39 0.18 99.69 69.99 
Y722J3 50.62 30.68 0.27 14 .13 3.48 0.20 99.39 69.16 
Y722J4 50 .99 30 . 79 0.28 14.09 3. 51 0.19 99 .86 68 .93 
Y722J5 50.69 30.54 0.29 14 . 11 3.52 0.18 99 .34 68.87 
Y722J6 50.51 30.71 0.26 14.14 3.49 0.20 99 .31 69.12 
Y722J7 49.73 31.27 0.29 14.94 3.04 0.14 99.42 73.07 
Y722J8 49.04 31.47 0.25 15.21 2.82 0.13 98.93 74.88 
Y722J9 50.57 30.79 0.32 14.27 3.48 0.16 99.58 69.41 
Y722J10 50.29 30.97 0.43 14 . 31 3. 39 0.17 99.57 70.02 
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Sample . Y722.4 Profile 3. 

Point Si02 A1203 FeD CaD Na20 K20 Total An% 

Y722H9 52.55 30.80 0.32 13.38 3.72 0.13 100.90 66.54 
Y722H8 51.58 30.49 0.26 13 .54 3.74 0.14 99 . 76 66 .68 
Y722H7 51.53 30.58 0.24 13.47 3.75 0.14 99.70 66.52 
Y722H6 49.67 29.15 1.82 13.14 3.44 0.12 97 . 34 67.88 
Y722H5 49.73 31.53 0.28 14.91 3.02 0.08 99 . 55 73.18 
Y722H4 50.25 31.53 0.33 14.77 3.18 0.13 100.19 72.00 
Y722H3 50.97 30.87 0.22 14.07 3.55 0.15 99.83 68.67 
Y722H2 50.54 30 .32 0.30 13.64 3.52 0.16 98.49 68.15 
Y722Hl 49.87 32 .07 0.15 14.97 2.96 0.05 100.08 73.65 
Y722G6 51.13 30.39 0.31 13.67 3.87 0.14 99.52 66 .10 
Y722G4 50.67 30 .87 0.31 13 .61 3.61 0.17 99.24 67.56 
Y722G3 51.11 30.85 0.33 13.99 3.54 0.15 99.97 68.57 
Y722Gl 51.09 30.92 0.34 13 .74 3.57 0.17 99.83 68.01 
Y722F20 50.96 31.01 0.35 13.95 3.46 0.19 99.91 69.01 
Y722F19 50.43 31.05 0.31 13.96 3.48 0.16 99.38 68.91 
Y722Fl8 50.74 30.86 0.60 13.60 3.40 0.25 99.44 68.83 
Y722Fl7 52.07 31.52 0.28 13.74 3.04 0.20 100.84 71.43 
Y722Fl6 50.57 30 .82 0.31 13.89 3.49 0.20 99.27 68 . 78 
Y722Fl5 50.85 30.65 0.32 13.83 3.57 0.18 99.40 68.16 
Y722Fl4 51.12 30.62 0.34 13 .86 3.50 0.19 99.63 68.66 
Y722Fl3 51.03 30.71 0.31 13.94 3.55 0.19 99.74 68.47 
Y722Fl2 50.71 30.56 0.33 13.85 3.49 0.21 99.15 68.72 
Y722Fll 50.96 30.83 0.31 13.69 3.42 0.19 99.40 68.90 
Y722FlO 51.06 30.59 0.33 13.91 3.55 0.19 99.64 68 .40 
Y722F9 50.80 30.74 0.26 14.18 3.55 0.20 99.72 68.86 
Y722F8 50.08 31.29 0.35 14.77 3.19 0.15 99.82 71.88 
Y722F7 49.47 31.62 0.31 14.83 3.06 0.15 99.44 72.82 
Y722F6 49.59 31.94 0.28 15.33 2. 79 0.13 100.06 75.23 
Y722F5 50.32 31.07 0.27 14.37 3.31 0.13 99.46 70.58 
Y722F4 50.66 30.72 0.30 14.02 3.59 0.16 99.44 68.35 
Y722F3 51.47 30.37 0.26 13.78 3.80 0.17 99 .84 66.75 
Y722F2 52.07 29.98 0.27 13 .19 4.03 0.21 99.75 64.38 
Y722Fl 52.41 30 .03 0.40 12 .96 4.06 0.21 100.08 63.83 

Sample X768.S Profile A. 

X76809 49.20 32.62 0.18 15.79 2.54 0.12 100.45 77.43 
X768010 49 .82 32.35 0.23 15.47 2.78 0.17 100.81 75.47 
X768011 51.12 31.65 0.27 14.54 3.12 0.19 100.89 72.00 
X768012 50.95 31.61 0.20 14.46 3.21 0.21 100.65 71.35 
X768D13 50.95 31.58 0.26 14.53 3.25 0. 21 100.78 71.21 
X768014 50.89 31.45 0.26 14.42 3.20 0.20 100.42 71.35 
X768015 51.01 31.40 0.22 14.56 3.22 0.23 100 . 64 71.40 
X768016 50.49 31.49 0.27 14.55 3.08 0.22 100.10 72.30 
X768017 49.90 31.85 0.24 15.01 2.86 0.19 100.05 74.36 
X768018 49.79 32.13 0.27 15.39 2.72 0.16 100.47 75.76 
X768019 49.25 32.35 0.27 15.62 2. 55 0.15 100 .19 77.19 
X768020 49 . 56 32.33 0.23 15.80 2.64 0.12 100 . 67 76.70 
X768El 49.73 32.49 0.25 15.44 2.62 0.14 100.67 76.51 
X768E2 49 . 03 32.00 0.19 15.33 2.60 0.13 99.27 76.55 
X768E3 49.13 31.93 0.25 15.21 2.72 0.16 99.39 75.54 
X768E4 50.39 31.55 0.24 14.56 3.11 0.19 100 .03 72.12 
X768E5 50.49 31.51 0.26 14 . 51 3.12 0.19 100.08 72.01 
X768E6 50.32 31.48 0.26 14.63 3.11 0.19 99 .98 72.25 
X768E7 49.43 31.09 0.19 14.49 3.09 0.14 98.43 72.15 
X768E8 48.95 31.66 0.25 14.87 2.81 0.12 98.66 74.55 

Sample X768.S Profile B. 

X768Fl 48 .41 33.08 0.27 16.37 2.14 0.10 100.38 80.85 
X768F2 48.80 32.19 0.26 15.22 2.65 0.16 99.28 76.05 
X768F3 50.13 32.13 0.23 14 .90 2.85 0.14 100.37 74.30 
X768F4 49 .91 31.87 0.23 14 .71 2.89 0.16 99.77 73.80 
X768F5 49.41 31.88 0.25 15.16 2.79 0.15 99.65 75.04 
X768F6 49 .71 32.24 0.30 15.05 2.76 0.15 100 .21 75.08 
X768F7 49.66 32.12 0.28 15 .05 2.76 0.15 100.02 75. 05 
X768F8 49.60 32.17 0.24 15 .24 2.74 0.14 100.12 75.49 
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Point 5i02 A1203 FeO CaO Na20 K20 Total An% 

X768F9 49.65 32.47 0.28 15.24 2.71 0.16 100.51 75.69 
X768F10 50.47 31.87 0.24 14.72 2.96 0.19 100.45 73.33 
X768Fll 50.79 31.56 0.25 14.69 3.03 0.22 100.54 72.81 
X768F12 50.70 31. 39 0.26 14.44 3. 23 0.22 100.24 71.21 
X768F13 50.69 31.50 0.24 14.45 3. 23 0.20 100.30 71.22 
X768F14 50.67 31.41 0.25 14.40 3.28 0.22 100.22 70.81 
X768F15 50 .45 31.25 0.24 14.39 3.21 0.22 99.75 71.22 
X768F16 50.61 31.30 0.25 14.53 3.15 0.21 100.04 71.84 
X768F17 50.53 31.48 0. 23 14 .59 3.22 0.21 100. 26 71.44 
X768F18 50.42 31.29 0.26 14.48 3.23 0.23 99.91 71.22 
X768F19 50.47 31.48 0.20 14.55 3.22 0.21 100.13 71.39 
X768F20 50.33 31.10 0.24 14.46 3.22 0.23 99.58 71.28 

Sample X768.S Profile C. 

X768A1 49.13 32.08 0.21 15.33 2.75 0.13 99.63 75.47 
X768A2 49.47 32 .19 0.22 15.38 2.75 0.16 100.16 75 . 58 
X768A2 49 .52 32.23 0.28 15.44 2.66 0.16 100.29 76.22 
X768A4 50.15 31.32 0.24 14.72 3.15 0.22 99.80 72.10 
X768A5 50.36 30.98 0.26 14 . 25 3.18 0.21 99.24 71.24 
X768A6 50.42 31.20 0.23 14.37 3.19 0.23 99.63 71.33 
X768A7 50.68 31.26 0.21 14.52 3.28 0.22 100.17 70.97 
X768A8 49.57 32.22 0.23 15.65 2.67 0.15 100.48 76.44 
X768A9 49.69 31.93 0.25 15.42 2.78 0.15 100.22 75.38 
X768A10 49.96 31.62 0. 20 14.97 3.03 0.15 99.92 73.21 
X76881 50.12 31.94 0.24 14.91 2.83 0.14 100.17 74.46 
X76882 49.72 31.94 0.22 14.76 2.93 0.13 99.70 73.59 
X76883 50.41 31. 65 0.25 14.38 3.16 0.14 99.98 71. 57 
X76884 50.47 31.45 0.24 14.27 3.13 0.15 99.70 71.60 
X768B5 48 . 51 32.63 0.24 15.77 2.40 0.09 99.65 78.41 
X76886 49.95 31.41 0.18 14.13 3.06 0.13 98.87 71.84 
X76887 49.73 31.45 0.19 14.39 3.01 0.15 98.91 72.52 
X768B8 49.57 31.55 0.24 14.32 2.98 0.15 9B.81 72 .65 
X768B9 49.45 31.64 0.19 14.66 2.90 0.13 9B.97 73.67 
X768810 49.80 31.73 0.21 14.77 2.87 0.13 99.51 73.96 
X768C1 50.05 32.01 0.19 15.15 2.93 0.12 100.44 74.10 
X768C2 49.50 31.97 0.21 15. 13 2.90 0.14 99.84 74.27 
X768C3 49.49 31.90 0.20 15.06 2.94 0.13 99.72 73.91 
X768C4 49.72 31.80 0.21 14.81 3.08 0.16 99.78 72.66 
X768C5 49.90 31. 70 0.20 14.72 3.17 0.13 99.83 71.94 
X768C6 49.59 32.10 0.25 15.33 2.92 0.13 100.31 74 . 38 
X768C7 49.34 32.20 0.24 15 .30 2.82 0.15 100.06 74.98 
X768C8 49.62 32.26 0.21 15 .47 2.83 0.14 100.52 75.12 
X768C9 49.60 31.98 0.20 15.13 2.99 0.13 100.02 73.67 
X768C10 49.18 31.85 0. 23 15.24 2.93 0.14 99.56 74.22 
X76801 49.70 32.41 0.19 15.60 2.69 0.13 100.73 76 .21 
X76802 49.84 32 .17 0.21 15.53 2.80 0.13 100.67 75.42 
X76803 49.95 32 .01 0.24 15.17 2.94 0.17 100 .49 74.05 
X76804 50.71 31.41 0.20 14.69 3.16 0.18 100.35 71. 97 
X76805 50.03 31.64 0.25 15.00 2. 95 0.17 100 .05 73.74 
X76806 49.42 32.38 0.24 15.74 2.63 0.15 100.55 76.75 
X76807 49.56 32.33 0.23 15 .80 2.64 0.12 100.67 76.82 
X76808 48.38 32.69 0. 22 15.89 2.43 0.13 99.75 78.29 

Sample X768.5 Profile D. 

X768E9 49.00 32.12 0.20 15.17 2.73 0.15 99.37 75.43 
X768E10 49.02 31.70 0.21 14.98 2.93 0.17 99.00 73 .87 
X768Ell 49.62 32.21 0.21 15.39 2.71 0.14 100.27 75.84 
X768El2 49.43 32.18 0.25 15.13 2. 74 0.14 99.87 75.30 
X768E13 50.46 31.29 0.25 14.37 3.19 0.19 99.75 71.33 
X768E14 50.44 31.18 0.24 14 .27 3.04 0.20 99 .37 72.17 
X768E15 50.81 31.11 0.20 14.22 3.17 0.22 99.73 71.25 
X768E16 50.59 31.35 0.23 14 .55 3.13 0.21 100.06 72.01 
X768E17 49.07 32.38 0.26 15.71 2.62 0.14 100.18 76.78 
X768E18 49.08 32.17 0.22 15.31 2.67 0.15 99.61 76 .01 
X768El9 47.68 33.48 0.21 16.59 2.13 0.07 100.15 81.17 
X768E20 49.01 32.22 0.24 15.38 2.72 0.15 99.72 75.79 
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MICROPROBE DATA TABLE C30 : Composition of chromite at the base 
of the Bastard Unit - profile LEf . 

LEf - Sample H998.1 

Wt.% 
Ti02 1.59 1.62 1.53 1.55 1.56 1.56 
A 1203 11.29 11.15 11.33 11.10 11.38 11.29 
Cr203 42.90 42 . 73 42.79 41.40 42.99 41.98 
FeO(P) 37 . 33 37.43 37.06 38.78 37.30 37 . 77 
FeO(C) 25 . 69 25.72 25 . 56 25.77 25.72 25.65 
Fe203 12.93 13.01 12.78 14 . 46 12.87 13.47 
MnO 0.33 0.31 0. 34 0. 37 0.37 0.30 
NiO 0.28 0.25 0.27 0.26 0.27 0.28 
MgO 5. 96 5. 92 5.91 5. 78 5.94 5.87 
Total 99.68 99.41 99.24 99.24 99.81 99.04 
Total(C) 100 . 98 100.72 100 . 52 100 .69 101 . 10 100 . 39 

Recalculated as cations per 32 oxygens. 
Ti 0.3229 0.3297 0.3106 0.3167 0. 3154 . 0. 3185 
Fe2+ 0.3229 0.3297 0.3106 0. 3167 0. 3154 0.3185 
Al 3.5881 3.5541 3.6162 3.5462 3.6113 3.6102 
Cr 9.1429 9.1382 9. 1589 8.8719 9.1510 9.0026 
Fe3+ 2.6231 2.6483 2.6037 2.9485 2.6068 2.7503 

Fe2+ 5.4688 5.4876 5.4764 5.5235 5.4743 5.5006 
Mn 0.0754 0.0705 0.0783 0.0850 0.0833 0.0678 
Ni 0.0598 0.0550 0.0597 0.0567 0.0583 0.0601 
Mg 2.3960 2.3868 2.3855 2.3348 2.3840 2.3715 

Cr/Al 2.5481 2.5712 2.5328 2.5018 2.5340 2.4937 
MMF 0.3047 0.3031 0.3034 0.2971 0.3034 0.3013 
FFE 0.3242 0.3255 0.3222 0.3480 0.3226 0.3333 
Cr/(Cr+Al 0.7182 0.7200 0. 7169 0.7144 0.7170 0. 7138 
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APPENDIX D. 

X-RAY FLUORESCENCE ANALYSIS OF WHOLE-ROCK SAMPLES 

Whole-rock analysis for major elements employed the fusion-disk technique 
of Norrish and Hutton (1969). All samples were analysed in duplicate 
us i ng a Ph i 1 i ps PW1410 semi -automat i c X-ray fluorescence spectrometer, 
emp 1 oyi ng the batch-process i ng system in general use at Rhodes 
University (Marsh, 1979). The machine was calibrated using a range of 
international and Rhodes internal standards. Where it was deemed 
necessary, 
elements 

analyses were repeated 
were determi ned in 5g 

in triplicate. 
pres sed powder 

Sodium and 
briquettes, 

trace 
with 

corrections for background, spectral 1 ine interference, absorption and 
instrumental drift. 

All calibrations were made using a variety of USGS, NIMROC and other 
international standards. Determinations of Ti were run in quadruplicate 
for 15 samples deemed to be of particular significance in the UG1 
Footwall Unit. All counting on spectral-line peaks for trace elements was 
fixed at 200 seconds, and 100 seconds for backgrounds. Higher precision 
for Sr and Rb in samples from the UG1 Footwall Unit (5 samples) was 
ensured by repeating the counting on peak for 400 seconds and 200 seconds 
on background in a second run using the Molybdenum Compton scatter 
method. The mean difference between samples in the two runs was 1.3ppm Sr 
for pyroxenites and 2.6ppm for norites and leuconorites. 

The reliability of Sr and Rb values can be gauged by comparison of three 
different analytical techniques used on selected samples which were 
submitted for initial strontium isotope determinations. Three analytical 
runs were done up to 2 years apart. The results of this comparison are 
presented in Table 01. 
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TABLE 01: Comparison of results for Strontium and Rubidium using three 
different analytical methods. Two pressed disks were 
prepared for some samples (- ; No analysis, nd ; below 
detection limits). 

1. Isotope dilution - Dr. JF Kruger BPI (Univ. of the Witwatersrand.) 
2. XRF determination of the Rb short wavelength MAC and the Sr and Rb 

concentrations using the Molybdenum Compton scatter method - 400 cps 
on peak (method after Reynolds, 1967 and Nesbitt et al., 1976). 

3. XRF determination in the analytical run for Rb, Sr, Y, Zr and Nb (200 
cps on peak). 

1 2 3 

Isotope XRF Mo Compton method XRF Normal five element run 
Dilution at 400 COS on Deak with 200 cns on "eak 

5AMPLE Rb 5r Rb Rb 5r 5r Rb Rb 5r 5r 
Disk 1 Disk 2 Disk 1 Disk 2 Disk 1 Disk 2 Disk 1 Disk 2 

8232/22 4.95 335.0 4.6 6.2 337.9 340.3 6.3 - 339.0 -
8235/3 0.47 139.0 0.4 0.5 135.7 133.2 nd nd 137 .9 132.0 
8235/6 6.42 53.7 7.0 6.5 55.7 4B.3 5.0 7.0 54.7 55.0 
8235/8 5.23 395.0 5.3 6.0 398.8 400.0 8.0 5. 4 433.0 412.0 
8235/11 1.96 373.0 2.3 1.6 348.9 349 .3 2.3 - 337.0 335.0 
8235/14 3.82 57.7 4.1 3.4 53 .8 53 .7 5.0 3.0 52.0 52.0 
8235/15a 3.69 65.5 3.0 - 72.0 - 3.4 71.5 
8235/18 1.77 455.6 2.6 2.5 457 .7 451.6 2.3 3.0 470.0 458.0 
8235/21 1.61 390.8 2.1 2.2 380.5 375.9 3.0 2.0 387.4 379 .0 
8235/23 1.09 176.0 0.8 0.4 180.5 166.6 0.7 - 174.0 186.0 
8235/29 8.94 69.2 9.4 8.0 62.1 65.2 7.9 11.0 69.0 63.0 
8235/31 0.74 72 .8 1.4 1.5 72.6 65.5 1.0 1.0 73.0 63.0 
8235/34 5.92 61.9 6.1 9.2 50.8 31.2 5.4 8.0 55.0 34.0 
8235/35 6.31 52 .2 6.0 50.0 6.0 51.0 
8235/37 0.50 66 .6 0.6 nd 71. 2 74.1 nd nd 69.0 62.0 
8235/39 0.88 413.0 1.2 0.4 365.7 365.5 1.4 - 370.0 364.0 
5-9 0.76 163.0 0.2 163.4 0.8 161. 7 
5-13 0.84 190.0 0.5 0. 7 215.1 183.1 1.1 214:9 
5-19 1.27 326.0 1.6 325.1 2.0 325.0 
5-23 1.30 198.0 1.3 197.9 2. 1 206.3 
5-30 0.81 174.0 0.7 0.6 178.2 176.9 0.4 - 178.2 180.1 
5-33 0.81 97.2 0.3 97.2 0.3 100.2 
5-35 1.07 125.0 1.6 123.5 1.6 124.8 
5-36 1.57 70.3 2.3 70.4 2.3 73.7 
5-38 0.41 47.6 0.2 46.1 0.2 4B.9 
5-40 0.34 70.9 nd 71.9 nd 72.8 
5-43 0.31 37.7 nd 36.8 nd 38.1 
5-49 1.14 44.6 2.6 44.0 1.8 45.7 
5-54 1. 51 39.4 2.5 40.5 2.5 41.7 
5-58 0.60 36.8 0.8 37.3 0.7 37.8 
5-66 0.56 78.5 2.0 78.4 2.0 82.7 
5-71 0.78 254 .0 0.6 256.0 0.6 262.4 
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Mass absorption coefficients (MACs) were either determined using the Mo­
Compton Fe-K-alpha method (Reynolds, 1967; Nesbitt et al., 1976) or 
calculated from major element data using Heinrich's (1966) values. 

Standard calibration and data reduction was achieved by using computer 
programs available on XRFFILE on the Rhodes University Cyber main frame 
computer. These programs allow for corrections to be made for 
i nstrumenta 1 drift, dead-t ime, background, tube and spectra 1 1 ine 
interferences . For each trace element ana lys i s count i ng error, lower 
limit of detection and lower limit of determination (LLO - defined as 
twice the detection limi t) were calculated. Typical LLO and absolute 
errors of determination are presented below. 

Element llD sd Error sd 

Rb 1.39 0. 18 0.41 0.05 
Sr 1.32 0.17 0.72 0.20 
Y 1.53 0.20 0.45 0.06 
Zr 1. 31 0.17 0.39 0.05 
Co 2.08 0.33 0.55 0.11 
Cr 2.34 0.27 1.87 1.08 
V 2.95 0.35 0.77 0.12 
Zn 2.04 0.21 0.73 0.04 
Cu 2.19 0. 23 0.78 0.05 
Ni 2. 78 0. 29 1.16 0.12 
Sc 0.52 0.05 0.45 0.26 

Calibration curves were determined from the following international and 
in-house standards. 

Major elements 
Na 
MACs 
Rb, Sr , Zr, Y 
Co, Cr , V 
Zn, Cu, N i 
Sc 

- NIM-N, BCR, GSP, AGV, OTS, G-2 . 
- G-2, PCC, BCR , AGV, GSP, NIM-G . 
- OTS, BHVO, GSP, BCR, G-2, AGV. 
- BCR, G-2, 5-12, AGV, SOC . 
- QLO, PCC, SOC, BHVO, KRF -13, BCR . 
- PCC, BHVO, DTS, BCR, AGV. 
- BCR, AGV, GSP, NIM-N. 
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Typical running conditions for the XRF are listed in Table 02 below. 

TABLE 02: X-Ray Fluorescence analytical conditions. 
(Ka emission line with a kV of 55 and rnA of 40) 

Time 
Element Tube Crystal (Secs) Counter Co 11 imator Soecimen 

Si Cr PET 40 flow coarse fusion disc 
Ti Cr LiF(200) 10 flow fine fusion disc 
Al Cr PET 40 flow coarse fusion disc 
Fe Cr LiF(200) 20 flow fine f.usion disc 
Mn Cr LiF(200) 20 flow coarse fusion disc 
Mg Cr TLAP 200 flow f ine fusion disc 
Ca Cr LiF(200) 10 flow fine fusion disc 
Na Cr TLAP 100 flow fine powder pe 11 et 
K Cr LiF(200) 10 flow fine fusion disc 
P Cr Ge 20 flow coarse fusion disc 
Sr W LiF(220) 200 scinto fine powder pe 11 et 
Rb W LiF(220) 200 sc i nt. fine powder pe 11 et 
Zr W LiF(220) 200 sc i nt. fine powder pe 11 et 
Y W LiF(220) 200 scinto fine powder pe 11 et 
Co W LiF(220) 200 flow fine powder pe 11 et 
Cr W LiF(220) 200 flow fine powder pe 11 et 
V W LiF(220) 200 flow fine powder pellet 
Zn Mo LiF(220) 200 f 1 ow+sc i nt. fine powder pe 11 et 
Cu Mo LiF(220) 200 flow+scint. fine powder pe 11 et 
Ni Mo LiF(220) 200 flow+scint. fine powder pe 11 et 
Sc Cr LiF(220) 200 flow fine powder pe 11 et 

Analytical data were checked by re-analysing selected samples during 
successive runs to check consistency of the results. The repeat analysis 
of randomly selected samples gave results which were close to those of 
the original analyses. In one particular instance all samples in 4 
Bastard Un it profi 1 es (LEF, Y, X and RO) were re - run for Sr some two 
years after the initial results had been obtained and a marginal decrease 
in the Sr concentration was recorded (see comparison of the two sets of 
results Sr in Table 01) . Full check analyses for Sr, Rb, Y, and Zr were 
also made on the pyroxenite samples of these profiles. Additional checks 
were also carried out for other elements . 



TABLE D3: 

Profile 

LEF 

Y 

X 

RD 

D5 

Comparison of Sr determinations made two years apart on the 
same powder discs. In some cases a third determination is 
given. 

Sr ppm Sr ppm ppm !k 0 

Samole 1st result 2nd result diff. diff. 

H979.91 246.4 247.0 -0.60 -0.24 
H984.48 308 .6 301.8 6.80 2.20 
H992.8 273.6 271.5 2.10 0.77 
H995.6 399.0 394 . 1 4.90 1.23 
H997.26 371.4 367.1 4.30 1.16 
H998.1 94.2 93.3/93.0 0.90 0.96 
Y722.4 335.1 332.4 2.70 0.81 
Y740.5 328.9 318.4 10.50 3.19 
Y746.4 333.0 323.7 9.30 2.79 
Y755.66 341.9 331.6 10.30 3.01 
Y760.2 372 .1 357.9 14.20 3.82 
Y764.2 272.5 268.4 4.10 1.50 
Y765 . 48 375.5 367.5 8.00 2.13 
Y770.58 215.1 211.5 3.60 1.67 
Y775 67 . 5 63.0 4. 40 6.52 
X735 314.2 306.4 7.8 2.48 
X745.44 357.6 347.2 10.4 2.91 
X763.95 332.2 324.0 8.2 2.47 
X768.5 327.9 321.0 6.9 2.10 
X776.52 327.9 317.4 10.5 3.20 
X779 .82 80.4 78 . 5 1.9 2.36 
X782.7 270.5 267.5 3.0 1.11 
X788.41 162.9 157.2 5.7 3. 50 
X791.8 65.4 60.5/60.6 -2.7 -4.13 
RD-1 493.4 473.3 20.1 4. 07 
RD-3 456.4 448.5 7.9 1. 73 
RD-4 459.5 451.2 8.3 1.81 
RD-6 566.9 551.9 15.0 2. 65 
RD-15 330.7 322.6 8. 1 2.45 
RD-16 205 .2 203.9 1.3 0. 63 
RD-17 71.4 66.5 4.9 6.86 
RD-18 70.8 66.0/63.0 4.8 6.78 
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Major element data are quoted in two forms. 

1. Actual corrected analyses. Here the best result of the two 
determinations is recorded with total Fe quoted as Fe203 and includes 
LOr and H20- (Tables 01 - 07). 

2. Working analyses have been normalised to 100% and are Lor and H20-
free. These results have been used throughout in the presentation of 
results and calculation of the norms. They represent either the best 
result or an average of the two normalised determinations 
(Table 08 - 014). 

Note MMFwR - Magnes i urn No. (a 1 so quoted as who le-rock MMF r,at i 0) . 

MMFWR = atomic ratio of Mg/(Mg + Fe) 

( MgO ) 
40.32 

( 
(0.9 * F e2Q3) + F eO ) 

71.85 

Plagioclase mineral separates. 

( MgO ) 
+ 40.32 

Two plagioclase separates were prepared from the Bastard pyroxenite 
samples of profile Y and X (samples Y775.0 and X791.8). The samples were 
crushed and sieved and the fraction between 63 and 180 microns was 
retained. This was then washed in distilled water to remove the fines and 
dried at 110°C before separation. An electromagnetic separator was used 
to separate the plagioclase from the sample . By trial and error the 
optimum inclination, sideways tilt and rate of feed of the separator was 
determined. After an initial pass the plagioclase fraction was sent 
through the separator two more times. The final plagioclase fraction was 
then cleaned by hand-picking under a binocular microscope and extremely 
pure separates were obtained (>99%). Because of the small volume of the 
separates a dilution with pure silica was needed to make up the 5gm XRF 
briquette. 
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WHOLE ROCK DATA TABLE 06: Major element analyses - Upper Critical Zone - profile lJC. 
Including LO! and H2O-. Total Fe expressed as Fe2030 
* - average of two analyses. 
Metres given relative to the base of the Bastard Unit. 

uc 
SaIl'pJe lIe-! llC-l lIe_l uc·. lIe-s ue-6 lIe-7 lIe-8 UC-9 ue_lo lie-II UC-12 ue-13 lIe-14 lie-IS lie-IS UC-17 lie- IS IIC_19 U(-20 UC-21 UC-22 UC-23 UC-24a UC-24b lIC-2S UC-26 UC-27 
Ketr~s 30.75 29.16 28.51 26.50 23.99 22.13 21.46 19.59 17 .27 15.95 14.11 13.30 l1.l3 '.00 1.41 5.25 4.10 2.30 0.51 0.10 -0.15 -0.43 -1.80 -2 . S0 -2.85 -4.10 . 6.60 -7.96 
1It.% 

Si02 50.25 49.08 48.70 49.37 49.5] 48.46 48.99 45.83 44.67 43.71 41.91 4S.1I 43.55 52.65 51.81 !,4.22 52.19 53.68 54.12 ~_13 48.42 48.61 48.48 47.91 48.1. 47.85 48.24 49.91 
11°2 0.11 0.09 0.05 0." 0.06 0.04 0.04 0.02 0.01 0.03 0.03 0.07 0.05 0.11 0.31 0.16 0.16 0.17 0.19 0.18 0.05 0.04 0.05 0.05 0." 0.01 0." D.,. 
A1203 26.02 21.70 29.10 28.29 29.n 30 . 22 30.06 31.11 11.87 25.20 19.36 16.77 16.18 6.)1 8.22 1.56 2.411 5.69 5.06 5.40 29.61 31.11 30.95 11. 19 28.10 26.83 27.14 24.~1 

feZ03 4.33 1.24 2.40 2." 1.68 1.07 1.41 D ... 1.14 1.14 7.49 7.32 9.10 10 . 35 10.83 11.66 12.70 11.57 11.50 11.72 1.78 1.10 1.14 '.00 2.39 2.83 3.09 .. ,. 
'00 D.,. 0.05 Cl.04 0.04 0.03 0.03 0.03 0.02 0.03 0.05 O,ll 0.13 0.14 0.21 0.21 0.23 0.23 0.23 0.20 0.21 0.03 0,01 0.02 0.02 0.0< 0.05 0.05 0.01 
KgO 4.28 2. 13 1.80 2.35 2.05 1.11 ].95 1.50 }.86 4.69 14.5) 15.]9 17.24 21.78 21. 74 26.27 21 . 13 23.88 23.53 2).26 2.49 1.3< 1.70 1.23 3.57 4.20 4.25 6.41 
,.0 12.611 13.20 13.90 14.11 U.40 15.10 14.92 15.94 16.31 16.43 10.96 9.41 10 . 10 1.13 5.22 3. 10 2." 4.35 l.BO 3.40 14.01 15.63 15.31 IU4 14 . 48 13.56 13.51 12.4 5 
MaZO 2.00 Z. 13 2.30 2.27 U,1 2.59 2.42 1.95 L81 1.42 0." D ... 0.68 0.43 0.48 0.19 0.61 0.62 0.27 0.62 1.82 1.63 1.78 242 2.26 2.09 2.05 2.01 
',<I 0.16 0.20 0.18 0.13 0.13 O.ll 0.09 0.01 0.05 0.10 0.02 0.01 0.03 0.01 0.03 0.00 0.00 0.03 0. 12 0.12 0.21 0. 15 0.15 0.12 0. 10 0.12 0.14 0.10 
',<I, 0.01 0." 0.06 0." 0.04 0.10 0.04 0.02 0.06 0.03 0. 01 0.05 0.03 0.02 0.08 0. 02 0.01 D.,. 0.02 0 .00 0." 0.05 0.06 O.ll 0.04 0.03 0.12 0.03 
lO1 0.42 0.67 1.19 1.01 0.33 0.37 0.25 1.31 1.89 4.11 l." 0.92 2." 0.45 0.18 ·O . OJ 0.20 0.11 .0.12 0.36 1.43 0.30 0.37 0.21 11.19 2.]] 0.45 0.21 
H2O' 0.07 0.01 0.07 0.01 0.05 0.05 0.05 0.01 0.07 0.09 0.14 0. 07 0.09 0.05 0.05 0.05 0.04 0.09 0.05 0.13 0.12 0. 05 0.0] 0.05 0.04 0.07 0.04 0.04 
Total 100.36 99.22 99.79 100.16 100.54 99.29 100.25 99.37 99.82 99.00 99.16 99.12 99.76 99.68 99.15 99.43 99.l6 100.69 99.34 99.56 100.]] 1110.1l8 100 .03 100.D4 100.03 100.02 99.11 100.04 

.... ,. IIC-28 IIC-29 IIC-30 UC-31 IIC-32 UC-33 IIC-3~ IIC·35 UC-36 UC-37 UC-36 IIC-39 UC.40 11(-41 UC-42 UC-H ,,-4, IIC-45 UC-46 IIC-41 IIC-4& UC-46b UC-51 UC-52 UC-53 IIC-54 IIC- 55 UC-S6 
Metres -9.61 -11.61 -13. 69 -15.97 -17.65 -19.31 -20.97 -22.39 -23 .65 -24.63 -25.57 -26.60 -28.85 ·31.12 -33.21 _34.47 -35.93 -37.29 -38.30 -39.39 -41.17 -41.55 -45 .03 -46.65 -.a.55 -50. 15 -51.95 - 53.20 
IIt.\ Cl 
"0, 50.11 48.89 49.40 SO.51 50.97 50.87 51.61 53 .07 54.27 52.94 48.23 46.65 48.66 49.05 48.76 48.45 .a.52 48.14 46.19 48.09 51.68 47.57 53.27 53.21 54.U 54.06 54.15 54.62 <.D 
111)2 0.09 0.07 0.08 0.09 0.11 0.12 0.13 0. 19 0.21 0.19 0.05 0.05 0.06 0." 0. 07 0.07 0.05 0.05 0." 0.08 0.11 D.,. 0.24 0.21 0. 24 0.22 0.21 0.25 
AI Z03 22.90 25.58 24.46 18.98 17.11 15.48 13.65 8.61 5.56 5.82 29 . 51 29 .75 29.90 29.0 30 . 07 29.35 3D." 29.28 30.81 28.98 12.15 30.20 4.14 2.19 4.87 4.7J 3.60 4.26 
hZ03 4.57 3.49 3.77 6.14 6.95 , ... 8.28 10. 37 12.34 12.33 1.44 1.63 1.]5 1.79 1.65 1.95 l.H 1.95 1.16 2. 01 6.79 1.20 13.45 14.21 12 .18 12.58 12.48 11.11 

'"" 0.50 0.06 O.O} 0.10 O.D 0.14 0.15 0. 18 0.21 0.22 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0." 0.02 0.04 0.15 0.04 0.24 0.26 0.22 0.22 0.23 0.22 
KgO 7.66 5.61 6.49 11.16 13.21 14.92 16.85 20.35 23.06 23.19 1.55 2.14 1.19 ..,. 2.14 2.25 2.13 2.91 1.53 2.39 17 .26 1.31 24.51 25.79 22.53 23.86 24.19 23.83 
,.0 12.11 13.61 12.60 10.U 9.48 '.00 7.93 ' .80 3.61 4.64 15.06 14.83 14.99 14.84 IS.33 14.69 15.48 14.88 15.25 15.31 6.92 15 . 39 3.47 l.64 '.66 3.35 4.16 4.23 
Na 20 1.89 2.21 1.86 1.13 1.48 1.53 1.33 1.22 0.82 0.71 2.62 2.46 2.40 2.28 2.31 2.05 2.32 2.28 2.35 2.33 2.12 2. 54 0.45 0.26 0." 0.65 0.62 0.70 
'20 0.09 0.11 0.10 D.,. 0." 0. 07 0.07 0.10 0.13 0.06 0.28 0.11 0.11 0.12 0.12 0.20 0.11 11.12 0.13 0.12 0.06 0.33 (l ,01 0.10 0.16 0.18 0.22 0.25 
P205 0.02 0.08 0.04 0.02 0.01 0.02 0.03 0.01 0." 0.01 0.08 0.02 0.0] D.,. 0.04 0.04 0.09 0.05 O.O~ 0.11 0.03 0.06 0.11 D.,. 0." 0. 11 0.03 0.01 
lOi 0.05 0.10 0.13 0.10 _O.DB -0.01 -0.01 0.04 -0.23 -0.09 1." 0.31 0.21 0.32 0.19 0.75 0. 25 0. 26 0.42 0.52 D ... 1.25 0." 0.03 ·0.18 -0 .11 _0.11 -0.08 
K20• 0.05 0.08 0.36 0.05 0.0] 0.05 0.06 0.11 O.OS 0.07 0.11 0.05 0.42 0.05 0.0< 0.07 0.05 0.05 0.05 0.07 0." 0.10 0.09 0.09 D.,. 0.08 0." 0." 
Total 100.05 100.07 99.35 99.]7 99.51 100.05 100 .06 100.17 100.07 100.08 100.05 100.G4 99.93 100.41 100.76 100.10 100.98 100.03 100.04 IOO .G4 99.90 100.06 HIl1.l8 100.09 100.09 100.09 99.88 100.07 

5a""le IIC-57 UC _58 U(·59 UC-60 IIC-61 IIC-62 lIe_63 UC·65 UC·661 UC-66b lIt-61 IIC-68 IIC·69 OC·l0 UC.71 UC-72 UC_13 IIC_74 UC-7s" IIC-75b IIC-76 UC-77 UC-78 IIC-80 UC-81a UC-81b IIC-S4 
t\etre~ -5~.2~ -51.25 - 59.30 -60.75 -62.25 -62.85 -63.40 .65.60 -67.60 -68.10 -10. 15 -73 . 15 -75.60 .11 .95 -8L35 ·82.60 -83.65 -85.05 -85 .80 -86.00 -88.15 -91.30 ·92.75 -96.00 ·91.16 - 97.35 - 1111.65 
\/1.% 

5102 54.41 48.62 54.49 53.41 53.44 .6.15 52.24 53.93 53.49 51.04 53.21 ".04 53.40 53.60 46.60 44.80 46.29 50.25 49.60 48.41 51.50 49. 13 49.10 41.60 47.60 48.01 SO.69 
T102 0.26 0.04 0.22 0. 20 0.16 0.12 0.23 0.23 0.23 0.24 0.20 0.20 0.21 0.16 0.03 0.04 0." 0.05 0.04 0.02 0.05 0.04 0.04 0.04 0.03 0.05 D.,. 
A1 2O] 3.311 31.23 4.11 5. 41 5. 59 4.98 3.85 2.93 3.81 6.37 5.114 3." 3.49 5.20 3l.l0 30.83 27.511 23 . 38 25.71 30.86 19.90 2UII 31.00 31.60 11.09 26.20 16.69 
feZ03 12.99 1.19 12.40 12.11 11.66 14.03 IJ.06 13.51 13.12 13.55 13.17 13 .02 13.JO 13.M 1.32 1." 2.42 4.20 3.40 1.32 5.14 1.70 0.95 0.89 1.13 2.54 6.31 

'''' 0.22 0.01 0.22 0.21 0.21 0.21 0.22 0.25 0.27 0.25 0.23 0.24 11.26 11.24 0.03 0.05 0.05 0.08 0.01 0.02 0.10 0.01 0.00 0.113 0.03 0.05 0.17 
KgO 24.78 1.83 B.38 23,42 23.10 26.82 25.18 25.49 24.62 24.11 22.61 21.90 23.60 23.00 1.09 1.]1 3.55 8.20 6.18 1.59 10.88 2.00 0.52 1.24 1.41 3.69 11.82 
,,0 3.44 15.42 3.75 '.00 4.32 3.91 3.12 2. 41 3.30 ].98 3.82 ].10 3.59 4.00 14.30 14.22 12.81 11.70 12.83 15.02 10.42 H.80 15.21 15.12 15.36 13.94 .... 
lIaZO 0.45 0.81 D ... 0.18 0.62 0.44 0.31 0." D ... 0." ]'91 O.H 0.40 0.12 2.14 ,.,. 2. 55 1.70 2.05 2.39 1.61 2.20 2. 29 2.40 2.49 2.41 1.91 
<,0 0.23 0.09 0.08 0.06 0.07 0.02 0.11 0.14 0.09 0.03 0.07 0.02 0.02 0.02 1.15 1.37 0.26 0.05 0.06 0.06 0.03 0.07 0.09 0.07 D.lI 0.1] 0.10 
P20S 0.08 0.03 0.00 0.06 0.00 0.00 0.06 0.05 0.04 0.17 0.01 0.01 0.00 0.03 0.06 0.0< D.,. 0,03 0.02 0.08 0.0) 0.00 0.03 0.05 0.09 0.01 0." 
lO1 _0.16 -0 . 38 . 0.31 -0.40 0.15 2.61 0.91 -0.44 _0.19 -0.31 -0.25 0.40 0.19 -0.45 1.12 3.14 2.36 0. 13 0.11 0.19 -0.0<1 0.14 0.16 0.15 0.48 0.46 ·0.03 
"20• 0.08 0.05 0." 0.05 0.51 0.05 0.02 0.03 0.01 O.OJ 0.02 0.01 0.00 0.01 0.00 0.14 0.12 0.00 0.05 0.04 0.04 0.03 0.04 0.0] 0.06 0.01 0.10 
lotal 100.08 98.96 99.87 99. 31 ..... 99.94 99.97 98.99 100.02 100.03 100.04 99.!H 99.05 99.5~ !W.14 99.92 100.19 99.77 100.13 100.00 100.27 99.82 99.50 99.82 100.06 99.69 100.23 



WHOLE ROCK DATA: TABLE OJ: Major elelOOnt analyses - Bastard Unit profiles LEF. Y. X. RD and AF . 
Including LOI and H20-. Total Fe expressed as Fe203. 
* : average of two analyses. 
Metres given above base of Unit. 

LEF y X 
Sa",,1e H979.91 H9S4.48 !t992.6 H995.6 1t997 .26 H998.1 Y722 .~ '040.5 Y146.4 Y155 .66 Y760 .2 YJ64.2 Y76S,48 yno.sa Y175. 0 .1:735.0 X745.44 X763.95 X16B.S .1:716.5 l719.82 X7aZ .1 X788.U X191.S 
t'.etres 18.29 13.12 5.40 2.5< 0. 94 0.10 5<.0 35.9 30.0 20.8 16.2 12.2 10.9 S.8 1., 57.94 47.50 28 . 99 24.44 16.44 13 .12 10.24 4.53 J.14 
'IIt.'s: 
SiDZ 50 .65 49 .81 49.38 48.17 48.65 51.aS SI Al SO.14 50 .08 SO.22 48.84 50.09 47.79 51.20 52 .89 51.56 49.66 49.50 51.01 50 .12 52.19 49.92 53.33 53.83 
TiOZ 0.15 0. 12 0.11 D." 0.05 0. 12 0.21 0.20 0.12 0.09 0.08 0.18 0.07 0.10 0.22 0.19 0.01 0.09 0. 07 0.05 0.18 0.01 0.09 0.21 
AIZO) 18.7) 23.02 20.89 30. 53 26.12 8,05 24 .80 25.12 21.29 21.63 21. 63 21.59 30.49 11.42 5.51 23.45 27.0J 26.78 26.60 26.32 7.02 22.25 13.66 5.35 
Fe203 6. ]4 U8 5.07 1.21 2. 39 11.19 4. 6] 4.49 3.]4 2.29 2.14 5.68 l.80 6.61 11.43 4. 92 1.11 3. 51 ].2] ].09 13 .00 4.65 '.14 11. 33 

'''' 0.01 0.03 0.(15 0.00 0.00 0.14 0.01 (1.(16 D.D< 0. (13 0.04 0.09 0.04 0. 11 0.21 0.08 0.05 0.06 0.03 0.02 0.22 0.06 0.11 0.17 
",0 10.95 ,." 8.11 0.86 2.12 20.28 2.6] ]. 07 4.0] '.Da 2.81 7.31 1.61 13 .00 22.94 4.11 2." ] .]2 2.92 2." 20.20 8.82 11.01 23.66 
C. D 9.96 12.14 10.92 I5.]S 14 . 44 4.95 12.06 12. ]9 13 .68 13.62 H.05 11.72 14.91 9.34 4.12 12. 23 12.95 12.95 13 .32 13.56 5.09 11.59 7.41 3.57 

",0 1.56 1.86 1.18 2.11 2 .01 0.55 2.79 2.54 2.40 2. 52 2. 14 1.80 2.l6 1.43 0.62 2.52 2.53 2.29 2.29 2.38 o.n 1.61 1.11 0.65 

'20 0.18 0.19 0.19 0.22 0.15 0.08 0.51 0.]7 o.n 0.11 0.12 0.01 0.05 D.DD 0.06 0.29 0.01 0.15 0.08 D." 0.00 0. 02 0.00 0.05 

P20S (1.01 (1 .(11 0. (11 (1.(11 (1.00 0.00 D.Da 0.09 0.03 0.03 0.04 0.0] 0.0] 0.01 0. 01 0.03 0.01 0.03 0.04 0.03 0.00 0.02 0.01 0.0 1 
LD1 0.50 0. ]5 0.22 0.86 0.34 -0.09 D." 0.38 0.28 O.H D." 0.00 0.12 0.28 0.09 0.21 0.30 0.14 0.01 0.10 -0 .51 -0 . 03 -0. 16 0.19 
',0. 0.16 0. 16 0.13 0. 21 0.17 0.11 0 .21 0 .19 0.15 0.16 0.19 0.11 0.10 0.16 0.12 O.ll 0.11 0.11 D.Da 0. 10 0.10 0.12 0. 15 0. 13 
Total 99.0. 98.95 91.51 99.66 ".68 97 .30 99.68 99.05 101.66 100.24 99. 37 98.62 99 .23 99. 67 98. 21 99 .11 98.71 !t8.92 99.68 98.10 98.25 99. }6 100.38 99.15 

"" ...... 
RD /oF 0 

Sarple RO_I RD·' .... RO-6 RD- 15 110-16 RO_17 IID-18 "'·1 Af.2 Af.' Af ., AF-5 Af·' Af·' Af·" Af-8b AT ., M-IO M-II M-12 M-13 Af-H M-15 AI -16 
Pll!tres 35.00 31.00 29.40 22.50 8.]0 5.90 ].62 0. 50 ).4 . 20 32.30 ]0.60 21.90 24.90 Zl.10 18.90 18.05 11.85 11 .05 13.60 10.50 6.65 4.40 2.45 1.25 0.05 
IIt.% 

S102 49.85 50.68 49.13 49.12 49.93 5J.ll 54.03 5].24 SO." 48 .90 49.56 49.94 50.52 52.27 49.]2 51.42 52.59 SO.Da 50.20 51.00 52.50 52.20 5].95 !.4.50 53.50 
Tl02 0.12 0.08 D. DB 0.01 D." 0. 10 0.20 0.20 O.ll 0.09 D." 0." 0.09 O.il 0.13 0.10 0.12 0.12 0.10 0.10 0.14 0. 11 0.22 0.21 0.20 
AlzO] 26 .94 28.74 21. 00 28.12 19 .87 14.23 5.85 5.55 25.95 28.20 ]0.80 29.35 29.2] 29.00 25. 52 28.90 26.09 19.86 19.30 16.90 12 .60 7.70 5.90 5.43 6.75 
feZ03 2.63 2.27 , .SO 2.43 5.66 1.33 12.91 12. 16 3.94 2.56 1.25 1.91 1.92 2.9] 4.14 ].23 4.68 6.66 5.g4 6.90 B.IO 11 .00 11.00 11.14 11.30 

'''' 0.04 O.OS 0.03 D." 0.10 0.15 0.21 0. 20 0.05 0.03 0.02 0.03 0.03 D." 0.06 D." 0.01 0.12 0.11 0.12 0.15 0.21 0.20 0.22 0.20 

"" 2.25 L91 ] .51 2.28 10.74 16.12 21.39 21.86 .. " 2.44 l.H Z.01 L.8O 2.60 '.84 ].10 5.85 10.92 12.20 14.65 18.50 22.60 23.10 23 .40 22.60 
C. D 1].02 13.56 12.99 13.94 9.81 , .14 4. 52 4.41 12.99 13 .15 14.30 14.03 13.81 14.14 14.07 14.25 12.96 10.60 9.60 8.85 6.90 5.40 4.30 4.01 4.05 
HaZO 2.81 2.12 2.12 2.59 1.60 1.2] 0.19 0." 2.0} 2.SO 2.46 2. ] 7 2.42 2. 45 1.18 2.04 1.95 1.25 1.50 1. 05 0.85 0.13 0.\9 0.78 0.61 
',0 0.20 0.20 0.22 0.20 0.02 0.01 0.00 0.00 0.17 0.21 0.22 0.}8 0.22 0.25 0.20 0. 22 0.23 0.15 0.12 0.11 D.Da D. " 0.24 0.23 0.20 
PZ05 0.04 D." 0.03 D.D< 0.02 0,02 0.00 0.00 0.1)] 0.01 0.02 0.00 0.02 0.02 0.01 D." 0.03 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.02 
tOi 1.34 0.92 0.92 1.38 I." I." -0.19 D." 0.56 0.35 0. 51 0.54 0.]1 -4. 66 0.11 -4.16 -4,11 0.1I 0.05 0.15 -0. 07 -0.24 0.25 -0.10 0.39 
H20- 0.19 0. 16 0.17 0.22 0.21 0.20 0.14 0. 17 0.03 0.02 0.00 0.03 0.02 0.02 0.04 0.02 D." 0.02 0.02 0.02 0.1 0 D.DB 0.13 0.10 0.1] 
loul 99 •• 2 101.31 100.08 100.41 99.89 99.69 99.84 ".J< 100.12 ~.05 100.33 100.60 100.38 99.16 100.92 99.21 99.88 99.90 99 .13 99.85 99.85 99.91 ".88 99.92 99 .95 



WHOLE ROCK DATA TABLE 08: Major element analyses, trace element analyses & CIPW weight % norms - UGl Footwall Unit - S samp les. 
Major element ana lyses are normalised to 100% and are LOr and H20- free. 
They are t he average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of Fe203/FeO • 0.1 
Metres given below base of UG1 chromitite. 

;s used. 

Sa~le s-o S_I S-1 S-3 So, s-s s-, S-7 SoB So, S-IO 5-11 5-12 S-Il 5-14 S-15 5-16 5-11 5-18 5-19 5-20 5-21 5-22 5-23 5-24 5-25 5-26 
Hetre~ 1.0 1.' 5.' 8.' ll.l 18.2 2l.l 25 .5 32.3 31.8 ~2.5 49.8 57.1 67.9 75. 2 80.9 85.3 89.7 94.1 98.8 106.0 110.1 115.1 120.4 m.e 129.1 133.5 
WLIf 

"0, 48.30 49.30 49.74 49.08 49.48 50.67 52.46 53.22 52.81 52.119 SO.83 53,02 53.24 52.35 50.86 52.12 51.59 52.27 SlUt 50.0 51.54 52.19 52 .12 52.81 ~.83 52.28 51.75 
11°2 0.00 0.06 0.04 0.04 0.03 0.05 0.10 0.11 0.11 D.lI 0.09 0.11 0.12 0.10 0.06 0.11 0.08 0.11 O.1l6 0.07 0.06 0.07 0.08 0.10 0.18 0.08 0.09 
~1~3 32.60 25.20 25.96 31.61) 31.03 23.09 14.39 11.86 12 .67 11.41 13.12 1l.49 9.91 14.96 21.45 11.51 20.78 15.36 24.06 2l.B4 19.96 15.38 15.16 13.32 3.95 15.42 15.53 
FtZ03 0.08 0.32 0.28 0.09 '.08 0.37 0.69 0.77 0.76 0.78 0." 0.80 0.81 0.69 0.45 0.58 0.41 0." 0.37 0.41'> '.SO 0." 0.61 0. 74 1.15 0.69 0.10 
r.o 0.88 3.20 2.71 0.88 0.75 3.67 6.85 7.72 7.56 1.76 '.81 8.03 8.72 6.89 4.51 5. 18 4.71 '.80 ,." 4.52 4.97 6.78 6.69 7.U 11.52 ' .88 7.03 

""" 0.02 0.05 0.01 0.02 0.02 0.01 0.15 0.16 0.18 G.18 G.16 0.18 0.19 0.15 0.09 0.13 0.12 0.15 '.08 0.11 O.ll 0.14 0.14 0.15 0.24 0.14 0.14 
",0 0.50 6.40 6. 20 0.91 0.15 8." 16.57 18.43 18 .03 H.38 20.22 18.83 19.98 15.61 10.04 13.21 10.40 15 .44 1.73 9.58 1l.88 15 .07 14.~ 16.61 23.95 14.59 H.S3 
c •• 15.40 12.20 12.81 15.09 14.56 11.57 1.59 6.31 6.60 6.18 6.73 6.19 5.80 7.78 10 .87 8.77 10.00 1.78 11.43 10.94 9.51 8.31 8.14 1.34 ,." a.36 8.50 

~~o 2.20 l.80 2.05 2.20 2.17 1. 79 1.14 0.97 1.11 1.25 1.25 1.23 1.03 1.40 1.52 1.63 1.73 1.30 1." 1.96 1.31 }.33 1.48 1.41 0.46 1.49 1.49 
0.09 0.11 0.05 0.11 0.12 0.08 0.07 0." O.ll 0.01 0.09 '.08 0.07 0.07 0.10 0.10 0.11 0.10 0.13 0.11 0.09 0.05 0.07 0.05 0.03 '.06 0.0f> 

' ,os 0.05 0.06 0.03 0.00 0.01 0.00 ' .00 0_06 0.01 0.00 '.00 0 .03 0.01 0.00 0.05 '.00 0.01 0.01 0.01 0.00 0.02 0.01 0.00 0.03 0.00 0.00 0.03 
Totll 100.1 9a.7 100.0 100.0 100 .0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 .0 100.0 100.0 100.0 100.0 100.0 100. 0 100.0 

1.1f 0.4835 0.7658 0.1856 0.6283 0.6210 0.7938 0.7981 0.7961 0.1959 0.8033 0.82~ 0.1930 0.7893 0.7873 0.1846 0.7888 0.1831 0.7878 0.7754 0.7760 0.7%2 0.7841 0.7839 0.7849 0.1726 0.7760 0.7118 

Tract eltrnent va l uts (Ppnl). 
163.4 203.0 164.4 142.7 c::> S, 463.0 364.0 319.0 464.9 471.9 336.1 195.9 210 .6 183 .7 215 .0 320.8 252.9 304.5 223.5 359.6 325 .1 293.9 231. 3 232.0 205 .3 46 .3 230.6 234.6 ...... 

Rb '.0 '.8 1.1 1.1 1.1 0.5 1.0 10.6 1.7 0.1 0.' 0.5 1.0 0.' 1.6 1.1 0.' 1.' 1.' 2.0 '.5 0.3 0.' 1.1 '.7 '.5 1.8 ...... 
1.8 1.7 1.3 0_0 1.1 0.0 2.' 2.' 2.7 '.0 1.0 ' .1 , .. '.1 1.8 3.1 '.1 1.8 1.. 1.7 1.' 1.' , .. 1.8 1.1 3.0 3.1 

/, 0.0 1.0 3.8 '.0 1.5 0.8 5.1 5.8 5.3 .. , 3.' '.7 .-' 1.7 1.1 5.8 1.1 5.3 1.5 ,., 3.' 1.1 '.1 , .. 13.8 3.' '.1 
Co 5.0 29.0 25.9 7.' 5.7 35.9 69.8 75.6 74.0 76.9 70.1 71.5 82.' ".5 ... , 57 .9 45.7 ,,_. 33.8 41.5 48.7 63.5 65.6 71.6 105.1 62.a 62.7 
C, ... '" '" " l4 '" 1982 l1SO 104' 2060 1783 199. 2267 '''' 1090 1411 108. 1584 7" '" 1075 1443 1548 1707 2125 1556 1593 , 111. 0 40.0 40.3 11.9 '.0 54.0 110.4 125.8 118.5 121.6 105.1 119.4 137.4 104.5 04.1 92 .1 71.0 101.6 SO.7 62.1 72.5 88.' .... 104.3 181.0 95.8 91.2 

'" 5. ' 21.0 21.1 ,., 12.1 21.8 50.7 "., 56.9 59.9 52.8 58.' ".0 51\.1 32 . 5 46.3 41.3 50.9 25.6 39.4 32.3 49.2 59.3 51.8 K9 58.1 50.2 
C, 8.' 14.0 8.7 7.' 8.' 10.5 ,., 17.6 10.4 ,., 11.7 11.9 12.7 12.5 10.5 11.1 32 .0 13.3 8.3 12.1 10.1 5.1 11.6 11.3 11.4 11.3 15.7 
N; 8.5 141.0 124.4 13.8 14.4 174.7 335.0 436.5 386.1 392.7 388.0 390.1 428.0 3U.8 204.2 281.1 222.3 310.1 149.4 200 .0 231.8 308.4 340.5 354.1 549.3 332.5 313.9 
S, 5.7 12.4 '.1 , .. 3.8 11.8 21.7 24.4 23.6 24 •• 21.5 24 .3 25.7 13.1 13.7 18.2 14.2 20.3 '.5 11.4 13.8 17.6 22.1 21.0 "_8 18.8 19.8 

CIP\! weight percent oorlaS. 
0_00 0.00 0.01 0.02 .p 0.12 0.14 0.07 0.00 0.02 ' . 00 0.00 0.14 0.02 0.00 0. 12 0.00 0.02 0.05 0.02 0.00 0.05 0.02 0.00 0.01 0.00 0.00 0.07 

II 0.00 0.11 0.08 0.08 0.06 0.09 0.19 0.21 0.21 0.21 0.27 0.21 0.23 0.19 0.11 0.21 0.t5 0.2 1 0.11 0.13 0.11 0.13 0.15 0. 19 0.34 0.15 0.17 

" 0.53 0.65 0.35 0.65 0.11 0.47 0.41 2.01 0.65 O.U 0.53 0.47 0.41 0.41 0.59 0.59 0.65 0.59 0.17 0.65 0.53 0.30 0.41 0.30 0.18 0.]5 0.35 

" 18.61 15.23 17.34 18.61 18.35 15.14 9.65 8.21 1U9 10.58 10.58 10.41 8.71 11.85 12.85 13.79 14.64 11.00 16.58 16.58 11.08 11.25 12.52 11.93 3.89 12.61 12.61 

" 76.01 50.13 61.46 74.86 72.11 S4.74 33.94 21.01 29.27 25.32 29.92 25.60 22.38 34.33 51.41 40.33 48.61 35.18 56.H 50.41 47.35 35.85 34.52 29.81 8.63 35 . 21 35.51 , 1.00 0.08 0.00 0.43 1.88 0.00 0.00 0.00 0.00 0.00 '.00 0.00 0.00 '.00 0.00 0.00 '.00 0.00 '.00 0.00 0." 0.00 0.00 '.00 0.00 0.00 0.00 

" 0.12 0.46 0.41 0.13 0.12 0.54 1.00 1.12 1.10 1.ll 0.99 1.16 1.26 1.00 0.65 0.84 .. " 0.99 0.54 0.65 0.12 0." 0.97 1.07 1.67 1.00 1.01 
dien 0.00 0.00 0.55 0.00 0.00 0.18 1.09 1.24 1. 00 1.58 1.00 1.44 1.85 L24 0.64 0.93 0.21 0.78 0.05 1.09 0.00 1.54 1.10 1.84 2.76 1.80 1.08 
dt h 0.00 0.00 0.18 0.00 0.00 0.24 0.32 0.31 0.30 0.45 0.25 0.44 0.57 0.39 0.20 0.29 0.09 0.24 0.02 0.37 0.00 0.49 0.55 0.59 0.94 0.60 0.71 
,,~ '.00 0.00 0.19 0.00 0.00 1.11 1.55 1.76 1.42 2.23 1.45 2.05 1.64 1.18 0.91 1.33 0.39 1.12 0.01 1.59 0.00 2.22 2.45 2.65 4.02 2.61 3.03 
N, 1.25 15 .94 12. 50 2.21 1.87 20.48 39.64 44.66 42.90 41.49 32.04 42.44 45 .56 35.93 24.37 31.H 25.6] 37.13 18.45 17 .59 29.59 35.15 35.26 37.88 56.88 33.26 30. 47 
hyfs 1.59 5.61 4.02 1.51 1.30 6.17 11.11 13.29 12.82 11.83 7.11 12.89 14.15 11.27 1.78 9.76 a.27 11.61 6.20 5.91 8.81 11.27 11.32 12.06 19 .42 11.11 10.48 , 0.83 0.3~ '.00 1.48 3.52 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.36 '.00 .... 0.00 '_00 0.00 }.40 0.00 0. 15 '.00 1.27 '.00 0.00 
fo 0.00 0.00 1.61 0.00 0.00 0.18 0.23 0.00 0.70 3.63 IUO 2.11 .. 54 1.19 0.00 0.35 0.00 0." 0.53 3.63 0.00 0.59 0.00 1.15 0.00 0.89 2.55 r. '.00 0.00 0.56 '.00 0.00 0.06 0.01 ' .00 0.23 1.14 3.21 0.71 0." 0.41 0.00 0.12 0.00 0.13 0.20 1.34 0.00 0.21 0.00 0.40 0.00 0.33 0 .91 

a. apatite 11 ilmenite or - orthoclase 
ab albite an - anorthite c - corundum 
mt magnetite dien .. dlopside/enstatlte difs dlops Ide/ferros 11 i te 
dllfO dlopslde/wo l1aston fte hyen - hypersthene/enstatite hyfs hypersthene/tferros f 1 ite 
q quartz fo - forsteri te f. faya11 te 
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WHOLE ROCK DATA TABLE DB: Major element analyses, trace element analyses & CIPW weight % norms - UGI Footwall Unit - S samples. 
Major element analyses are normalised to 100% and are LOI and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidat ion ratio of Fe203/FeO ~ 0.1 is used. 
Metres given below base of UGI chromitite. 

Sa~le S-54 5-55 $·56 5-57 s-sa 5-59 S-" 5-65 5-66 5-69 S-10 5-11 5-72 5.1) 5-1. 5.75 5-76 5-11 5·19 S-61 
Ketres 261. 4 265.7 270.2 2H.4 219 .7 286 •• 299.1 302.9 301.9 JH.6 320.2 325.0 326.1 329. 9 332. 1 334.1 335.1 331.6 341.8 3-44.9 
IIt.% 
SI02 54.93 53.B} 53.64 54.63 54.49 55.00 54.18 Sot.46 54.05 52.95 SI.4!J 5l.31 52.06 50.81 51.2 1 ~.O2 49.01 52 .0J 52.76 52.61 
lt01 0.13 0.14 0,13 0.11 0.15 0.15 0.17 0.11 0.13 0.10 0.11 0.09 0. 09 0.10 0.10 0.12 0.10 0.13 0.22 0.18 
A1203 3.69 3." 3.92 3." 3.~4 2.46 4. 11 4.18 5.07 12.05 U.20 17.40 18.01 16.03 11.26 15.21 16.61 12.25 7.92 4.12 
fe203 1.15 1.16 1.18 1.19 l.ll 1.18 1.05 1.07 1.08 0.76 0.76 0.63 0." 0.67 0.61 0. 11 0.67 D." 1.05 1.19 
roO 11.51 11.64 11.80 11.93 11.29 11 . 18 10 . ~ 10.70 10.84 1.56 1. 61 6.29 5.39 6." 6.U 7.08 6. 14 7.99 10.~ I L 9cII ". 0_" 0.26 0.36 0.25 0.26 D.26 0.24 D.24 0.23 0.16 0.16 O.ll 0.11 0.14 0.13 0.15 0.14 0.11 0.22 0.26 

"'" 24.62 2S.~5 25.20 24.18 25.68 26.26 25.18 25 . 36 2~.18 18.59 17.67 13.62 12.88 15 .08 13.55 15.79 15.01 18.U 21.97 25.50 
C.O 3.21 1.36 3. 38 3.46 3.11 US 3.21 3.28 3.70 6.60 7.66 9.25 9.~S 8_" 9.33 9.11 9.69 1.02 U6 3.75 
HaZO 0.~2 0.46 0.39 0.46 0.44 0.19 0.61 0.49 0.67 1.20 1.27 1.21 1.32 I_54 1.50 1.66 1_84 LID 0.79 0.43 
'10 0.01 0.01 0.02 0.05 0.01 0_00 0.05 0.05 0.00 0.02 0.06 0.05 0.06 0." 0.07 0.08 0.11 0.04 0.06 0.01 
P20S 0.00 0.00 0_00 0.01 0.00 0.04 D.OI 0.01 0.04 0.01 0.01 0.05 0.01 0.01 0.06 0.01 0.01 0.06 0.03 0_00 
Tou l 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 .0 100.0 100.0 100 .0 100.0 100.0 100.0 100 .0 100.0 .. O.11n 0.7813 0.7174 0.7681 0.1881 0.1846 0.1962 0.7948 0.7848 0.8001 0.79H 0.1196 0.7962 0.1865 0.1833 0. 7848 0.7846 0. 1903 0.7131 0.777) 

Trice element values (ppm) . 
S, U.7 42.8 40.5 41.9 37.8 15.8 51 .0 SO., 82.6 168.1 185.6 262.4 242.6 266.2 2~.3 225.0 242.9 1!i11.6 83.3 41.5 Cl Rb I.S 1.1 1.8 1.8 0.8 1_8 3_1 1 .0 1.0 I_S 0.9 0.' 0.6 LO 0.8 1.3 LO 0.3 1.9 0.9 >--' 3_1 3.7 3_1 • . 9 .. , 3.8 S .• U ••• 2_2 3_' 3.3 '-' 2.7 3.7 2.' 3.1 3.7 '.8 •. 0 W 
1, ••• '.8 S.2 13.1 8.3 ' .3 13.0 11.2 3.S 1.8 3_3 2.9 ••• 6.2 .., S.O ' .1 ' . 9 11.2 '_8 
Co 1004.4 IOU 104.6 103.1 101.6 108.1 101.1 ".8 95.1 73.8 70.9 " .. 61.7 S2.3 56.8 62.7 58.0 74.4 95.5 101.1 
C, 2766 2795 2637 2309 2sa3 16" 2941 " .. " .. 2556 2344 2032 "" 11617 2183 2606 2313 "" 18126 3804 
V 165.9 175.2 170.0 178.6 174.6 172.1 146.2 146.1 132.8 81.7 85.2 69 .0 82.' 66.1 12.1 82,3 11.8 102.2 248.1 164 .0 

'" 89.5 103.5 .... 81.3 95.2 " .. 87.8 ... , 13.7 5S.4 60.1 42.8 ".8 .... 43.s 41.9 56.~ 54.3 81.3 90.' 
C. 10.1 20.8 14.7 8.7 15.5 lL2 ••• 13.0 15.6 .., 15.7 14.3 13 .2 16.2 12.5 12.8 18.1 12.8 21.2 11.9 
HI 537.0 569.~ 521.4 557.4 563.7 ~8.2 5(9.9 561.8 488.8 343.4 318.5 261.5 295.5 269.8 277 .6 305.4 300 .9 311.9 ~81.9 530.0 

" 32.3 31.S 32 . 3 32.2 31.9 33.5 ".1 3J.3 28.8 22.3 20.0 16.4 17 .5 15.6 16 .3 18.7 18.0 25.2 30.8 33.0 

C1PII weight percent fIOT'mS. 

0.02 0.02 0.09 0.02 0.02 0.12 0.02 ., 0.00 0." 0.00 0.02 D." 0.09 0.02 0.14 0.02 0.02 0.14 0.07 0_00 
II 0.24 0.26 0.24 0.32 0.28 0. 28 0.32 0.32 0.24 0.19 0.21 0.17 0.11 0.19 0.19 0.23 0.19 0.24 0.41 0_" 

" 0.05 0.18 0.12 0.30 0.06 0.00 0." 0.30 0.00 0.12 0.35 0.30 0.41 0.2~ 0. 41 0.41 0.65 0. 24 0.3~ 0.06 

" 3.55 3.89 3.30 3.89 3.72 1.51 5.15 4.15 5.61 10.15 10.75 10.2~ 11.11 13.03 12.69 14.05 15.57 9.31 ,." 3." 

'" 8.15 7.89 8.89 7.83 7.38 S.86 8.49 9.06 10.83 27.44 30.14 ~1.90 0.15 36.71 40.16 33.98 35.90 28.37 17.89 9.28 , 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0_00 

" 1.fil I." 1.71 1.13 I." 1.71 1. 52 }.S5 1.51 1.10 1.10 0.91 0.78 0.97 0.88 ).03 0. 97 1.16 1.52 1.73 
dien 2.23 2.54 2.26 2." 2.3' 2.08 2.17 2.10 2.ll 1.55 2.28 1.06 1.08 2.l1 1.66 3.2~ 3.22 1.77 1.16 2_" 
dih 0.75 0.83 0.76 0.93 0.73 0.67 0.65 0.63 0.61 0.45 0.70 0.35 0. 32 0.61 0.53 1.0] 1.03 0.55 0.39 0.89 
d iwo 3.24 3.67 3.29 3.81 3.36 3.00 3.08 2.98 3.03 2.19 3.25 1.53 1.53 3.06 2.~O 4.66 4.64 2.53 1.69 3.89 
h, 59.08 56 .48 56.67 57.58 60.44 63.31 59.87 59.81 55.72 42.30 32.78 32.44 "." 25.11 28.22 19.26 11.96 38.79 48.63 51 . 21 
h,h 19 .86 18.42 19.10 20.19 18.94 20.23 11.82 17.93 11.80 12.23 10.03 10.60 9.19 8.10 9.06 6.12 3.82 1).94 IUB 11.06 , 1.11 0.00 0.00 0. 73 0.00 1.16 0.00 0.00 0.00 0.00 0.00 0.00 1.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 0_00 3.06 2.68 0.00 0. B2 0_00 0.41 0.81 1.67 1.71 6.26 0.311 0_00 6.81 2.70 11.79 IS.S5 3.10 3.45 6.69 r. 0.00 1.10 0.99 0.00 0.28 0.00 O.IS 0.29 0.59 0.55 2.11 0.11 0.00 2.36 0.96 4.13 5.47 1.26 1.29 2.45 



WIIOLE ROCK DATA: TABLE D9: Major e lement analyses, trace element analyses and weight C.I.P.W. norms - Bastard Unit profiles LEF. Yand X 
Major element analyses are normalised to 100% and are LOI and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of FeZ03/FeO • 0.1 ;s used. 
Metres given above base of Bastard Unit . 

LEF y X 
Sa~lt 11979.91 11984.48 11992.8 11995.6 11997.26 119ga.1 Y122.4 Y140.S Y146.4 YJS5.66 YJ60.2 Y164.2 V]65.48 Yno.~ Y71S X735 U45.44 X763.95 X76B.S X116.52 X119.82 n82.1 X188.41 1191.8 
Metres 18.29 13.72 5. 40 2." 0.94 0.10 54.01 35.91 30.01 20.75 16.21 12 .21 10.93 5.63 ).41 !:>1.94 41.SO 2B.99 24.44 16.44 13.12 10.24 4.53 I.H 
Wt.% 
5102 51.85 50.69 5} . 01 48.95 48.92 53.89 51.78 " ... 49.81 50.66 49.69 50.47 48.94 52.93 56.00 52.01 50.66 50.21 !iD.78 50.75 53.89 50.76 53.26 55.119 
H02 0.15 0.12 0.11 0.06 0.05 0.13 0.21 0.211 0.11 0.10 0.08 0.14 0.07 0.10 0.2~ 0.19 0." 0.09 0.07 0.05 0. 16 0.01 0.09 0.22 
AIZ03 19.07 23.~0 21.77 31.02 29.19 8.30 2~ .!KI 25.46 26.67 21.62 28.33 22.26 30.59 18.12 5.67 23.63 27.54 21 .3.4 26.95 26.64 7.34 22.81 13.90 5.47 

~:603 0.52 0.36 0.41 0.11 0.20 0.97 0.31 0.31 0. 24 0.19 0.20 0.49 0.15 0.55 1.00 0.41 0.25 0.28 0.29 0.27 I." 0. 40 0." 0.96 
5.20 3.56 4.24 1.06 I." 9.73 3.71 3.67 2.l8 1.92 I." 4.87 1.41 5.53 10.01 4.10 2. 55 2.19 2." 2.11 10.94 3.91 6. 40 9.61 , .. 0.07 0.03 0.05 0.00 0.00 0.14 0.06 0.06 0.05 0. 03 0.03 0.10 0. 03 0.11 0.21 0.08 0.05 0.05 0.05 0.05 0.22 0." O.ll 0.17 

",0 11.17 7.31 '.06 0.87 2.7D 2L08 3.42 3.80 ' . l8 3.17 2.94 7.69 1.37 11.51 21.86 4.17 2.89 3.l8 3.09 3.20 20.29 8.55 16.75 23. 95 
C.O 10.19 12.U 11.25 15.55 H.70 5.11 12.18 12.57 13.79 13.65 14.30 lUll 15.11 9.66 4,27 12.53 13.29 13.35 13.48 13.82 5.26 11.65 1.65 3.73 
"~2() 1.59 L91 1.88 2.16 2.10 0.57 2.18 2.55 2.35 2. 52 2.20 1.85 2.20 1.47 0.66 2.56 2.60 2.34 2.33 2.44 0,8() 1.70 1.20 0." 
',0 0.19 0.19 0.19 0.22 0.15 0.08 0.51 0.l8 0.20 0.12 0.10 0.01 0.05 0.01 0.07 0.29 0.08 0.15 0.08 0. 05 0.00 0.02 0.00 0.11 
P205 0.01 0.01 0. 01 0.01 0.00 0.00 0.01 0.08 0.03 0.03 0. 03 0.04 0.G3 0.01 0.01 0.03 0,02 0.03 0.03 0.02 0.01 0.03 0.01 O.O} 
Total HIO.O 10D.0 100.0 100 ,0 100.0 100.0 100 . 0 113<1.0 100.0 100.0 99 .9 10D.0 100 .0 IDO ,O 100.0 100.0 100 .0 100,0 10D.CI 100.0 100.0 100.0 100 . 0 100. 0 . 

CJ 

"''' 
0.7765 0.7707 O.nn 0.5126 0.6694 0. 7798 0.6015 0.6288 0.1501 0.7300 0.7075 0.1209 0.6021 0,7730 0.1812 0.6247 0.6497 0.6645 0.6383 0.6591 0.7519 0.7188 0.8105 0.6029 ..... 

." 
lrate eitlrent values (pp!II). 
5, 246. 4 308.6 213.6 399.0 311.4 94 .2 335.1 328.9 333.0 341.9 312.1 212.5 315. 5 215 . 1 67.5 314.2 357.6 332.2 321.9 327 .9 80 •• 270.5 162,9 M .• 

" '.1 '.1 2.8 5.0 2.0 L5 16.6 ' .8 3.7 1.3 2.' 0.0 1.0 0.' 5.' 7.0 0.' 2.3 0.' 0.0 0.0 0.7 0.0 '.0 
y 2.8 2.8 '.2 0.1 1.' 0.0 8.0 7.' '.5 3.' 3.1 3.' 2.2 2.' 8.1 7.3 1.4 2.5 3.' 2.5 5.' 2. 2 2.8 '.5 
Z, 15.9 ILO 8.7 '.2 2.0 5.' l8.' 21.0 13.0 7.' 2.8 '.2 1.0 3.8 13.4 20.9 1.8 5.7 ••• 1.6 .. , 3.' '.2 19.1 
Co 45.0 32.1 36.2 7.' 20.1 87.9 20.6 21.4 18.6 15.4 8.8 39,0 11.0 50 . 1 84.' 27.3 11.6 20.1 22.0 20.4 86 . 7 l8.0 62.5 .... 
C, 1271 823 1012 " '" 3141 148 141 199 201 208 7 .. 1" 1608 2452 '" 139 218 206 78 2653 1105 2151 2653 
V 73.2 ".2 51.3 13 ,6 22 , 1 116.6 59.5 60.8 "., 33.4 36. 4 71.2 20.9 65.4 126.1 82 . 5 42 . 0 l8.7 50.9 5<.5 136.1 52.5 83.1 119.6 
2, H.7 27.1 31 .6 10.1 33 .6 79.1 26. 4 29.3 12,2 14,0 10,0 3J.9 1.7 38.9 95. 1 25.9 18.4 19.7 18.9 14.6 69,3 29.1 52.2 " .2 
C. 20.2 16.6 16.5 11.3 102,2 214.2 20.6 14.4 11.5 ,., 13.5 26.0 12.0 18.7 166.3 24.4 H . 7 8.' 7.1 ••• 73.4 16.8 19.7 116.3 
K1 239.6 14e.3 203.1 23.6 231.9 889.3 44.4 46.9 46.4 47.5 .. .. 140.6 30.1 271 ,) 749.5 84.1 42.1 55.6 58.2 46 . 1 460.2 174,6 353.5 796.5 
S, 14.8 10.1 11.4 3.' .. , 21.0 '.3 '.5 ' .0 5.' '.0 13.4 3.7 16.3 31.0 ILl '.8 S.8 , .. 7.8 30.1 H.8 19.3 29.6 

CIPI/ weight percent IlOnas. 
.p 0.02 0.02 0.02 0.02 0.00 0.00 0.17 0.19 0.07 0.07 0.01 0.09 0.01 0.02 0.02 0.07 0.05 D.07 0.07 0.05 0.02 0.07 0.02 0.02 
;Z 0.26 0.23 0.21 0.11 0.09 0.24 0.39 0.38 0.21 0.19 0.15 0.Z6 0.13 0.19 0.45 0.36 0.11 0. 17 0.13 0.09 0.30 0.13 0,11 0.41 

" 1.12 1.12 1.12 1.30 0.69 O.U 3.01 2,25 l.I6 0.71 0.59 0,06 0.30 0.06 0.41 1. 71 O.U 0,69 0.47 0.30 0.00 0.12 0.00 0.65 
.b 13.45 16.l6 15.91 16.26 17. n 4.82 23.52 21,sa 19.88 21.32 18,61 15.65 16.61 12.44 5.58 21.66 n.oo 19.60 1!Ul 20.64 6,17 14.38 10.15 5.75 

" 44.3.4 S4 . 12 SO. U 74 . 30 69 . 76 19.85 53,96 56.91 61.64 63.10 61.14 52.41 13 . 45 42.62 12,30 52.13 63.24 63.66 62.85 61.59 16,44 54.55 32.64 I1.55 
0.00 0.00 0.00 0.00 0,00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

" 0.75 0,52 0.61 O.Ui 0.29 1.41 0.5~ 0.54 0. 35 0,28 0.29 0.71 0.22 0.80 1.45 0.59 0.36 0.41 0.42 0.39 1.58 0.58 0.93 1.39 
dlen 1.18 1.98 I." 0.62 0,62 1.59 1.39 1.19 1.65 1.05 0.96 1.97 0.30 1.45 2.55 2.34 0.63 0.60 0.93 1.10 2." 0.88 1.60 2.05 
dHs 0.56 0." 0.50 0,50 0.42 0.52 1.02 0,76 0.69 0.43 0,45 0.88 0.22 0.49 0.B2 1.59 0.39 0.34 0.60 1.01 1.03 0,29 0.43 0.58 
d1~ 2.57 2.B1 2. 23 1.16 1.31 2.30 2. 51 2.06 2. 15 1.60 1.51 3,05 0.55 2.11 UB 4.11 1.07 0.99 1.60 2.86 4.01 1.21 2.23 2.88 

'"" 26.04 16.23 19.87 1.55 5 .26 50 .91 7.13 B.28 6.31 6 .85 6.36 17 .16 3.11 21.22 51.88 .... 6.57 7.82 6,1] 6,27 41.85 20.41 40.11 57.60 ,,,. B.43 5." 6. 48 1.26 2. 61 16.60 5,26 5.44 2.36 2.83 2.95 7.62 2.29 9.25 16,74 5.45 '.08 4.50 4.39 3.15 16.31 6.67 10.85 16.Z4 , 0.64 0." 0.00 0.75 0.00 J.Z9 LID 0.43 0.00 0. 99 0.80 0.12 0.15 3.17 4.10 1.95 1.02 0,77 2.01 1.34 1.0Z 0." 0.91 0.69 fo 0." 0.00 0.81 0.00 0.45 0.00 0.00 0.00 1.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0." 0.00 0.00 0.00 0." 0.00 0.00 0.00 
h 0,00 0.00 0.29 0.00 0.25 O.DO 0.00 0.00 0,80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 0. 00 0.00 



WHOLE ROCK DATA: TBALE 010: Major element analyses, trace element analyses and weight C.I.P .W. norms - Bastard Unit profiles ltD and ~. 
Major element analyses are normalised to 100% and are LOI and H20- free . 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of Fe203/FeD • 0,1 is used , 
Metres given above base of Bastard Unit, 

RD AE 
!>i~le RD-} RD·J RD-4 RD·' RO-IS RD-16 RD-11 RD-18 "., "., ".J AE.4 "., "., "·7 ,, ·8 " .. M-IO M · II M-Il AE-13 AE-H M-15 
Hetre~ 35.00 )1.00 29.40 22.50 8.30 5.90 3.62 0.50 35.&1 ,.." 32.40 29.80 26.40 23.60 19.95 IB.42 11.00 U.10 10.15 8.05 5.}5 3. 15 1.05 
lit.' 

"0, 50.13 5(1.03 49.94 49.12 51.11 51 . 96 ~.21 53.92 50.08 ".54 50.34 50.411 50. 29 50.08 4Sl.35 49.62 50.35 51.40 !H .60 52.83 SUO 55.01 54." 
TlO2 O.l! 0.08 0.08 0.08 0.09 0.11 0.20 0.20 0.10 0.13 0.01 0.08 0.10 0.10 0.12 0.12 D.ll 0.12 n. 12 0.10 0.26 0.25 0.21 
A1 203 27.85 28.90 27 .18 28.34 20.~0 15.28 5.89 !d9 28 .70 26.68 28.89 29.!16 28.92 28.87 29.12 26.18 23.33 19.70 17.30 13.~0 7.15 6.18 5.83 
fe20) 0.23 0.21 0.29 0.19 0.46 0.61 1.06 1.09 0.22 0.27 0.17 0.16 0.17 0.22 0.19 0.32 0.43 0.50 0.56 0.67 0.87 0.89 0.95 
,.0 2.21 2.01 '.86 1.89 4.62 6.14 10 . 56 10.93 2.15 2.65 1.69 1.55 Ui5 2.19 1.86 3.23 4.25 5.01 5.63 6.66 8.68 8.93 Q.47 

' e<) 0.04 0.03 0.05 0.06 0.11 0.15 0.21 0.22 0. 03 0. 04 0.03 0.03 0.03 0.04 0.03 0.06 0.09 0.11 0.11 0. 14 0.20 0.20 o.n 
",0 2.44 2.03 3.55 2.3' lU3 16.70 22 .12 22.35 2.50 3.42 2.15 1.79 1.58 2.35 2.81 '.04 1.83 11.35 14.28 11.90 23.20 22.92 23.40 
COO 13.22 13.62 13.21 U.~O 10.04 7.75 4.91 4.63 13.20 13.83 14.15 13.91 14.65 13.56 14.32 13.30 11.68 10.13 '.08 7.14 4.87 4.51 3.08 
Ha20 2.82 2.74 2.59 2.13 1.61 1.25 0.80 0.86 2.33 2.13 2.25 2.24 2.29 2.30 1.95 1.86 1." 1.45 1.17 1.10 0.56 0.75 0.13 
',0 0 .23 0.24 0.19 0.20 0.03 0.01 0.00 0.00 0.25 0.26 0.20 0.23 0.25 0.25 0.20 0.22 0.21 0.17 0.09 0.06 0.08 0.2~ 0. 22 

'2°5 0.05 0.05 0.06 0.05 0.04 0.04 0.01 0.01 0.03 0.06 0.05 0." 0.06 0.05 0.115 0.06 0.05 0.05 0.05 0.00 0.05 0.05 0.17 
Tou l 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 "., 100.0 100.0 100.0 100 .0 100.0 100.0 100.0 100.0 100.0 JOO.O 100.0 100.0 100.0 100.0 

"" 0.6374 0.6153 0.6693 0.6690 0.8016 0.8164 0.1139 0.7697 0.65-49 0.6781 0.6152 0.6531 0.6096 0.6368 0.7114 0.1185 0.1S06 0.7876 0,8058 0.8145 0.8131 0.8075 0.8015 0 
~ 

Traee ele!l'ellt values (ppo.). '" S, 493 .• 456.4 459 .5 566.9 330.7 205.2: 71.4 70.8 ~5.0 321.0 353.0 353.0 353 .0 351.0 329.0 312.0 213.0 237.0 191.0 228.0 55.7 65.3 63.3 
Rb , .. .. , ,., 4.7 1.8 1-2 1.' 1.0 '.J '.8 '.1 .. , J.7 ,., ••• , .. '.J J.8 1.. • •• J.' 7. ' 4.l 

••• I.' J . J • •• J.J '.9 7.8 7.' 1.6 '-' ,., J.' , .. J.' 2.7 J.' J.7 .. , , .. '.8 .. , ••• 7.' 
Z, 12.9 10.0 8.' 7.' 7. ' ,., 11. 7 11 .0 10.8 !l.6 7.Z 8.' 11.2 .. , 8 . ' 15.2 12 .3 11. 1 '.8 8.J '.8 11.9 18.2 
C, 11.9 14.1 15.0 70.4 42 .4 69.3 87.1 94.3 15.6 20 .6 23.6 12.0 11.4 15.2 15 .5 25.~ 37.1 " .. 55.2 66.7 90.6 107.0 95.5 
C, 180 115 '" 2611 1309 "" " .. 2818 111 ". 14. .06 " 11. lOJ .10 827 1287 1811 2331 '450 2111 2878 , 56.8 ".7 4~. 1 ".3 63.5 91.4 138.1 142.1 35.4 63.9 33 .5 29.0 44.6 37.5 35.4 46.0 51.1 , ... 13.5 83.9 125.1 126.3 124.5 
Z, 15.5 10.2 13.9 7.' 32.2 44.0 94.4 97.4 20. 1 23.3 16.9 15.4 15.3 19.3 16.3 23.9 40 .9 45.0 45.2 5}.7 76.0 19.5 17 .3 
C, 15.7 16.0 33.0 19.2 20.3 20.8 102.9 "'.0 15.6 15.4 15 .3 12.2 12. 3 19.1 11 .8 27.5 37.1 22.8 20.3 22.4 32 .9 101.6 239.0 ,; 50.0 30.8 52.3 46.8 227.1 374,5 603 .8 824.2 45.0 63.5 42.7 35.7 32.0 42.1 52.5 105.0 171.0 239.0 314.0 186.' 553.0 647.0 871.0 

" 10.2 '.8 ••• '.J H.9 20.2 34.7 33.3 '.8 10.2 ••• '.0 7.' 7., ' .8 .. , 12 .1 14.5 15.7 19.2 27.4 28.1 26.8 

C1PIf we19ht pertellt nonm. ., 0.12 0.12 0.14 0.12 0.09 0.09 0.02 0.02 0.07 0.14 0.14 0.14 0.14 0.12 0.12 0.1~ 0.12 0.12 0.12 0.00 0.12 0.12 0.40 
11 0.21 O.Hi O.IS 0. 15 0.17 0.21 0.38 0.38 0.19 0.24 0.13 0.15 0.19 0.19 0.23 0.23 0.24 0.23 0.23 0.19 0.~9 0.47 0.39 

" 1.35 1.~2 1.12 1.18 0.18 0.06 0.00 0.00 1.48 '.54 1.J8 .. " 1.48 1.48 1.18 1.30 1.24 I." 0.53 0.35 0.47 }.42 1." 
.b 23.86 23.18 21.91 23.10 13.62 10.58 6. 17 7.28 19.11 18.02 19.04 18.95 19.38 19.46 16.50 15.74 14.05 12.27 9. 90 9.31 4.74 6.35 6.J8 

" 62.66 55.85 61.98 64.49 48.35 36.06 12 .48 11.~ 65.29 62.~7 68.U 68.62 67.90 66.95 10.12 52.44 ~ . 59 45.15 41.69 31.45 16.16 12.79 11.98 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 0.00 0.00 0.48 0." 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0." 0.00 0.00 .. 0.33 0.30 0.42 0.28 0.67 0." 1.54 1.58 0.32 0.39 0.25 0. 23 0.25 0.32 0. 28 0.45 0.62 0.72 0.81 0.97 1.26 1.29 1.38 

dtell 0.53 0.33 0." 1.57 0.35 0." 3.39 3.13 0.00 1.48 O.H 0.00 1.03 0.00 0.16 0.85 0.57 0.93 0.00 1.19 2.13 '.M }'91 
difs 0.40 0.23 0.45 0.95 0.10 0.17 1.14 1.08 0.00 0.18 0.23 0.00 0.73 0.00 0.07 0.38 0.22 0.29 0.25 0.32 0.56 0.78 0.55 
,,~ 1.09 0.58 .. " 2.17 0." 0.89 4.9] '.58 0.00 2.40 0.69 0.00 1.83 O.GO 0.25 1.32 0.85 1.33 1.21 1.66 2.95 J." 2.18 

'''" 5.44 4.25 5.02 1.35 27.55 31.54 51.69 50.71 6.23 7.04 4.93 4 .46 2.90 5.85 , ... 11.70 18.93 27 .36 34.66 42.60 55.65 54.22 50." 
hyfs 3.41 3.00 3.39 0.17 7.90 9.81 17.44 11 .55 3.66 3.73 '.68 '.64 '.06 3.15 3.05 5.21 1.19 8.51 '.64 11.25 14.6\ 14 .85 16.09 , 0.42 0." 0.00 0.00 0.00 0.00 0.20 0.00 .... 1.18 2.17 2.98 2.11 1.62 1.22 0.25 0.40 0." 0.00 0.00 0.28 0.85 0.68 
f' 0.00 0.33 1.42 1.96 0.39 2.39 0.00 1.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.55 0. 00 0.00 0.00 .. 0.00 0.25 0." 1.22 0.12 0.69 0.00 0.49 0.00 0." 0.00 0.00 0.00 0.00 0." 0.00 0.00 0. 00 0.00 0.16 0.00 0.00 0.00 



WHOLE ROCK DATA: TABLE 011: Major element analyses. trace element analyses and weight C.I.P.W . norms - Bastard Unit profile AUF. 
Major element analyses are normalised to 100% and are LO! and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of Fe203/FeO • 0.1 is used . 
Metres given above base of Bastard Unit. 

AF 
~qlle Afwl "·2 ,. .3 ,. -. Af -5 11-' ,. -7 Ar-Sa Af-8b Af -, Af _10 M-II M-12 AF_D "'F-J4 AF -15 IV -16 
Ketru 34.20 32.30 30,60 27 .90 24.90 21.10 18.90 18.05 11 . 85 17.05 13.60 10.50 6.65 4.~O 2.45 1.25 0.05 
wt." 
"0, 50 . 94 49 .65 49 .82 SO.06 50.58 SO.41 49 . 44 49.60 50.50 50.34 50.99 51.41 52.81 52.~ 54.59 55 . }0 s.4.29 
11°2 0.11 0.09 0.06 0,06 0.09 0.10 0.13 0.09 0.12 0.12 0 .10 0.10 0 .15 0.18 0.23 0.21 0.20 
A1203 26.01 28.68 10.95 29.42 29.21 28.01 25.66 27.a9 25.05 20.13 19.59 17.05 12.12 1.81 6.01 5.48 .... 
ftzD] 0.33 0.21 0.10 0.16 0.16 0.23 0.34 0.26 0.37 0.56 0 . 49 0.58 0." 0,92 0.92 0.93 0.95 
roO 3.26 2 . 13 1.02 1.58 1.59 2.33 3.U 2.58 3.71 5.63 4.93 5. 78 6.75 9.20 9.18 9.31 9.~6 

"" 0 .05 0.03 0.02 0.03 0.03 0." 0.06 0." 0.07 0 . 12 0.11 0.12 0.15 0.21 0.20 0.22 0.20 

'" •. 10 2 . 50 1.12 2.08 1.80 2.51 ~ . 85 3.57 5.62 10.95 lZ.35 14 . 82 18.73 22.85 23.53 23.69 22.99 
"0 13.02 13.94 14.11 14.07 13.83 13.66 H.ID 13.74 12.45 10.H 9.77 8.95 7.00 5.49 4.44 4.03 4.19 

",0 2.02 2 . 55 2.51 2.38 2.42 2.37 1.79 1.96 1.87 1.23 1.54 1.07 0." 0.]4 0.60 0 .79 0.63 

'20 0.11 0.21 0.22 0.18 0.22 0.24 0.20 0.21 0.22 0.16 0.11 0. 11 0.09 0.06 0.24 0.23 0.11 

',05 0.01 0.01 0.02 0.00 0.02 0.02 0.01 0.04 0.03 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.02 
lotat 100.0 1(1) .0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

...- 0.6721 0.6570 0.6414 0 .6825 0.6500 0.6379 0 .6992 0.6940 0.7114 0.7608 0.8038 0.8075 0 .8193 0.8024 0.8073 0.8062 0.7989 

Trace eletnent vlIluf!S (ppm) . C7 

S. 129.0 352.0 369.0 3-43.0 353.0 1S2.0 0.0 330.0 306.0 243 .0 228.0 195.0 145.0 92.0 92.0 65.0 n.O ..... 
" 2.' 2.' 2.' 1.7 .. , 3.3 0.0 .. , .. , 1.' 2.' 0. ' 1., 1.3 11.2 8.0 ••• '" 

3.' 1.8 1.8 0.' 2.5 3.7 0.0 2.' 3.3 3.' 2.5 2.7 1.1 ••• '.0 5.7 0.1 
Z. 8.5 7.' 5.7 3.' , .. 14.7 0.0 15 .7 11.3 10.S .. , 5.2 3.3 5.2 21.8 22 . 1 17 .6 

" 25 . 4 15.S , .. 13.5 12. 1 126.1 25 .0 19. 5 39.6 48.1 .... 56.4 70.5 82.' 90.8 ".1 97 . 4 
C. '" ". 58 ". " '" 312 278 540 1201 1308 1803 2383 3109 2676 2911 3512 

• 65.4 32.3 20.6 30.5 33.4 41.3 57 . 7 33.4 66.4 69.3 54.' 70.4 ... , 111.0 125.0 126.9 121.5 

" 26.6 23.8 10.1 15.0 20.4 71.6 24.9 25. 7 29.0 43.7 46.4 ".3 52.' 81.0 76.1 76.3 81.8 
C. , .. 13.9 9.' 8.' 14.2 16.4 30 . 1 15.5 18.0 14.5 20.0 47.9 18.1 28.0 103.7 135.0 165.3 

" 78 .0 51.0 10.0 40.0 31.0 U.O 81.0 72.0 108.0 215.0 261 .0 301.0 393.0 503.0 669.0 12S.0 1155.0 
5, 11.2 '.5 5.' 5.' '.3 '.1 10.9 7.1 , .. 15.5 14.3 15.8 17.8 23.9 25.9 26.5 23.8 

C1PII wet!ijht perc~nt OOI"1f5. ., 0.02 0.02 0.05 0.00 0.05 0.05 0.02 0." 0.01 0.02 0 .02 0.02 0.00 0.00 0 .02 0.02 0.05 
11 0.21 0.17 0.11 0.11 0.11 0.19 0.24 0.17 0.23 0.23 0.19 0.19 0.28 0.34 0.43 0.39 0.38 

" 1.00 1.24 1.30 1.06 1.30 U2 1.18 1.24 1.30 0.95 0.71 0.65 0.53 0.35 ],42 1.36 1.24 
,b 17.09 21 . 58 21.24 20.14 20.~8 10.05 15.14 16.58 15.82 10.41 13.03 9.05 7.1S 6.26 5 . 08 .... 5.33 

" 61.41 66.19 70.11 69. 07 ".36 65.09 61.39 66.69 59.31 48.94 ~6.19 41 •• 0 30.58 I7.BI 13.16 10.73 15.27 , 0.00 0.00 0.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
at 0.48 0.30 0.14 0.23 0.23 0.33 0.49 0. 38 0.54 0.81 0.71 0." 0." 1.33 1.33 1.35 '-38 
dlen O. ]g 0.72 O.OD 0.19 0.03 0.62 2.24 0.32 0.60 1.21 0.66 0.88 1.25 2.79 2.63 2.14 1.59 
dlh 0.~4 0.42 0.00 0.10 0.02 0.40 '-" 0.16 0.28 0.44 0.19 0.24 0.32 0.80 0.12 0.76 0.46 
dI~ 1.30 1.21 0.00 0.31 0.05 1. 01 3.55 0.51 0.94 1.79 0.93 l.23 1.73 3.93 3.67 3." 2.25 h,,, 9.~2 • • 14 2 . 79 4.99 ~ . 45 5.63 , ... 8.51 13.39 25.21 26.14 3-4.10 45.39 45.40 55.97 56.26 55.66 
hyfs 5.19 2.4l 1.73 2.63 2." 3.61 4.79 4.33 6.17 9.15 7.56 9.59 11.55 12.95 15.38 15.64 16.17 
q 2 .67 0.00 1.61 1.19 2 . 20 '-50 0.00 0.96 1.36 0.00 0.00 0.00 0.10 0.00 0 . 20 0.23 0.22 
fo 0.00 0.96 0.00 0.00 0.00 0.00 0.00 0.00 O.OD 0.61 2.35 0.93 0.00 I).tO 0.00 0.00 0.00 
f. c.t:OO 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.73 0.28 0.00 1.92 0.00 0.00 0.00 



WHOLE ROCK DATA TABLE 01Z: Major element analyses, trace element analyses & CIPW weight % norms - profi le VA . 
Major element analyses are normalised to 100% and are LOI and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of FeZ03/FeO • 0.1 is used. 
Metres given relative to the base of the Bastard Unit. 

UA 
Sa",,}!!! "'.1 UA-2 "'·3 ",., UA· S ",., "'·7 "'·8 UA-9 UA.IO tlA-1l UA_lZ UA-13 UA- 14 UA-lS UA·l6a lIA-l6b tlA-17 UA-18 UA-19 UA-2D UA_21 UA·22 lIA_23 UA-24 
iletres 53.2 SIl . S 4U ... , 41.9 39 .4 36.8 33.7 Jl. 2 28.9 26.3 23.7 21.8 20.2 19.0 )7.9 17.7 15.2 14.2 U.B 10 .1 8.5 7.1 5.1 3.1 
~l.% 

Stoz 50.96 50.22 49.15 49. 90 SO.07 49.87 50.15 50.15 50.56 49.57 49.46 49 .26 49.70 50.08 48.42 411.62 49.43 51.21 Sl.I6 51.60 52.19 52.08 53.13 ".30 s...98 
110, 0.18 0.12 0.01 0.07 0." 0.07 0.07 0.07 0." 0." 0." 0.01 0.11 0.09 0.11 0." 0." 0.11 0. 10 0. 10 0.10 0." 0.11 0.14 0.18 
1.1 2°] 27 . 42 28.04 28.66 29.12 21.85 29.02 28.86 28.81 28.30 30.25 30.31 30.14 29 .25 27.49 31.66 31.61 27.1)01 20 .44 19.68 17.l0 15.49 16.13 10.85 ,.~ 5.24 

~~03 0.25 0.23 0. 18 0.15 0.21 0.19 0.17 0. 18 0.19 0.13 0.13 0. 10 0.19 0.23 0." 0." 0.26 0.41 0.49 0." 0.61 0.50 0.13 0.87 0.96 
1 . " 2.32 1.83 1. 52 2.07 1.87 1.75 1.76 1.89 1.28 l .lO 0.99 1.94 2.27 0.77 0.92 1." 4.66 '.86 5.40 6.15 5.62 1.32 8.75 9.51 ". 0.04 0.03 0.02 0.03 0.04 0.03 0,03 0.03 0.03 0.03 0.01 0.01 0,03 0." 0.01 0.01 0. 05 0.10 0.1 0 0.11 0.13 0.12 0,16 0,19 0,21 

'" 2.31 1.38 1.30 2.09 1.83 2.27 2,15 2.43 2.14 1.60 1.45 1.53 2,05 3,11 0.70 1.06 4.53 10.51 11.85 14 . SO 15.62 14.12 20,17 24.27 24.28 
C.O 13.63 14.00 14.52 14.56 14.44 14.43 H.35 14 .09 13.87 14.49 14.75 14.12 14,11 14.23 15.71 15.33 13.60 10.67 10 . 12 9.20 8.42 .... 6.31 4.26 3,74 lIat 2.33 1.38 2.22 2.11 2.15 2.03 2.26 2. 18 2.12 2.31 1 .31 1.34 1.38 2.25 2.30 1." 1.95 1.63 1.47 1.31 1.19 1.17 1.10 0.60 0.74 
'1 0.34 0.26 0.21 0,21 0.20 0.20 0.19 0.19 0.19 0.19 0.16 0.21 0.20 0,18 0.21 0.23 0.19 0.12 0.12 0.10 0.01 0.08 0.05 0.00 0.09 
',os 0." 0.03 0.02 0.02 0 ... 0.03 0.03 0.05 0." 0,07 0." 0.03 0.03 0." 0. 02 0.07 0. 02 0.08 0.05 0." 0.03 0.01 0.01 0." 0.01 
Total 100.0 100.0 100.0 100.0 100.0 100,0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100,0 100.0 100 .0 100 .0 100,0 ... 0,6023 0.6210 0,6n9 0.6911 0,6915 0.6654 0.6683 0.6932 0.7032 0.6117 0.6453 0.7164 0.6340 0.6916 0.5968 0.6531 0,1315 0.1866 0.7994 0.8145 0 ..... 0,8108 0.8184 0.8194 0.6051 

Trace element values (ppm), 
5, 329 .3 340 . 5 341.5 m.o 268.1 343.4 346,0 350 .5 347 .3 361.4 361.7 345.3 375,4 334.9 371.3 364.2 323.8 248.2 234.8 218.7 181.4 174.91 134.9 OS •• 59,2 
Rb '.1 3. 1 3.1 5.0 1.. 0.0 1.' , .. 1.5 1.1 1.2 3.8 1.0 '.0 1.0 ••• • •• 1.0 3.' 3.' 3.1 0." 0.0 0.0 0.0 
y 5.5 '.1 3.' 3.0 '.0 3.1 ••• 1.8 2.5 0.0 1.0 1.8 ' . 5 18,9 3.' 0.0 5.' 5.5 1.0 I.' 5.00 5.8 3.1 , .. 7.1 Cl 

14,6 15,0 7.1 7.' 8.8 5.0 7.5 7.1 1.1 5.0 ' .5 13.1 '.3 10.1 ••• 13.6 11.0 '.7 '.1 '.3 1.5 1.' 10,6 14.0 
..... 1, 19.9 ...., 

C, 15.8 15.5 14.6 14.4 16.0 15.0 13.8 13.6 15.4 ••• ' . 1 5.7 12 . 8 15 .6 '.3 ••• 22.1 43 .2 44 .74 45.6 59.6 ".1 43,6 51 .8 61.6 

" 111 118 139 117 110 139 151 145 173 101 " 11 " 111 .. " ~. 1183 1380 1424 1967 1819 2312 1~' 2432 

• 5).2 40.0 38.' 31.8 49.8 38.' ]6,9 34.' 38.1 23.9 18.7 15 .2 31.0 41.9 10.1 13.6 39.1 51.0 61.1 55,8 n.l 66,5 52,9 92 .9 89.1 

'" 23.5 21.1 15.5 14 . 5 16.9 14.5 15.0 13.8 16.2 12,2 10.6 • •• 16.5 16.1 1.' l.< 2l.6 36.4 35.8 36.3 46.4 43.5 55.8 69,1 76 .0 
Co 18.3 18.5 12, 1 '.1 10.0 11.5 11.1 10.1 10.2 11.1 10 .6 11.3 16,8 19,2 13.5 10.6 19.5 20.1 16.2 16.5 15,9 17,1 21.3 22.6 109,9 
h; 42 ,} 39.2 45.3 38.3 54.2 40.1 40.0 46.9 46.3 29.1 23.2 14.7 36.2 53.0 18 .9 24 .0 IG4.1 223.1 219.9 259.2 337.6 315.9 436.0 537.8 610.4 

" 7.' 5.' , .. 5.' 1.3 5.1 '.0 ' .8 ' . 0 1.' 3.' 2.63 5.1 7.7 1.7 3.' 8.' 14.0 15.5 14.5 19.1 19.9 22.3 21.9 30.4 

C1PII weight percent norms. 
0.12 0.09 0.11 0.14 0.01 0.07 0.09 0.05 0,11 0.05 0,19 ., 0.09 0.07 0.05 0. 05 O,U 0.07 0.07 0.12 0." 0.07 0,02 0,02 0.09 0.01 

11 0.34 0. 23 0.13 0.13 0. 15 0.13 0.13 0.13 0.17 0.11 0." 0.13 0.21 0.17 0.21 0,11 0.l7 0.21 0. 19 0.19 0.19 0.17 0.21 0,26 0.34 
~ 2. 01 1.54 1.24 L24 1.18 1. 18 1.12 1.12 L12 1.12 0.95 1.24 1.18 .. 06 1.24 "38 1.\2 0.11 0.71 0.59 O.U 0,47 0.30 0.110 0.53 
Ph 19.11 20.14 18. 18 17.85 18.19 11.18 19.12 18.44 17.94 19.504 19.63 19.80 20.14 19.04 '9,46 16.84 16.50 13.79 12.44 11.08 10.07 9.90 9.31 5 ... 6,26 

'" 63.36 65.06 68.22 69.92 65.15 69.49 68 .05 68.43 67.15 71.0 11.82 12,76 M." 64.38 15 .4 5 15.60 RU 48.10 46 .15 40.49 )6 , 72 40.16 24.52 JUS 10.71 , 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.38 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 
.t 0.36 0.33 0.26 0.22 0.30 0.Z8 0.25 0.26 0.28 0.19 0.19 0.14 0.28 0.33 0,12 0,13 0.38 0." 0.71 0.78 0.88 0.81 1.06 1.26 1.39 
d\en 0.93 l.01 0.94 0.60 1.43 0.48 0.75 0.30 0.37 0.00 0.24 0,02 0.31 1.55 0.56 0.00 1.06 1.26 0.93 1.41 1.45 .... 2.12 1.76 2.32 
dlh 0.61 0.61 0.51 0.30 0.73 0,21 0.42 0.15 0.18 0.00 0.15 0.01 0.20 0.18 0.38 0.00 0,(3 0.39 0.27 0.)9 0.40 0.29 0.55 0.45 0. 65 
dlw 1.61 1.15 1.54 0.95 2.29 0.80 1.23 0.48 0.59 0.00 0.40 0.03 0.53 2.49 0.99 0." 1.61 1.80 1.31 1." 2.03 1.51 2.93 2.0 3.25 
hy" 4.82 4.92 4.79 4,61 5.62 5,17 4.61 5.75 6.45 3.9S 3.37 3.79 4.80 6.19 0.20 1." 9.81 24,92 27 .84 32.16 37 .07 35 . 57 43 .84 58." 58,15 
hyb 3.49 3.2 7 2.62 2.31 2.85 2.95 1." 1.88 3.05 2.15 2.01 1.63 3.09 ].12 0.14 I.~ 3." 7.19 8.06 8.U 10.36 .... 11.31 14,88 16.23 
q 2.53 1.03 0.91 I.B3 1.37 2.02 1.61 1.94 1." 1.19 0.95 0.37 0.66 0.79 0.00 1.23 0.00 0,17 0,00 0.00 0.00 0,37 0.00 0.110 US 
fo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.69 0.00 0.28 0.00 0.52 1.14 0.27 0.00 2.99 0.41 0.00 
fp 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0." 0.00 0.00 0.00 0.00 0.00 0,00 0.51 0.00 0.13 0.00 0, 11 0.50 0." 0.00 0.B5 0,12 0.00 



WHOLE ROCK DATA TABLE 012: Major element analyses, trace element analyses & CIPW weight % norms - profile lJAl, 
Major element analyses are normalised to 100% and are LOI and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed ox idation ratio of Fe203/FeO - 0.1 is used. 
Metres given relative to t he base of the Bastard Unit. 

UA 
SaJVle UA-25 UA-26 U"-28 UA-29 UA.]O II"-)l U"-32 UA·33 \IA." UA-3S UA-J6 UA-ll !lA-3S 11"-39 UA-40 U"-41 1/,1,,.4;2 UA-46 U".41 1JA-4B UA-U ,. .... ,.·SOb I/A-SI UA-~2 
Hetres J.9 0.8 -1.0 .).9 _ •• 4 -5.2 .6.2 -1.9 -9.8 · 11.7 -13.1 -16.2 -17.4 -18.7 -20.4 -21.9 -23.3 -26.9 -2B.l -29.8 -30.8 - 31.8 -32.0 -33.5 .35. 4 
111.% 
St02 ~.92 s.4 .70 48.81 4S.U 48.44 48.20 48.43 49.S1 51.23 51.36 49.57 50.4] 50.82 51.35 54.4S 5-4.62 54.07 4S.U 49 .00 49.41 49 . 14 46.65 49.23 49.24 50.12 
Ti02 0. 20 0. 21 0." 0.04 0.04 0.04 D.,. 0.07 0.12 0.06 0. 09 0.06 0.09 0.11 0.24 0.26 0.23 0.05 0.01 0.01 D." 0.08 0.07 0.06 0.06 
Al ~3 5.30 5.35 30.45 31.29 30.86 31.66 31.~9 26.~1 28.20 27.38 26.98 22.51 19.66 16.39 5.32 S." ~.44 31.11 30.05 29.29 30.25 30.61 28.32 28.86 24.83 
feZ03 0.91 0.96 0. 10 0.06 0.13 0.09 0.06 0.26 0.25 0.31 0.25 O.U 0.51 0.65 LOI 0.96 1.05 0.08 0.15 0.17 0. 16 0.11 0.19 0. 16 0.30 
roO 9.67 9.16 1." 0.83 1.29 0.86 0.81 2.63 2.0 3.05 2. 51 ~.07 5. 1 ~ 6.52 10.10 9.57 10.48 0.79 1. ~ 2 1.66 1.65 1.11 1.85 I. .. 2.95 

"" 0.21 0.20 0.01 0.01 0.01 0.01 0.01 0.05 0.4~ 0.61 0.05 0.08 0.11 0.14 0.21 0.20 0.2 1 0.01 0.03 0.03 0.02 0.02 0.03 0.03 0." 

"" 24.33 2~.06 1.83 1.13 1.40 1.25 1.21 5.35 1.15 1.28 4.85 8.11 11.74 14.28 23.96 23.~7 24.65 0.8] 1.87 1.10 1.85 1." 3.75 , ... 7.22 
COO 3.59 3.81 15.05 14.81 15.44 15.41 15.3' 13.32 13.92 1].SO 13.46 11.76 10.39 9.19 3. 76 4.19 4.22 15.43 14.18 15.11 14.56 15.19 14.20 13.94 12.36 
HalO 0.10 0.73 2.46 2. 67 2.18 2.29 2.31 1.99 2." 2.24 2.01 I." 1. 45 1.24 0.73 0.19 0.57 2.51 2.40 2.34 2.10 2.36 2.24 2.19 1.89 
'20 0.10 0. 16 0.20 0.61 0.22 0.20 0.29 0.12 0.16 0.15 0.16 0.12 0.09 0.10 0.19 0.22 0.09 0.16 0.14 0.16 0.16 0.17 0.12 0.14 0.14 
',oS 0.01 0." 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.05 0. 01 0. 00 '.00 0.05 0.02 0.05 0.00 0.00 0.00 0.06 0.03 0.00 0.00 0.02 0." 
Total 100.0 100.0 100.0 100.0 100 .0 100.0 100.0 100.0 100. 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 ... 0.8044 0._ o.ms 0.690. 0. 6394 0.70.6 0.7087 0.7554 0.4334 0.4016 0.1598 0.7177 0.7889 0.7818 0.1950 0.8003 0.1931 0.6305 0.6670 0.6261 0.6411 0.7062 0.768S 0.1627 0.7998 

lrace ele~nt ".lues (pp.). 
S, 7~.3 60.2 383.4 356.9 395.1 397.1 399.8 341.7 350.1 3~.7 141.5 297.7 252.1 211.5 60.6 65.8 38.S 354.3 458.0 463.8 452 . 4 453.8 425.9 424.8 367.55 
Rb 17.6 '.9 0.0 0.0 10.73 ' .S 16.8 2. ' ' . S 2.1 .. , '.0 2.' 1.' 8.0 7.9 '.0 1.1 2.0 S.O S.1 ••• 1. ' 0.0 ' . 2 

'.S 2.8 l.3 10.1 2.3 0.0 ••• '.0 2.2 1.8 '.0 0.0 ,., S.1 ,., 8.' S.2 0.0 1.. I.. 1.1 1.' 0.0 l.S , .. C> -1, 17.3 19.9 2. 1 0.0 , .. ' . 9 11.3 8.7 7.' S.O '.7 '.0 S.' U 18.6 22.1 12.8 2.' '.8 ••• 8.1 8.1 8. ' ' . 2 S.' CO Co 88.' 81.7 S.2 , .. 11.1 ... ,., 21.9 18.2 21.1 18.9 32.3 43.9 52.5 92.2 83.8 102.1 '.0 '.0 '.2 8.7 1.S 13.1 13.8 25.3 
C, 2678 2827 167 " " " " m ... '" ". '" 1372 1766 'DB' 2929 3018 19 " " " " '" '" '" V 107.8 109.3 10.1 8.' 14.2 10.5 8.' ll.4 29.6 31.5 27.4 39.9 55.8 52.1 116.5 115.7 11 5.2 8.2 35.8 18.6 20.3 12 .7 22.1 20.2 32.7 
1, 78.1 75.8 ••• 7.2 '.7 '.8 .. , a8 21.0 23.0 19.2 31.~ 41.6 50.8 81.5 11.1 ".2 ,., 13.5 12 .7 13.3 ••• 15.4 14.9 23.\ 
C, 216 . 3 207.6 ".2 27.7 185.6 39. 3 42.8 55.3 52.1 47.1 51.6 10.5 17.4 liD.! ]7l.t 151.3 817 .2 12.0 8.' 13.3 '.7 .. , 13.4 H.9 12.5 

" 845.1 790.3 ".1 42.7 466.0 .. .. 68.1 161.9 141.3 163.9 159.] 280.2 336.0 4U.8 1128.2 735.9 1871.2 11.0 25 .5 29.0 28.4 21.1 14.9 77 .5 152.9 
S< 29.1 28.1 2.1 1.1 2.' 1.1 2.' 8.7 7. 7 9.' S. 1 13.1 16.1) 18.6 31.3 11.5 30. 6 2.1 8. 1 '.2 ••• , .. 5.' 5.2 9.1 

(IPIoI weight percent oor.s. 
.p 0.02 0.09 0.00 0.00 0.00 0.00 0.02 0.00 0.05 0.12 0.17 0.00 0.00 0.12 0.05 0. 12 0.00 0.00 0.00 0.14 0.01 0.00 0.00 0.05 0.14 
II 0.311 0.39 0." 0.08 0.08 0." 0.08 0.13 0.23 0.15 0.17 0. 15 0.17 0.21 0.45 0.49 o.n 0.09 0.13 0.13 0. 15 0.15 0.13 0.11 0.15 

" 0.59 0.95 1.18 ,.SO 1.30 1.18 1.71 0.11 0.95 0.89 0.95 0.71 0.53 0.59 ),12 1.30 0.53 0.95 0.83 0.95 0.95 1.00 0.71 0.83 0.83 .. 5.92 6.16 ZO.81 11.81 18.44 19.22 19.51 16.84 17.26 18.95 17.01 15.23 12.27 10.49 6. 18 , ... '.82 19.98 20.31 19.80 17.77 19.97 18.95 1B.B 15.99 

" 11.03 10 .85 11.46 71.60 13.77 75 . 52 14.10 62.94 61.32 ~ .22 64.13 53.15 U.87 lB.a6 10 .68 11.30 9.29 14.79 70.81 68.95 72.04 72.60 66.87 66.51 58.86 
< 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 
mt 1.41 1.42 0. 14 0.12 0.19 0.13 0. 12 O.U 0.36 0.45 0.36 0.59 0.74 0.94 1.46 1.39 1.52 0.12 0. 22 0.25 0.23 0.16 0.28 0.26 D.n 
dlen 2.00 2.31 0.89 0.51 0.69 0.25 0." 0.88 0.25 0.35 0.62 l.50 1.36 1.85 2.31 2.71 3.42 0.43 0." 1." 0.00 0.14 1.03 0.15 0.6\ 
dlh D ... 0.66 0.35 0.29 0.44 0.12 0.16 o.:n 0.43 0.10 0.22 0.49 0.42 0.60 0.69 0.18 1.03 0.27 0.36 D ... 0.00 0." 0.35 0.05 0.18 
dl~ 2.81 3.25 1." 0.91 1.18 0. 39 D ... 1.31 0.67 1.02 0. 92 2.17 1.95 2.67 3.28 3.82 '.86 0. 74 1.05 2.35 0.00 1.15 1.49 0. 22 0.86 

'''" 58.59 57.03 0.16 0.00 1.33 0.00 0.00 10.83 2.61 2." l l. l 5 17.95 25.59 31.18 55.70 ~.96 ~.61 0.00 2.61 2.69 4.61 0.93 5. 76 7.53 16.3\ .,b 16.~6 16.36 0.06 0.00 D ... 0.00 0.00 ~.02 4.52 5. 66 4. 02 5.92 7.9~ 10.10 \6.54 15.74 16.37 0.00 l.46 \'95 2.81 0.42 l.97 2.66 4. 67 
q 0.2~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 S." 4.69 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 0.00 0.36 1.16 0.00 0.00 0.00 0.00 
10 0.00 0.40 2.45 1.57 1.03 2.01 1.61 1.12 0.00 0.00 0.21 1.57 1.60 1.77 1.16 0.53 2. 35 1.15 0.9g 0.00 O.DO 1.69 1.77 0." 0.74 
h 0.00 0.13 1. .. 0.87 0.72 1.04 D ... 0.~6 0.00 0.00 0.08 0.51 0.55 0.63 0.38 0. 11 0.78 0.81 0.61 0.00 0.00 0.85 0.67 0.31 0.23 



WHOLE ROCK OATA TABLE 012: Major element analyses, trace element analyses & CIPW weight % norms - profile lJi\. 
Major element analyses are normalised to 100% and are LOI and H20- free. 
They are the average of either 2 or 3 determinations on separate discs . 
An assumed oxidation ratio of Fe2D3/FeD - 0.1 is used. 
Metres given relative to the base of the Bastard Unit. 

UA 
S.Iq)le u,4.·53a LlA·53b UA-53c UA-54 UA-55 UA-S6 UA-57 UA-63 UA·" UA-65 UA-66 UA-67 U,o\-68 UA-69 UA_70 
Metres .36.4 -36.1 _37.0 - 38.2 -39.0 _39.2 -40.2 -45.4 _46.8 -48.4 -49.8 -St.3 -53.0 -53.1 -54,] 

liLt 
StDz 49 .51 49.55 49.31 49.49 51.55 52.94 52 . 19 54.65 52 . 11 54.27 54.16 55.22 54.24 53.87 50.05 
ltDZ 0.09 0.09 0." 0.05 0.08 0.15 D.H 0.28 0.10 0.19 0.22 0.24 0.26 0.13 0.20 
Alill 25.12 25.45 28.87 25.98 19.12 11.15 12.75 4.70 16.54 5.03 4.77 4.12 4.65 6.11 l." 
fezOl 0.29 0.29 0.18 0.26 0.~6 0.11 0 .66 1.00 0.63 1.02 1.01 1.05 1.01 0.91 1.29 
roO 2.90 2.91 1.81 ,." .... 1.11 6.61 9.91 6.25 10.23 10.10 10.~7 10 .61 '.68 12 .94 
'oO 0.05 0.05 0.03 0.05 0.10 0.15 0.)6 0. 21 0.12 0.22 0.21 0.22 0.22 0.21 0.22 

"'" 6.22 6.11 1.11 6.37 12.71 20.0~ 18.U 24.50 14.54 24.59 24.35 24.36 24.36 24.23 28.27 
c.o 13 . 12 n.05 14 . 01 13.06 9.72 B." 1.68 3.81 8.92 3.69 ' .34 3.69 3.13 4.2~ 2.57 
K&20 1.92 2.26 2.12 2.03 1.41 1.11 1. 32 0.66 0.69 0.68 0.78 0.60 0.67 0.54 0.17 
',0 0.16 · 0.15 0.21 O.H 0.17 0.07 0.09 0.15 0.09 0.01 0." 0." 0." 0.02 0.10 
PZ05 0.03 O.Ol 0.03 0.00 0.02 0.02 0.00 0.01 0.01 0." 0.00 0.00 0.07 0.01 0.00 
Toul 100 .0 100.0 100 .0 100.0 100.0 100.0 100 .0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

... 0.7782 0.7164 0.H89 0.8024 0.8J75 0.8217 0,8200 0.8007 0. 7919 0.7911 0.7976 0.7918 0.7888 0.8036 0.1813 

Tr,ce Ii! lermnt v. ltle5 (ppfll). co 
" 386.' 445 .6 ~29,5 ~OO.3 317 .2 118,1 247.2 · ~ .1 67.2 n.o 67.7 sa.l 55.6 8O.l 42.8 ~ 

Rb l.l l.S 5.0 '.0 l.' , .. 0.0 S.B l.l '.0 , .. '.0 l .B 0.0 B.' '" '.5 I.' 1.1 1.5 I.l , .. S.l '.5 5. 1 5.' '.1 1.' S.B l.B '.l 

" B.' l.O 5.1 l.B , .. B. S I.' 13.1 '.0 ,., 1.5 10 .5 B.S S.l B.II 
Co 20.6 B. ' 12 .2 20 .3 ~1.1 sa.' 55.4 85.8 81.7 81.6 89.' 88.0 87 .~ 91.9 121.9 
C, '" ... '" '" H56 2412 2320 3514 lm 3139 JSSJ 3590 ,m U59 <190 
v 31.8 15.6 21.1 25.6 45.9 76.2 71.8 116.9 105.1 102.3 126 . ~ 124.8 142.3 98.9 91.2 

'" 22.3 10.4 15.2 21.~ 32.8 53.3 49.9 79.9 78.8 ".1 1L3 163.7 158.5 68.B 88 .1 
C, 16.5 12.2 111.0 12.7 27.9 lB.' 55.0 29.2 32.6 36.1 ll.1 sa.' 75.1 23.4 29.8 

" 148 .5 '1.0 72,4 135.2 278.0 ..... 455.0 635 .6 6D1.~ 602. 7 S42.9 1171.0 12119.5 H2.6 1242.2 
5, B.' '.0 5.' B.' 1~.1 22.1 21.7 3}.~ 13.~ 2B.9 31.6 31. 7 311.6 26.5 21.9 

C]PW weight percent nonns. 
.p 0.07 0.00 0.07 0.00 0.05 0.05 0.00 0. 02 0. 02 0.09 0.00 0.00 0.1 7 0.02 0.00 
11 0.17 0.11 O.ll 0.09 0.15 0.28 0.26 0.53 0.19 0.]6 0.41 0.45 0.49 0.24 O. lB 

" 0.95 2.19 1.60 0.83 1.00 0.41 0.53 0.89 0.53 0.18 0.Z4 0.Z4 0.35 O.IZ 0.59 
,b 16.Z4 17.43 11.94 17.18 lZ. 10 9.39 11.17 S.sa 5." 5.75 6.60 5.08 5.67 4.51 3.13 

' " 61.09 11.52 68.47 61.37 45.25 25.2~ 28.60 9. 42 ~1.77 10.58 9 .~0 8.43 9.50 14.19 8." , 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

" 0.42 O.ZO 0.26 0.38 0.67 1.03 0.96 1.45 0.91 1.~8 U6 1.52 1.55 1.41 1.87 
die" 1.10 0.44 0.24 1.0Z 0.86 2.18 2.87 ,." 0.71 2.20 l.sa 2.90 2.S0 2.01 l.ll 
dlh 0.36 0. 21 0.09 0.29 0.22 0.55 o.n 0.82 0.22 0.65 1.05 0." 0.71 0.51 0.36 
dI~ 1.59 0.69 0.35 1.~3 1.19 3.00 3.97 .... 1.01 3.l2 5.07 ~.12 3.51 2.83 1.61 
hY'" 11.60 4.~9 ) .56 10.33 30.09 ~Z . 69 3-4.61 SUD 35.50 56.72 52.69 57 .77 56.39 55.95 43.36 
h,,, 3.77 2.12 '.88 2.93 7.19 10 . 70 8.81 16.30 10.80 16.11 1 5.~5 11.50 17.38 15 . 91 14.03 
q 0.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 2.50 0.00 0.00 1.13 0.00 0.00 0.00 
fo 1.96 0.00 0.31 3.16 O.SO l.54 5.86 0.73 0.00 1.62 l ... 0.00 1.25 1.67 18.1 7 
h 0.70 0.00 0. 13 0.99 0,)4 0.98 1." 0.23 0.00 0.53 0." 0.00 0.~2 0.52 6.48 



WHOLE ROCK DATA: TABLE 013: Major element analyses, trace element analyses and weight C.I.P.W. norms - profi le UB. 
Major element analyses are normalised to 100% and are LOI and H2D- free. 
They are the average of 2 determinations on separate discs. 
An assumed oxidation ratio of Fe203/FeO = 0.1 is used . 
Metres given relative to the base of Bastard Unit. • • Majors from De Klerk (19B2) 

VB 
Sarrp le 232/23 232/22 232/21 232/20 232/19 235/1 235/2 235/3 235/4 235/5 232113 235/6 232/12 23517 232/10 235/8 232/9 235{9 235/10 235/11 235/12 235/13 235/14 232/2 235/l5 235/1511 235/]6 
Hetrn 27 .6 25.1 22.8 22.1 18.2 16.7 13 .• 10 •• 8.1 • •• 3. ' 0.' 0.' · 0.6 ·0,6 -2.1 _2.1 -3.1 -6 .9 -11.2 -14 . 7 -18.5 -22.0 -22.0 -22.6 -21.2 -23.9 
IIt.% 

51°2 50.23 49.67 49.11 SO.iS 50.94 50. 40 51,19 51.68 52.58 54.31 54.13 54.01 .U, 4S.0S 48.64 47.99 48.57 48.48 49.46 49.62 50.49 52.64 53.42 53.01 47.33 43.85 45.66 
HDZ 0.26 0.13 0.13 0.12 O.ll 0.10 0.12 0.13 0.14 0.22 0.22 0. 24 0.22 0.06 0.06 0.06 0.05 D.lll 0.09 0.08 0.11 0.}9 0.25 0.23 0.1~ 0.16 0.16 
A1Z03 26.62 28.64 28.n 23.80 20.26 19.41 17 . 00 11.91 10.37 5.0 5.61 5.42 4.97 31 . 62 31.79 31.45 31.85 30.31 26.71 21.40 19.00 US ~ .81 ~.8S 1.11 4.94 4.45 
re203 0.20 0.23 0.21 0.38 0.46 0.49 0.55 0.70 0.13 0.92 0." 0.96 0.90 0.21 0.21 0.26 0.16 0." 0.53 0.38 1.0] 1.59 1.89 1.90 2.21 2.99 2.61 r.o 1.99 2.27 2.08 3.79 4.65 4.91 5.54 7.00 7.29 9.22 !U5 '.60 9.06 l.09 1.07 1.31 0.81 1.73 2.65 1.86 5.02 7.91 9.45 !L48 11.06 14.94 13.07 

'''' 0.03 0.04 0.04 0.07 0. 10 0.08 0. 13 0.15 0.16 0.19 0.22 0.19 0.24 0.00 0.03 0.00 0.03 0.02 0.06 0.03 0.01 0.16 0.21 0.22 0.21 0.21 0.21 
HgO 2.37 2.64 2.93 7.62 11.21 12.10 H.66 20.49 21.56 24.90 24.~ 24 .45 25.40 1.22 0.21 1.22 0.60 1.11 4.98 4.67 11.19 20.83 25.01 25.27 27.26 29.89 30.U 
C.O 13.81 lU2 H. 59 12.19 10 .59 10.06 9.06 6.16 6.10 3.19 3.84 4.09 3.88 14.89 15.54 H.91 15.62 14.85 13.41 13.70 10. 36 6.00 3.96 '.04 3.93 2.47 1.84 
",0 2.13 2.00 1.86 1.66 1.49 1.63 1. 32 1. 11 1.02 0.81 0.81 0.92 0.62 2.35 2.22 1." 2.10 2. 31 1.93 2.11 1.63 1.42 ' .81 0.81 0.64 0.0 O.U 
'10 0 . 26 0.24 0.23 o.n 0.14 0.22 0.23 0.07 0.04 0.19 0.15 0.12 0.13 0. 50 0.11 0.25 0.14 0.11 0.15 0.14 0.11 0.12 0.09 0.11 0.10 D.H 0.10 
P205 0.03 0.02 0." 0.01 0.02 0.00 0.00 0.00 0. 00 0.00 0.01 0.00 0.00 0.00 0.06 0.00 0.06 0.01 0.03 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.00 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 .0 100.0 100.0 }OO.O 100.0 100.0 100.0 

HH' 0."" 0.6551 0.6964 0.1669 0.1975 0.11089 0.8145 0.8211 0.8285 0.6153 0.6116 0."" 0.11209 0.6294 0.2305 0.5839 0.5285 0.5992 0.7394 0.7912 0.7851 0.7991 0.6003 0.8009 0.7883 0.7513 0.7788 

Trate element values (ppm): 
Sr 349.0 339.1 335.0 275.0 240.0 223.0 163.0 135.0 114.0 61.0 61.0 54.0 51.0 371.0 407.0 Ul.O 415.0 390.0 331.0 335.0 244.0 Il3.0 52.0 59.0 85.0 72.0 ".0 
Rb '.0 '.3 '.1 '.7 1.1 1.3 1.0 0.' 0.0 7.' '.0 7.0 '.0 13.9 0.' ••• 0.0 0.0 1.0 1.0 3.0 3.0 3.0 '.0 U 3.0 '.0 

HO " III II) III 3.0 '.0 '.0 3.' '.7 7.0 7.1 7.0 U '.0 1.3 3.0 3.0 1.0 '.0 '.0 ••• 7.' '.0 3.8 0.0 3.0 
1r " NO NO " H1) 7.0 '.0 '.0 ' .0 24.0 19.0 l3.0 16.0 '.0 1.0 ... '.0 • •• 8.' 8.' ••• 17.0 21.0 15.0 8.' 8.0 '.0 <::7 
C. 15.2 11.6 17.1 " .. 50.S 50 .0 57 .0 72.0 19.0 " .0 ".0 101.0 99.0 8.' '.0 '.0 '.0 D.O 24 .0 23.0 49.0 ".0 100.0 106.0 122.0 201.0 168.0 N 
Cr " ". m 8S! 1324 1475 1795 2nO 2755 2110 1730 3130 3009 108 " " 73 '" ." . 00 1405 2595 2850 1843 3525 3523 4890 '" , ltd 40 .2 36.8 55.3 60.' 65 .0 72.0 93.0 101.0 131.0 121.0 136.0 129.0 15.5 '.0 U.O 10.0 21.5 37.0 36.0 65.0 119.0 131.0 10.0 08.0 ".0 13.0 
1. 14.11 20.0 15.9 32.2 38.' 38.0 41.0 55.0 53.0 84.0 '" 79.0 NO 8.0 HD 8.0 " 11.0 19.0 11.0 38.0 63.0 n.o " ".0 NO 81.0 
C. 12.11 17.3 18.2 18.7 17 .3 19.0 19.0 24.0 ' .0 101.0 80.0 278.0 300.0 55.0 30.0 .... 0 40.0 55.0 46.0 52.0 76.0 244.0 391.0 l70.0 290.0 600.0 317 .0 
HI 37.0 57.0 51.0 161.0 245.0 266.0 316.0 422.0 453 .0 636.0 610.0 912.0 1100.0 69.0 90.0 11.0 180.0 105.0 154.0 167.0 325.0 177.0 1164.0 1630.0 1214.0 3100.0 2435.0 . , ••• ••• '.7 10.7 13.5 16.~ 22 .2 24.1 26.7 l3.9 " 34.7 NO '.8 " '.7 "' 7.' 1l.6 11.5 19.1 29.7 ".0 " 15.0 11.1 14.2 
B. " " HII "' HII 41.11 42.8 27.4 21 .6 71.4 '" 56.4 " 130.0 HO 72.4 10 ".1 59.5 71.4 46 .6 65.6 45.0 HO 38.0 HO 24.0 

CIPW weight percent !IOrlI'I!i. 

" 0.01 0.05 0.09 0.05 0.05 0.00 0,00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0. 14 0.00 0.14 0.02 0. 07 0.00 0.05 0.00 0.05 0.00 0.00 0.00 0.00 

" 0.49 0.24 0.24 0.23 0.24 0.19 0.23 0.24 0.26 0.41 0.41 0.45 0.41 0.11 D.ll 0.11 0.09 0.13 0.17 0.15 0.21 0.36 0.47 0.43 0.28 0.30 0.30 
or 1.54 1.42 1.36 1.12 0.83 1.30 1. 36 O.U 0.24 1.12 , ... 0.71 0. 77 2.95 1.00 1.48 0.83 1.00 0.89 0.83 0.65 0. 71 0.53 0.65 0.59 0.71 0.59 .. 18.02 16.92 15.74 H.05 12.61 13.79 11.17 9.39 8.63 .... . ... 7.18 6.94 IS.26 18.76 19.21 17 .71 19.54 16.33 18 .02 Il.79 12.01 6.94 6.85 5.41 3.64 3.64 

'" 67.77 68.41 69.48 56.93 48.18 45.00 39.78 27 . 31 23.60 10.58 11.35 10. 31 "'0 13.87 76.28 13.68 n.07 71.a. 6'.111 64.79 44.21 18.24 9.18 9.27 16 .23 11.20 9.92 
0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 14 0.00 0.00 0.00 '.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

" 0.29 O.D 0.30 0.55 0.61 0.71 0.80 1.01 1.06 1.33 1.36 1.39 1.30 0.30 0.30 0." 0.23 0.49 0.17 0.55 1.46 2.31 2.H 2.15 3.20 .. " 3. 78 
dlen 0.22 0.30 0.70 0.91 1.25 1.47 1.55 1.90 2.03 2. 48 2.29 1 .98 2.95 0,00 0." 0.07 0.01 0.42 0.13 0.96 2.11 3.48 3.13 3.26 0.91 0.30 1. 23 
dHs 0.12 0.21 0." 0." 0.36 0.40 0.41 O.U 0.49 0.65 0.61 0.62 0.75 0.00 0.14 0.05 0.01 0.28 0.26 0.25 0." 0.89 0.79 0.81 0.27 0.10 0.36 
,,~ 0.35 0.61 1.10 1.43 1.76 2.05 2.16 1." 2. 78 3 .... 3.19 4.17 4.01 0.00 0. 18 0.12 0.01 0.74 1.07 1.33 2.95 4.81 4.32 ... 0 1.30 0.44 1.74 h,,, 5.66 6. 21 '.60 18.00 25.58 21.12 29.15 36.81 42.82 53.94 53.58 51.03 54.05 0.00 0.48 0.00 U9 I." 11.68 9.79 22.13 38 .56 52 .46 50.45 29.30 20.54 25.83 
11th 3.01 3.63 3.18 6.24 7.45 5.74 7.70 8.92 10.25 14.07 14.36 14 .01 13.66 0.00 1.51 0.00 1.32 1.29 4.14 2.55 6.24 9.82 1l.25 12. 73 8. " 6.93 7.~8 , 2.43 1.55 0.86 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.93 0.00 1.02 0.00 0.14 0.00 0.00 0.00 0.00 0.00 0. 00 0.00 0.00 
f. 0.00 0.00 0.00 0.00 0.76 6.33 4.41 8.59 6.19 3.92 3.85 '.81 '.38 2.13 0.00 1.08 0.00 1.33 0.00 0.62 3.86 6.87 4.19 6.~6 26.36 37.55 34.21 
f. 0.00 0. 00 0.00 0.00 0.25 1.90 1.28 2.29 1.63 1.l3 1.14 1.46 1.22 I." 0.00 I." 0.00 0.91 0.00 0.16 1.11 J.93 I." 1.79 7.91 13.9S 10.92 



WHOLE ROCK DATA: TABLE 013: Major element ana lyses, trace element analyses and weight C. l .P.W. norms - profi le UB. 
Major element analyses are norma l ised to 100% and are LO! and H20- f ree. 
They are the average of 2 determinat ions on separate discs. 
An assumed oxidation ratio of Fe203/FeO = 0.1 is used . 
Metres given relative to the base of Bastard Unit. • = Majors from De Klerk (1982) 

UB 
Sarrple 235/17 2]5/18 235/19 235/20 235/21 235/22 235/23 235/24 2]5/25 235/26 235/27 222/19 235/28 2]5/29 235/30 235131 235/32 235/33 235/34 235/35 235/36 235/37 235/38 235/39 
Metres -24.4 -21.4 .]0.5 .31.1 -34.4 -37.2 _39.8 -40.4 -41.1 -44 . 4 -45.9 -45.9 .47 .2 -SO.2 ·54 .1 -58.8 .61.1 -61 .6 -64.4 -68.7 -72.3 -76.n ·19.0 -80.S 
I! t .' 
SI02 48.28 48 .56 48.n 49.33 49.02 49.71 51.57 51.86 44.19 41. 27 46.92 49 . 09 52.~ 53.76 53.08 47.59 .54.02 53.91 53.56 53.56 53.22 St.42 48.20 49.79 

110, 0.07 0.06 0.08 0.08 0. 08 0.11 0.13 0.19 0 .10 0.09 0. 15 0.17 0.16 0.13 0.22 0.13 0.26 0.27 0. 21 0.22 0.18 0.21 0.00 0 . 06 

AIZ03 31.99 30.29 30.55 26.6~ 25.61 21.30 13.50 5." ' . 34 ~.12 6.18 6.95 5.54 .... ~ . 1 5 5.06 ' .08 3.24 4.37 4.14 4.87 5.86 32.53 25 . 45 

feZ03 0.18 0. " 0.33 0.51 0.53 0.85 LIS 1." 2.2D 2.3!J 2.12 1.98 1.72 1.91 1.90 2.26 2 . 02 2. 13 1.96 2.00 1.98 2.24 0.17 0.65 
roO 0 . 69 1.84 1.66 2.52 2 . 67 4 .24 5.15 '.30 n.Dl 11.!J8 10.51 !J.!JI 8.60 9.54 '.50 11.42 10.10 10 .64 9.92 10.02 9.89 11.22 0.87 3.22 

H'" 0.00 0.02 0.00 0.03 0.05 0.09 0.12 0.23 0.25 0. 18 0.18 0 .19 0.21 0.20 0.21 0.25 0 . 24 0 .21 0.21 0.26 0 .26 0.24 0.02 0.05 

HgO 0.30 1.12 1.11 5.57 6.70 10.75 18.84 26 .86 34.96 36.22 28.67 26 . 90 25.87 25.22 25.73 29.63 25.07 25. 18 25 . 5} 25 . 57 25.04 H.l7 0.50 6.45 
,,0 15.59 H.7~ 14.91 n.v n.ll 10.96 7. 57 3.79 2.42 2.]4 3.86 3.'89 4.9l 3.24 4.36 3.51 3.06 3.64 3.30 3.34 3.75 3.70 15.37 12 . 32 

lIa20 2.51 '.12 2.ll 1.9l 2.00 1.83 1.31 0. 52 0.0 0 . 33 0.63 0 . 72 0.08 0.81 0.71 0.06 0.51 0.51 0.11 0.11 o.n 0.72 2.20 I.B2 

'.0 0.16 0.14 0.14 0.10 0.16 0.11 0.04 0.04 0.08 0.07 0.11 0.15 0 . 04 0.22 0.11 0.05 0.5g 0.15 0.13 0.13 0.09 0. 02 0.09 0.11 

',05 0.02 0.03 0.05 0.03 0.06 0.05 0.02 0.01 0.01 0.01 0.02 0.04 0.02 D.03 0.02 0.01 0.D3 0.05 0.02 0.05 0.01 0.00 0.05 0.06 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100 . 0 100.0 100.0 100.0 100.0 

"" 0.3391 0."'" 0 . 5030 0.7692 0.7914 0.7928 0.8l18 0. 8135 0. 8274 0.820<4 0.8037 0 . 8039 0.8196 0.7997 0 .8035 0.7967 0.7894 0.7813 0.7953 0.1941 0.7n6 0.7664 0.4555 0.7518 CI 
N 

Trace element values (~l; -5, 459.0 4S8.0 452 . 0 388.0 379. 0 319.0 171.0 84.0 59.0 61.0 99.0 85.0 76.0 65.0 57.0 " .5 32.0 32.0 42.8 51.0 55.0 69.0 463.0 366.0 
Rb 3.0 3.0 ' . 0 '.0 ' .0 3.5 0.' '.0 1.0 0.0 3.5 2.0 3.0 '.0 5.0 1. 0 13.5 '.0 1.1 '.0 0.0 0.' 0.0 O.B 

3.5 3.0 '.5 3.0 '.0 3.0 '.0 5.0 3.0 '.0 5.0 ' .0 5.0 10.5 '.7 5.0 B. 3 • . 3 B.O 5.B '.3 5.2 '.B 2.7 
2, '.5 '.0 10.0 '.0 5.5 12.5 7.0 10.0 5.0 5.0 13.5 11.0 5.0 22.0 U.S '.5 55.0 13.0 24.0 15.0 B.O 5.0 0.0 '.0 

" '.0 10.5 10 . 5 24 . 0 26.0 39.0 62.0 112.0 141.0 116.0 125.0 130.0 96.0 91.0 100 . 0 131 . 0 106.0 105.0 100.0 100.0 100.0 100.0 5.0 29.0 

" 18 72 " 'IB 695 1130 2270 3700 750 1910 4055 4297 ,." 3385 3560 38BO .. " 3685 1520 3360 3310 14555 m '" , 13.5 ZO.O 18.5 30 . 0 ".0 47.0 78.0 106.0 30.0 35.0 BLO 97.0 123.0 138.0 146.0 95.0 151 .0 165.0 180.0 144.0 151.D 251-0 11.0 40.0 
2, '.0 11.0 11.0 19. 0 19.0 28.0 45.0 67.0 ,.., 55.0 76.0 NO 74.0 eo.O 83.0 64.0 8D.0 84.0 85.0 ".0 81.0 98.0 5.0 21.0 

'0 46.0 18. 0 15.0 15.0 19.0 15.0 24 . 0 490 .0 41.0 14.0 71.0 24.0 51.0 35.0 40.0 31.0 21.0 30.0 23.0 22.0 24.0 19.0 B.O 14.0 

" 17.0 21.0 29.0 llB.O 137 .0 222.0 397.0 1820.0 mo.o 1780.0 1285.0 1540 . 0 600.0 570 .0 575.0 1205.0 805.0 618.0 605.0 "'.0 572.0 602.0 ' .5 141.0 
5, , .. • •• .., 10.8 ,., 15.5 23.4 28.8 12 .6 ' .7 18.2 ., 32.6 32.1 37.3 21.7 33.9 40.5 35.5 35.3 34.5 l 3.3 5.7 12 . 4 .. 64.5 60.0 62.6 53.0 49.0 56.0 54.0 36.5 21.0 22.8 52.0 NO 24.6 82.0 39.0 34.0 1l1.0 36.0 65.0 34.0 29.7 11 . 6 53.' 3U 

CIPII weight percent 1'IOrWi . ., 0.05 0.07 0.12 0.07 0.14 0.12 0.05 0.05 0.02 0.02 0.05 0.09 0.05 0.07 0.05 0.02 0.07 0.12 0.05 0. 12 0 .02 0.00 0 .12 0.14 
I I 0.13 0.15 0.15 0.15 0.15 0.21 0.24 0.36 0.19 0.11 0.28 0.32 0.30 0.43 0.41 0 . 24 0.53 0 .51 0.39 O.U 0.34 0 . 39 0.00 O.ll 

" 0.95 0.8) 0.8) 0.59 0 . 95 0.65 0.24 0.24 0.47 0.41 0.65 0.89 0.24 1.30 0 . 65 0 . 30 3 . 49 0.B9 0 . 17 o.n 0.53 0.12 0.53 0.65 
.b 19.84 18. 78 19 .71 16.24 16.92 15.48 11.08 4.40 3.64 2 . 79 5 . 33 6.09 0.68 6.85 6.01 0.51 4 .32 4.32 6.01 6.01 6.01 6.09 18.61 15.40 

'" 75.55 72.28 n .n 63.78 60 . 43 n.S8 30." 12 . 09 g." 11.19 15 .35 15.29 14.64 .. " 7 .Bl 13.39 1.10 6. tI 8.35 1.13 '.84 12 .10 15.n 60.13 , 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 . 00 0 . 00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.08 

'" 0.26 0.52 0.48 0.74 0.17 1.23 1. 67 2.70 3.)9 3.47 3.07 2.87 2.49 2.17 2.75 3 . 31 2.93 3.09 2.87 2 .90 2.B7 3.25 0.25 0.94 
die" 0. 25 0-15 0.30 0.55 1. 21 1." '.lI6 2.D2 D.70 0.72 1.11 1.14 '.98 2.10 4.15 1.19 2 . 36 3 .45 2 . 37 1.5, 2.61 1.65 0.00 0.00 
dlfs 0.46 0.11 0.29 0.16 0. " 0.35 0.42 0.41 0.15 0.16 0.28 0.28 0.67 0.53 1.03 0.31 0.64 0.98 0.62 0." 0.70 0. 51 0.00 0.00 
dl~ 0.69 0.27 0.61 0 . 78 L76 1.86 2.75 2.75 0.95 0.98 1.53 1. 56 4 . 05 •. go 5.72 1.65 3.29 4 .85 3.29 3.56 3.63 '.36 0.00 0.00 

'"" 0.00 3.15 2. 46 12.36 9.19 I7 .H 35.02 SO." 11.69 5.42 27.01 35.62 57 . 57 55.11 5D.38 37 . 61 51.24 sa.07 55.53 SUS 53.32 46.98 1.25 16.09 

'y" 0.00 2.62 2.36 3.68 2.44 4.53 7.18 11. 79 3.80 1.21 6.71 8.85 12.96 13.99 12.51 g." 15.47 16.53 14.64 14.70 14.30 14.60 1.49 5.31 
q 0 .00 0.00 0 .20 0.00 0. 00 0.00 0.00 0.00 0.00 0. 00 0 . 00 0.00 0.00 0.00 0.00 0.00 0 . 00 0.00 0.00 0.00 0.00 0.00 0." 0.48 
r, 0.35 0.21 0 . 00 0.68 4.37 5.81 ,.go 10.19 48.12 sa.91 30.33 21.18 2 . 71 3.92 6. 69 24.52 1.08 0.83 3.95 3.97 4 . 50 B.45 0.00 0.00 

" 0.71 D.21 0.00 0.22 1.2B 1.69 1.56 2. 63 11.39 14.55 8.31 5.80 0.67 1.10 }.83 1.08 0.59 0.26 1.15 1.16 1.33 2.89 0.00 0.00 



WHOLE ROCK OATA TABLE 014: Major element analyses, trace element analyses & CIPW weight % norms - profile lJC. 
Major element analyses are normalised to 100% and are LO! and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of FeZ03/FeO - 0.1 ;s used. 
Metres given relative to the base of the Bastard Unit. 

uc 
sa'll1e ue-1 UC-2 l.1e-3 l.1e-4 l.1e-5 I.1C-6 l.1e-7 ue-6 U(-9 lIe-l0 1I(.ll UC-ll I.1C-13 ue-14 U(- 15 U(-16 UC-11 UC-IB 1.1(-19 I.1C-20 UC-21 1.1(- 22 
Ketres 3(1.8 29.6 28 .5 26.5 24 .0 22.1 21.5 19.6 17 .3 15.9 U.7 13.3 11.1 '.0 I.' •• 3 ' .1 1.3 0.' 0.1 -0.2 -0 .• 
IIt.1r 
51°2 50.44 49.89 49.H 49.17 49.54 49.07 49.35 46.38 45.15 46.00 44.15 49.47 45.13 53.66 52.70 504 .92 ".34 54.26 55.35 54.79 49.17 46.80 
TlOZ 0.10 0.09 0.06 0.08 0.06 0." 0.04 0.01 0.01 0.03 0.03 0.07 0.05 0.18 0.32 0.16 0.16 0.11 0.20 0.19 0.05 0.04 
A1Z0] 26.08 28.16 29 ,79 29.52 29.71 30 . 52 29.56 33,Oe 32."- 26.74 20.09 17.07 16.82 Ii.n 8.49 J.59 2.46 5.69 5.16 5. 48 30.B4 31.32 
FeZ03 0." 0.28 0.20 0.20 O.I~ 0.09 0.12 0.01 0.09 0.21 0." 0. 63 0.78 0.81 0.92 0.99 1.05 0.98 0.98 1.01 0.15 0.09 
r.o 3." 1." 1.00 2.03 1.39 0.90 1.17 0.13 0." 2.14 6.62 6.27 1.81 8.11 9.19 ' .90 10 .53 9.76 9.83 10.07 1.49 0.90 

"" 0.08 0.06 0.05 0.06 0.0) 0.03 0.03 0.02 0.03 0.08 0.11 Q.13 O.H 0. 21 0.22 0.23 0.24 0.22 0.21 0.22 0.03 0.01 ... '.34 1.83 1.83 2.35 2.05 1. 22 1.94 1.56 1.93 4.91 15.96 15 . 18 18.02 22.13 22.19 26.84 21.6\ 23.18 23.~ 23.97 2.63 1.33 
c.o 12.71 13.42 14.01 H.H 14.40 15.24 15.11 16.14 16.84 17.54 11.59 9.61 10.48 7.24 '.38 3.16 2.95 4.U 3.91 3.49 14.24 15.68 

~~o 2.02 2.17 2.30 2.26 2.52 2.61 2.~6 1.97 1.85 1.51 0.74 0.90 0.72 0.45 0.49 0.20 0.62 0.63 0.28 0." 1. 85 1.61 
0.16 0.20 0.18 0 . 15 0.13 0.11 0.11 0.07 0." 0.10 0.02 0,01 0.03 0.07 0.03 0.00 0.00 0.03 0.12 0.11 0,28 0.15 

PZ05 0,07 0.08 0.06 0,05 0.04 0.11 0.05 11.03 0.08 0.03 11,01 0.06 0.113 0.02 11.08 11 .02 0.02 0.07 11,03 0.111 0.08 0.116 
Total 100.0 100.11 100.0 100,0 1110.0 100.0 100.0 100.0 100.0 100.0 100,0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 <::> 

'" '"' 0.661) 0.6194 o.sm 0.6S42 0.7061 0.6891 0.7309 0.7178 0.7704 0,7476 0.1916 0.8044 0.7905 0.8059 0.7980 0.8160 0.8109 0,7993 0.7993 0.7956 0.JU9 0.7085 '" 
Trace element value5 (PJHII), 
Sr 330.6 357 .1 310.6 361.0 362,0 313.1 " ... 426.3 416.7 292.1 221.8 194 .• 187.5 77.3 103.6 29.5 21.7 80.6 60.1 58. ' 365,0 402.1 
Rb 1.1 1.5 3.0 0.0 0.0 0.0 0.0 0.0 1.' 1.' '.1 0.0 0.0 0.0 0.0 0.0 3.1 3.1 1.1 ••• 5.' 0.0 

1.1 '.0 ••• '.3 1.1 I.' 1.7 1.1 3.0 ••• 0.0 0.0 1.3 10.4 ... 3.' 3.' 6.0 10,3 ••• ••• 0.0 
1r ••• ' .1 3.2 2.0 0.0 0.0 1.1 0.0 I.' 3.0 1.1 1 .1 1.2 10.8 '.0 1.3 '.1 '-' 1l.3 ••• ' .3 0.0 
Co 26.0 18.2 I? . 7 14 .7 H .O I.' 10.5 1.5 12,4 32.9 61.2 65.3 91.6 14.8 83.9 95,1 101,4 90,0 93.6 94.6 12.6 1.3 
Cr 264 137 104 151 109 " 103 .. ., 340 1621 1777 1957 3190 2933 3806 3677 2671 "" 3060 524 110 

51-1 31.3 22,1 32 ,9 25.3 16.9 25.2 10.1 5.' 29.1 .... 11.2 51,2 190.3 115.6 121.4 124.5 122.0 128 .0 122.6 22.7 12 .4 

'" 24,2 35.3 23.3 23.1 16.9 ••• 14.4 12.1 11.4 15,5 37.8 44.2 49,~ 78.0 .. .. 19.2 66.6 .... n.3 17.7 12.5 '.1 
C. 38.' 23.9 '.1 '.5 ••• 15 .6 '.1 ••• 10.6 257.8 '.1 12.8 6.1 16.1 28.8 12.4 16 .1 101.1 238.9 293.3 174.1 4],6 

" 3<.1 50.' 35,0 41.9 35.5 23.4 30.1 ".1 .... 129.8 395 .2 429,6 725,8 445.8 491.5 615 . 1 730.0 640.1 881.8 1001.4 146,8 S<.S 
5, 10.6 '.0 ••• 1.5 '.1 3.' '.1 1.1 J.. 4,90 6.1 17.9 '.1 29.9 26.1 29.2 28.4 29.5 29.4 29.1 5.' 3.3 

CiPllloe1llht percent 1'I01'1IS. ., 0.11 O.U O.U 0.12 0,09 0.40 0.12 0,07 0,19 0.07 0.02 0,14 0.07 0. 05 0.19 0.05 0.05 0,17 0.07 0.02 0.19 0.14 
11 0.19 0.11 0.11 0.15 0.11 0.08 0.08 0.04 0.02 0.06 0.06 0.13 0.09 0.34 0 .60 0.30 0 .30 0.32 0.38 0.36 0.09 0.06 

" 0.95 LIB 1.08 0.89 0.71 0.65 0.65 0,41 0,24 0.59 0.12 0.06 0,18 0,41 0.18 0.00 0,00 0.18 0,11 0.71 1.65 0.89 

" 17.09 18.36 19.46 19,12 21.32 22.08 20.81 13,82 10 ,13 5.73 6,26 7.61 6.09 3.81 4.15 1.69 5.25 5.33 2.37 5.41 15,65 n.ll 

." 61.63 66.19 69.41 69,82 69.38 11.24 69.30 19.88 80.10 65.89 51.44 42.51 42.!i8 15.43 20.88 8.90 3.98 12.61 12.41 11.10 70.12 17.40 
0.00 0,12 0.37 0.05 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 1.00 0.13 

at 0.52 0.41 0.29 0 .29 0.20 0.13 0.11 0.10 0. 13 0.39 0,96 0.91 1.13 1.26 1.33 1.44 1.52 1.42 1.42 1.46 0.22 0.13 
~'en 0.24 0.00 0.00 0.00 0.4B 0." 1.54 0.00 0.83 5 ... 1.11 1.42 2.69 '.06 1." 1.00 3,15 1.60 1.99 1.63 0.00 0.00 
~If5 0.14 0.00 0,00 0,00 0.22 0.44 0.65 0.00 0.29 2,30 0,52 0.40 0.83 1.69 0,45 0.52 0,85 0.76 0.58 0.49 0.00 0.00 
diwo 0.41 0.00 0.00 0.00 0.75 1." 2,35 0.00 1.22 8.14 2.50 1.99 3.85 8.50 2.21 2.78 4.39 3.68 2.81 2.32 0.00 0.00 
h,," 10.57 7.05 4.56 5.85 .. ,. 0.90 2,4J 0.00 0.00 0.00 2.85 27,49 1,74 4B.30 51.54 ..... 57 ,57 56.11 57.63 58.06 6.55 3.31 
h,b 6.23 4.95 3.50 3.55 1.04 0.46 ).02 0,00 0.00 0.00 0." 1.78 1.39 13.48 14.93 11.01 15.62 16.36 16 .73 11.21 2,59 1.53 
q J.88 1.44 1.10 0. 17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.00 0.00 1." 0.51 1.95 2.69 
fo 0.00 0.00 0.00 0.00 0.20 0.91 0,62 2.72 2,78 4.61 24,62 7.28 24. 14 0,52 1.51 0.00 5.64 0.32 0.00 0.00 0.00 0.00 
h 0.00 0.00 0.00 0.00 0. 10 0.52 0.29 0." 1.08 2.01 8.03 2.21 8.23 0. 16 0.48 0 .. 00 1.69 0.10 0.00 0.00 0.00 0.00 
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WHOLE ROCK DATA TABLE 014: Major element analyses, trace element analyses & CIPW weight % norms - profile lJC. 
Major element analyses are normalised to 100% and are LOI and HZO- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of FeZ03/FeO • 0.1 ;s used. 
Metres given relative to the base of the Bastard Unit. 

uc 
Siqlle U(-44 UC-<5 Ut-46 UC.41 UC-46a UC-48b IJC-~l U(·52 UC-53 "·54 Ut-55 lit-56 IIt·51 U(-58 UC_59 U(-6O UC_51 UC_62 U(-153 tiC-55 IJC-66a IJC-66b 
lletres -35.9 -31.3 -38.3 ·39, 4 -41.2 -41.6 -45.0 -46.9 .... 7 -50 .2 -52.0 -53.2 _55.3 -57.3 -59.3 -60 .8 -62.3 -62.9 -63.4 -65.8 -61.6 -68.1 
ilL%: 

51°2 48.25 48.37 48.44 48.44 52.49 48.39 53.85 53.92 ~.g3 54 .12 ~.9S 55.13 55.15 ~.49 54.]9 54.12 53.19 49.41 53.08 55.16 53.93 51.71 
Ti02 0.05 O.OS 0.04 0.08 0.11 0.08 0.24 0.28 0.24 0.22 0.27 0.26 0.27 0.18 0 . 22 0.20 0.18 0.12 0.24 0.22 0.23 0.24 
A120) 30.37 29.42 31.03 29.19 12.34 30.84 4.20 2.26 <.85 4.85 3.64 •• 23 3.20 5.42 5.63 5.31 5. 16 5.15 '.88 l.OI 3.99 6.41 
rezOl 0.12 U6 0.10 0.11 O.H 0.10 1.13 1.19 1.02 1.05 1.05 1.01 \.06 1.00 1.0l 1.02 1.01 1.22 1.12 1.16 1.15 loll 
f.O 1.17 1.62 0.96 l.67 7.37 1.112 11.29 11 .91 10.19 111.45 10.n 10.06 10.83 9.95 10 .30 10.18 10.10 12.21 11.15 11.58 11.49 11.29 

'"' 0.03 D.,. 0.02 0.04 0.15 0.03 0.24 0.25 0. 22 0.22 0.23 0.22 0.23 0.22 0.22 0.22 0.22 0.22 0.23 0.24 0.27 0.25 

'" 2.12 Z.92 1.53 2 .• 1 11.53 1.31 24.89 26.09 22.H 23.93 24.24 23.23 25.02 13.42 23 .• 4 23.84 2l.93 21.13 25.96 25.504 24.89 24.06 
,,0 15.39 14.95 15.33 15.0 1.02 15.57 3.53 3.61 4.72 3.42 4.21 4.31 3.45 4.U 3.77 4.12 4.30 4.01 3.85 2.53 3.33 .. ,. 
N<1t 2.31 2.29 2.35 2.35 2.15 2.26 0.44 0.26 0.81 D ... 0." 0.11 O.U 0.83 0.91 0.60 0." 0.46 0.32 0.36 0.59 0.66 
KZ 0.10 0.12 0.14 0.12 D.,. 0.34 0.01 0.11 0.16 0.19 0.22 0.24 0.23 0.06 0.09 0.01 0.01 0.02 0.11 0.14 0.09 0.02 
PlOS O.Og 0.05 O.IlS 0.11 0.03 0.06 O.ll 0.07 0." 0.10 0. 113 0.01 0.07 0.01 0.00 0." 0.00 0.00 0.06 D." 0.06 0.13 
Totll 100.0 100.0 100.0 100.0 100.0 100.0 100. 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

"" 0.1482 0.1468 0.7228 0.7025 0.79504 0.6777 0.7828 0.7811 0.1848 0.1891 0.7911 0.1906 0.7907 0.1938 0.7881 0.7929 0.1948 0.78012 0.1920 0.7829 0.7797 0.7770 0 

Trice elment vi lues (pp.). N 
.". 

5, 462.7 .... 0 468.4 455 . 1 402.1 559.6 45.3 15.8 72.7 67.6 42.5 51.7 28.5 13.6 63.8 10.4 13.6 ".7 39.0 27.8 51.8 73.7 
Rb 5.' '.7 Z.I '.5 0.0 8.' Z., , .. 5.' .. , 10.1 .. , 8.' l.Z '.1 Z .• '.5 .. , '.1 .. , '.0 5.' 

Z.8 '.1 , .. Z.O 5.2 '.7 7.' 11.0 .. , 7.1 '.0 '.8 10.4 Z.7 Z •• 5.' 5.' '.7 7.' ,., 7.' Z., 
I, '.1 Z.Z Z.I 2.1 5.0 0.0 13.9 14 .3 16.2 25.9 27.0 35.3 20.2 '. 7 12.1 11.4 13.5 '.5 20.8 11.4 12.1 8.' '0 10.2 14.5 11.6 IJ.6 17 .4 7.8 95.6 101.7 89.8 92.7 92.3 92.4 95.8 90.1 91.4 90.2 99.6 121.1 102.7 100.9 97.8 .... 
" '" '41 112 m 525 537 3745 Z88' ll30 3243 3393 'm 3450 3421 3521 "" .885 .", 50 .. 3965 5578 22393 , H.5 20.4 12.3 15.2 30.3 25.1 131.3 m.3 115.0 127.1 149 .• H5.6 m.& 12&.1 134.6 132.1 118.4 92.3 144 .2 137.6 U6.4 289.5 
10 15.2 12.4 '.5 12 .6 19.8 21.7 89.6 105.6 85.4 .... 65.1 83.8 80,4 18.8 81.9 79.1 79.3 17 .1 79 .3 95.1 . 90.& 104.1 ,. 15.4 16.1 13.9 16 .3 12.2 30.6 SO.O .... 29.4 40.4 35.5 42.5 lO.' 31.9 33.0 lZ.' 2B.7 33.3 ••. B 11.9 2~.3 22.2 

" 31.1 58.8 21.6 51.4 101.6 47 .1 630.5 8U.6 "'.1 553.6 579.9 573.8 595.0 S61.5 562.6 535.2 767.0 1218.1 786.1 698.1 605.0 581.9 
5, '.0 '.7 Z .• '.8 8.0 5.Z 30.3 35.7 lZ.7 28.9 35.1 33.4 'U 30.5 10.6 31.} 28.2 20.1 32.2 32 .4 lZ.7 lZ.' 

tiP\! weight percent no,... .. 0.21 0.12 0.12 0.25 0. 01 0. 14 0. 26 0.17 0.14 0. 24 0.07 0.02 0.11 0.02 0.00 0.14 0.00 0.00 0.14 0.14 0.14 0.31 
II 0.09 0.09 0.08 0.15 0.21 0.15 0.45 0.53 0.45 0.41 0.51 0.49 0.51 0." 0.41 0." 0.34 0.23 0.45 0.41 0.43 0.45 

" 0.59 0.71 0.&3 0.11 0.35 2.01 0.41 0.65 o.g5 LIZ 1.30 1. 42 1.35 0.47 0.53 0.41 0.41 0.12 0.65 0. &3 0.53 0.12 
,b 19.54 19.38 19 .97 19.60 1&.19 18.61 3.72 2.20 7.36 7.28 5.41 6.01 '.98 1.02 1.70 6.71 5.U 3.B9 2.71 3.05 4.99 5.58 

" 72.21 69.65 73.51 68.15 23.85 73,0) 9.2S '.68 .... 8.81 6.41 7.65 5.94 10,B3 11.01 10.86 12.64 11.93 8.83 6.18 1.91 14.47 
0.00 0.00 0.00 0.00 0.00 0.00 0.110 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

" 0.11 0.23 0.14 0.25 L07 0.14 1.64 1.13 1.48 1.52 1.52 1.46 1.51 1.45 1.49 1.48 1.46 1. 17 1.62 1.68 1.67 1.64 
dlen 0.99 1. 11 0.56 1.87 3.11 0.99 2.18 3.79 4.12 2.19 4.21 4. 00 3.14 3.23 2.25 2.10 2.56 2.40 2.90 1.73 2.36 1.36 
dtfs 0." 0.46 0.24 0,90 0.95 0.52 0. 70 1.22 1.30 0." 1.30 I.Z2 0.96 0,91 0.10 O.SI 0. 16 0.77 0.88 0. 56 0. 71 0.45 
dl~ 1.48 1.15 D ... 2.96 4.50 1.61 3.14 5.46 5.9Z 3.13 6.09 5.71 4.47 4.59 3.21 , ... 3.63 3.45 4.13 2.SO 3.41 1.91 h,,, 0.13 0.84 0.43 0.00 21.05 0.00 51.80 57.80 52.51 56.13 55.05 53.85 59.17 53.48 53.83 53 .• 8 53.44 36.18 504.25 61.81 55.93 47.01 
hyh 0.05 0.33 0.19 0.00 8.07 0.00 18.52 18.60 16.59 11.31 11.04 15.41 18.03 15.10 16.71 16.16 15.99 11.77 16.4" 19.801 18.30 15.60 
q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 O.OCt 1.78 0.72 0.110 0.00 0.00 0.00 0.00 0.00 1.22 0.00 0.00 
fo 2.92 3.69 1.97 2.89 Ul 1.59 1.41 2.37 0.00 0.89 0.03 0.00 0.00 L14 1.61 2.24 2.52 19.89 5.25 0.00 2.59 8.09 
f , 1.23 1.59 0." 1.53 '.09 0.92 D ... 0." 0.00 0.30 0.01 0.00 0.00 0.38 0.55 0.74 0.S3 7.02 1.75 0.00 0.93 2.96 



WHOLE ROCK OATA TABLE 014: Major element analyses. trace element analyses & CIPW weight % norms - profile (JC. 
Major element analyses are normalised to 100% and are LO I and H20- free. 
They are the average of either 2 or 3 determinations on separate discs. 
An assumed oxidation ratio of Fe203/FeO • 0.1 is used. 
Metres given relative to the base of the Bastard Unit. 

uc 
S&fI1l1e U(·61 U( ·68 U(-69 U(-10 Ut-71 UC-12 U(-13 utAH UC-7Sa UC-7Sb UC-76 U(. 11 UC-18 U(-79 lIC-80 ltC-6la UC-Blb U(-82a UC-6Zb UC'" UC-BS 
lletres -70.2 -73.2 -7S.B -78.0 -81. 4 ..,., -83.7 -85.1 -85 .8 -86.0 -88.8 -91.3 ·n,B -9~ .5 -96.0 _97.2 _97.4 -98.5 -!l8.7 ·101.7 -104.6 
IIt.% 

51°2 53.71 Sol.9) 54.94 54.05 47.83 0.44 ~9.52 50.60 49.H 48.79 51.62 49.43 49.28 48.35 47.90 48.29 48.68 51 .11 
TiOZ D.ZO 0.21 0 . 22 0 . 19 0 .03 0.04 0.04 0.05 0.04 0.05 0.06 0.04 0.04 0.04 0.03 0.03 0.05 0.08 
AIZO) 5." 3.97 3.58 5.25 31.73 31.37 2B.29 23.52 25.96 29.11 20.10 29.42 30.95 31.00 3UO 3}.13 28.40 16.91 
FeZO) 1.10 1.10 1.13 1.09 D. ll 0.13 0.21 0.35 0.28 0.17 0 .41 0 . 14 0.06 0.06 0.07 0.10 0.21 0.52 
"0 10.98 10.95 11.26 10 . 66 1.14 1.30 1.06 3.54 2.71 1.68 4.12 1.42 0.61 0." 0.14 0." 2.01 5.24 

"" 0.23 0.26 0 . 27 0.24 0.04 0.04 0.05 0.08 0.07 0.04 0.10 0.02 0.01 0.04 0.03 0,03 0,05 0.11 

"" 22 .62 24.24 24.53 23 . 43 1.04 1.40 3.65 8.20 6.20 2.80 10.78 2.21 0.82 1.26 1.16 1.35 3.67 11.81 
C.O 3." 3.83 3.65 4 . 03 14.~ 15.15 13.22 11.92 12.81 14.71 10.49 14 ,88 15 .54 15.40 15 .19 15.44 14.06 9 . 92 
NaZO 1.93 0.49 0.41 0.78 2.19 2.33 2.62 1.63 2.05 1.38 1.63 2.29 2.33 3.16 2.43 2.46 2.42 1.98 
',0 0.07 0.02 0.02 0.02 1.22 0 .17 0 . 26 0.06 0.06 0.07 0.03 0.07 0." 0.06 0.08 0.11 0 .13 0.10 
PZOS 0.01 0 .01 0.00 0.04 0.05 0.04 0.08 0.04 0.03 0.01 0.01 0.01 0.05 0.117 0.06 0." 0.07 0.06 
10111 100.0 100.0 100.0 100.0 100.0 100.0 100 .0 100.0 100 . 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

MI1F 0.7726 0.1835 0.1808 0.7189 0.5987 0.6375 0.7U5 0 . 7912 0.7656 0.1313 0.7888 0.1237 0.6211 0.18iS 0.7195 0.5923 0.1430 0.7875 

D 
Trice elea!nl Ylluu (ppt:). N 
s, .... 58.' 51.1 64.3 438.9 467.6 412 .1 M3.1 37\1.0 457 . 1 287.6 441.6 453.0 466.11 413.0 471,7 424.0 414.2 4511.4 218.9 176.3 01 
Rb 0.0 0.0 0.0 3.3 38.2 53.5 13 . 5 0.0 2.2 0.0 2.3 2.1 2.0 3.' 2.' 3.3 3.0 2.0 2.' 0.0 2.1 

7.' S.' '.3 '.2 2.0 0.0 0.0 ••• 2.3 2.1 3.3 2.' 3.2 0.0 2.' 3.3 2.7 2. 1 0.0 ' . 1 14.4 
1, 13 . 3 '.7 10.1 12.7 1.7 2.2 1.S ••• 3. ' 3.5 6.5 3.' • . 3 5.5 5.' '.5 • . 1 '.0 3.' 5.1 '.5 
Co 113 . 2 .... 98.8 98.1 7.' 12.5 17.0 35.5 25.11 '.3 46.4 14.2 7.2 5.' 5.7 7.3 11.2 18.8 '.1 51.9 71.2 
C, 3272 3376 3354 6511 5206 "". 1165 1281 ." 231 1513 ". 63 37 38 " 312 '" 110 1406 2119 
V 129.6 142.4 150.2 1~.3 54.5 110.1 38.7 55.3 40.3 111.7 67.5 21.7 13.1 11.5 11.9 14.5 29.1 3}.0 15.6 76.8 115.6 
Z, 110 . 7 \15.0 " .0 ".0 18.2 26,1 '. 3 28.5 21.7 ••• 36.2 13.6 10 . 0 '.0 ••• 7.1 16.0 18.2 10.9 40.0 57.6 
C, 15.6 15.6 17.4 25.5 7.5 , .. 7.' 10.9 '.7 5 •• 11.9 '.0 '.0 ••• ••• '.2 12 .9 '.7 • •• 12.4 '.0 

" 538.0 516.6 571.11 598.8 23.2 30.3 ".1 160.5 124.4 16.3 247.3 48.6 15.3 11 .5 13.5 18.1 64.6 72.9 26.1 253.5 ~03.9 
So 32.' 33.8 3<.0 33.0 3.5 3.1 '.3 10.6 '.1 3.' 15.5 5.5 '.2 ••• '.0 ••• 7.5 7.0 ••• 17.2 22.4 

CIPII weight percent 1101"115. 
.p 0.02 0.02 0.00 0.09 0.12 0.09 0.19 0." 0.01 0.17 0 . 02 0.02 0.12 0.11 0.14 0.21 0.11 0.14 

" 0.38 0.39 O.~l 0.36 0.06 0.08 0.08 0." 0.08 0.09 0.11 0.08 0.08 0.08 0." 0.06 0.09 0.15 

" 0.41 0.12 0.12 0.12 7.21 ~.55 1.50 0.35 0.35 0.41 0.16 0.41 0.53 0.35 0.0 0.65 0.77 0.59 .. 16.33 4.15 3.41 6.60 14.07 13.10 22.17 13.19 17.34 20.14 13.19 19.38 19.71 18.64 18.18 19.92 20.48 16.75 

" 5.02 8.57 7.87 10.11 12.30 12.87 64 .61 56.69 61.~6 68.71 4 7.44 69.J9 13.13 70.23 75.36 73.58 66 .25 42.58 
0 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

" 1.59 1.59 1.64 1.58 0.16 0 . 19 0.30 0.51 0.41 0.25 0." 0.20 0.12 0.09 0 .10 O.H 0 .30 0.15 
dlen 4.03 3.01 2. 96 2.59 0 . 00 0.49 O.ll 0." 0.55 1.12 1.32 1.01 0.13 1.65 0.69 0.63 0." 1.81 
d\h 1.37 0.96 0.96 0.85 0.00 0.32 0.04 0.20 0 . 18 0.47 0.41 0.47 0.49 0.50 0.31 0.32 0.34 0.58 
dlw 5.81 ~.33 4.28 3.74 0.00 0.85 0.16 0.91 0.79 1.12 1.89 1.65 1.27 2.3(; 1.08 1.02 1.27 2.61 
h,,, 37.36 57.36 58.13 53.59 0.00 0.00 4.29 19 .18 12.60 2.31 25.52 •• 58 1.32 0.00 0.00 0.00 2.92 21.04 
h,h 12 . 13 18.38 18.93 11.65 0.00 0.00 1.72 '.08 4.02 0.91 7.96 2 . 00 0.69 0.00 0.00 0.00 1.16 '.5O 
q 0.00 1.13 1.25 0.00 0.00 0.00 0.00 0.65 0.00 0.00 0.68 0 . 33 }.03 0.00 0.00 0.00 0.00 0.00 
10 10.82 0.00 0.00 1.52 }.81 2.10 3.26 0.00 1.61 2.48 0.00 0.00 0.00 1.04 1.54 1.91 3.71 UO 
I. .. " 0.00 0.00 0 . 55 1.57 1.52 1.45 0.00 0.56 1.15 0.00 0.00 0.00 0.38 0.17 1.08 1.65 1." 



D26 

WHOLE ROCK DATA TABLE 015 : Trace element analyses - Bastard Unit profiles Band C at Amandelbult Section . 
Apart from Sc, all analyses were done by Hr. B Walters . 
Metres gi ven above base of Unit. 

B 
Sanvle B1 B2 83 84 B5 B6 BI 88 B9 B10 8ll B12 813 
Metres 32.6 31.4 30.4 29 . ' 28 . 4 27 . ' 26.4 25.' 24.4 23.' 22.' 21.4 20.' 

Trace element va lues (ppm) 
Co 22.3 18.7 19.1 16.4 13.3 17 . 3 14.1 Hi.! 15.4 12. 6 16.1 19.3 19.9 
Cr 132 92 ll5 65 55 79 5. 66 73 .6 6. 94 90 
V '0.5 38. 6 42.6 33 .8 27.0 35.6 29.3 34.4 33.1 23.6 30.1 39.3 32.7 
In 13.4 16.1 16.6 13.7 14.2 9.0 11.9 15.6 17.2 ll.6 15.6 18.0 22.3 
Cu 29.6 15.7 21.5 22 . 3 14.5 12.2 16.5 24.2 19.4 15.7 25.4 42.8 25.9 
HI 106.3 62.5 77 .6 57.1 42.0 51.4 42.4 49.7 56.0 37.1 '7.8 70.4 69.8 
Se 5.8 5.0 5.8 5.6 3.9 7.1 

SaJl1l1e 81. 815 816 817 818 819 820 821 822 823 82. 825 826 
Hetres 19.4 18. 5 17 .5 16 .4 15.4 14.4 13.4 12.4 11.4 10.4 9. 4 8.5 7.5 

Trace element values (ppm) 
Co 17.6 34.6 '6.9 46.5 45 .4 43.5 44.4 45.3 45 .8 50.6 60.7 58.1 21.4 
Cr 127 359 728 760 74. 718 690 741 793 912 ll77 1104 204 
V 28.0 48.8 62.6 61.1 60.2 53.3 50.3 53.5 54.0 55.6 69.0 68.6 30.7 
In 12.8 17.5 39.3 38.' 37.8 37.4 34.9 34 . 5 36.2 41.6 '8.1 '6.9 18.2 
Cu 28.7 30.4 27.6 27.3 26.2 30.9 24.5 21.0 17.3 23.6 21.4 23.1 62 . 6 
HI 75.6 163.9 246.8 255.1 243.9 257.4 249.5 256 . 7 262.3 297.1 357.3 348.8 149.4 
Se 5.2 16.2 14.3 12.9 14.9 18.6 8.4 

C 
Sa1q)le 827 828 829 B30 831 B32 C1 C2 C3 C4 C5 C6 C7 
Metres 6.1 ' . 6 3.5 2.5 1.4 0.5 23.3 22.4 21.5 20.0 18. 5 17 .4 16.4 

Trace elerrent values (ppm) 
Co 72.6 81.0 92.9 94.8 93.7 101.0 17.0 31.1 17 .8 18.0 17 .8 20.6 19 . 3 
Cr 1679 2157 2491 2075 2027 2262 82 345 80 85 BO 90 73 
V 85.' 96.6 119.1 118.1 116.7 115.9 32.2 38.0 39.3 39.7 39.0 39.1 61.1 
In 55.4 63.7 74.6 76.4 75.3 74.0 19.8 24.0 15 .5 15.9 17.1 19.0 20.0 
CU 34.5 35 .5 78.0 ll2.0 207.1 460.9 2B.2 71.0 16.4 17.1 26 . 5 24.4 25.0 
HI 452.6 498.5 848.5 701.7 881.1 1457.' 62.' 234.7 61.7 55.7 72.0 75.4 73.B 
Se 22.6 25.0 31.1 30.4 29 .6 28.2 5.2 6.1 7.5 B.' 

Sa~le C8 C9 C1l C12 Cl3 Cl4 CIS Cl5a C16 C17 C1B Cl9 C21 
Hetres 15.3 1'.3 11 .8 10.4 9.0 8.1 7.4 6.4 5.4 4.4 3.4 2. 3 0.7 

Trace element values (ppm) 
Co 19 .8 39 .5 37.5 -44.1 52.3 57.7 54 . 3 54.8 61.4 79.4 86.9 89 .8 94.6 
Cr 89 264 554 628 97. 1055 1055 1077 1316 1789 2068 1850 1990 
V 36.1 66 . 1 55.4 60.8 66.9 72.9 69.3 68.4 74.5 110.0 118.8 116.8 117.2 
In 17 .0 37.7 38.0 40.5 41.9 '4.B 44.8 43.B 124.-4 72.0 130.7 85 . 1 81.3 
Cu 19. 9 22.8 40.0 37.6 36.5 38.5 36.3 34 .1 31.0 50.2 153.4 190.8 285.7 
Hi 65.2 153.6 184.2 220.7 292.8 323.5 314.0 326.7 373 .0 451.7 719.0 808.3 1033 .0 
Se 13.3 13.0 17.0 17 . 7 19.3 29.6 30.4 30.9 29.9 
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The cyclic unit beneath the UG 1 chromitite 
(UGIFW unit) at RPM Union Section Platinum 

Mine-Rosetta Stone of the Bushveld Upper 
Critical Zone? 
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AND 
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Abstract 

The va 1 Footwall unit is a layered pyroxenite-norite-leuconorite-anorthosite sequence between 
the Middle Group 4 and Upper Group I chromitites .of the Upper Critical Zone, and is c. 300m 
thick at Rustenburg Platinum Mines. Union Section, where it shows an oscillatory Hucluation in 
whole-rock Mg/(Mg + Fe), CrlCo, NilV and FerTi ratios with stratigraphic height. This permits sub­
division into 8 sub-cycles which match a subdivision based on cyclical variations in orthopyroxene 
and feJdspa,r compositions. Constituent pyroxene grains of pyroxenites, ncrites and leuconorites alike 
contain rounded and embayed plagioclase inclusions in abundance. Sr-isotope disequilibrium prevails 
in some samples between the orthopyroxene and feldspar populations. Chemical and isotopic data 
support a model of pulsatory injection of limited volumes of a more primitive, mafic liquid into 
a resident column of depleted residua, from which sodic labradorite and Mg-poor bronzite were 
crystallizing. The depleted liquid is equated with the supernatant liquid residuum of buried cumulates 
(Sr, c. 0.7054) and the primitive liquid with magma parental to the UG l-UG2 lineage (Sr, '" 0.7068). 
The increase in leucocratic character of the 300 m column, with height, is attributed to the rising 
of low-density liquids enriched in the components of feldspar during separation of the pyroxenites. 
Deposition of the UG 1 chromitite layers is attributed to mixing of a major influx of primitive liquid 
with a feldspathic residuum at the top of the ua 1 Footwall unit. There is no evidence to indicate 
the participation of a discrete A-type liquid (Irvine and Sharpe, 19H2) in this process. 

KEYWORDS: Bushveld complex, magma mixing, chromitite , compositional convection. 

Introduction 
IN comparison with the Eastern Bushveld Com­
plex, where outcrops of the layered sequence are 
generally good, the succession in Western Bush­
veld is not at all well exposed, and, in the case 
of the Critical Zone, a flat and rather featureless 
plain veneered by a black turf soil is all that is 
seen at the surface. Although considerable under­
ground mining activity in the area for the exploi­
tation of the platinum-bearing horizons-­
Merensky Reef and Upper Group Chromiti te 
Layer 2 (UGi)~has exposed the uppermost parts 

! I ; . ..' , 

Milleralogical MagaZine, Murch 1990, Vol . 5-1, pp . 23-13 
© Copyright (lie Mineralogical Society 

of the Critical Zone (between the Upper Group 
Chromitite Layer I (UG I) and the Merensky­
Bastard Units), relatively little is known about 
the cumulate sequences below the normal mine­
able limits, which are only exposed in the tram­
ming and ventilation crosscuts from production 
shafts. 

This paper presents textural and geochemical 
data pertaining to a suite of samples t.aken from 
one such crosscut, which has e.nabled documen­
tation of a section extending approximately 350m 
beneath the UG 1 chromitites- including the 
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so-called UGI Footwall Unit (UGIFW)-in the 
Rustenburg Platinum Mines (R.P.M.) Union Sec­
tion area, north-western Bushveld Complex. The 
aim is to build on the existing data base for the 
Upper Critical Zone and to provide further evi­
dence and support for a model already proposed 
by Eales el ul., (1986, 1988). In tbis model it is 
argued that geochemical differences between suc­
cessive units represent evidence for repeated 
injections offresh, primitive magma into a column 
of partially depleted liquid resident above the 
crystalline floor of the chamber. The more mafic 
rocks, constituting the lower parts of cyclic units, 
are taken to have crystallized from such new 
inputs of liquid, whereas the more evolved or 
more leucocratic upper members hiJve crystallized 
from hybrid liquids resulting from the mixing of 
the old and the new magmas. 

The stratigraphic succession 

The Bushveld Complex is broadly divisible into 
Marginal, Lower, Critical, Main and Upper 
Zones,· the combined thickness of which is some 
7000m in the Western limb. The first appearance 
of cumulus plagioclase feldspar within the column 
is used to segregate the ultramafic dunites, harz­
burgites, pyroxenites and chromitites of the 
Lower Critical and Lower Zones from rocks of 
the Upper Critical Zone (harzburgites, pyroxe­
niles, narites, chromitites and minor anortho­
sites), the Main Zone (gabbronorites and 
anorthosites) and the Upper Zone (magnetite 
gabbros, magnetites, and evolved gabbros con­
taining fayalitic olivine and cumulus apatite). 

Detailed descriptions of the succession through 
the Upper Critical Zone in the northwestern part 
of the complex are available in the literature 
(Eales, 1987; Eales, el al., 1986, 1908; Viljoen 
el at., 1986a,b), and no more than a summary 
is necessary here (see Fig. I). The Bastard and 
Merensky Units are ostensibly 'complete' cyclic 
units, comprising ultramafic members (felds­
pathic pyroxenites, with or without accompanying 
feldspathic harzburgites) at the base, grading 
upwards thro·ugh melanorites, norites and leuca­
norites to anorthosites at the top . Plagioclase is 
of intercumulus habit within the ultramafic mem­
bers, but adopts cumulus habits and becomes 
more calcic within and above the melanorites of 
each unit. The Merensky Footwall Unit forms the 
floor upon which the economically important, 
P.G.M.-enriched Merensky Reef rests, and may 
be characterized as a largely leucocratic sequence 
with trivial development of an ultramafic facies 
at its base. The Pseudoreef Multicyclic Unit 
beneath the Footwall Unit is largely an association 
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LZ 

Bastard Unit . ......... 
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Marenaky Unit 
., ,. t. 

Mat. Footwall Unit === Pseudoreef Unit 
.:.:.:.:.;.: UG2 Unit 

:::::;:::;:: • U02 UG 1 Unit 
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fiG. I. Generalised stratigraphic succession through 
Western BushveJd with detail for the Upper Critical 
Zone al Union Section. Significant chromitite layers at 
bases of units are indicated by filled circles. Stipple­
pyroxenites; unshaded-norites and leuconorites; 
circles-anorthosites; cone ornament-harzburgitl!. 
LZ- Lower Zon!.!; CZ-Critical Zone; MZ- Main 

Zone ; UZ-Upper Zone. 

of leuconorites and norites with feldspathic harz­
burgites (the Pseudoreefs), and is well developed 
at Amandelbult Section, but reduced to no more 
than two harzburgite layers at Union Section. The 
underlying UG2 and UG 1 units are composed 
essentially of feldspathic pyroxenites floored by 
well developed chromitite layers up to 1 m thick. 

The contact between the UG 1 and the underly­
ing UGIFW Unit is one of the more spectacular 
features of the Complex. In some parts of Union 
Section mine, an upper chromitite layer (50-<>0cm 
thick) is separated from a lower layer (c. 30cm) 
by c. 30cm of pyroxenite, and this package rests 
concordantly upon snowy-white anorthosite con­
stituting the top of the UG 1FW unit. Elsewhere, 
the contact shows the same complexities as 
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are displayed at the well-known Dwars River 
exposures in the Eastern Bushveld Complex (Figs 
196-201, Wager and Brown, 1968). An upper 
group of regular chromitite layers overlies 3-4m 
of anorthosite within which thin chromitite layers 
(commonly 1- 2oomm thick) converge and 
diverge to yield an anastomosing system. This 
may in turn give way to an irregular system of 
contorted , discontinuous stringers, lenses and 
pods of chromitite. Lenticular chromitite pods 
with an oblate-spheroid shape, and diameters up 
to 0.5m, appear to have subsided within the 
anorthosite, depressing and disrupting the layer­
ing beneath and around the pods (Fig. 20). These 
structures have been variously attributed to 
intrusion into the anorthosite of a chromitite­
bearing residual magma (Sampson , 1932), 
intrusion of anorthosite into chromitite (Coertze. 
1958), deposition of chromitite accompanied by 
turbulent mixing with plagioclase crystals (ver­
maak , 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). 

The upper half of the UG1FW unit comprises 
a leucocratic suite. An upper layer of chromitifer­
ous anorthosite (2-3 m thick) rests upon c. 5 m 
of what is locally known as the 'Streaky Norite', 
displaying mm-scale layering (Fig. 2a). Beneath 
this is a second couplet of Cr-poor anorthosite 
and leuconorite resting upon c. 130m of no rite 
alternating with leuconorite and minor pyroxe­
nite. This grades downwards, via some 20m of 
pyroxenite alternating with melanorite to a 115 m 
pyroxenite member floored by the MG4 chromi­
tite. The total thickness of this unit (c. 285 m) 
is thus appreciably greater than that of other cyclic 
units in the northwestern exposures of the Upper 
Critical Zone, such as the Merensky and Bastard 
Units (20-30m; Eales et al . , 1986 , 1988) . Justifica­
tion for treating it as a single unit lies in (i) corre­
spondence with the sequence chromitite­
pyroxenite-melanorite- norite- leuconorite-anor­
thosite, characterising cyclic units elsewhere, and 
(ii) int~rnal coherence of geochemical parameters 
(described later) which distinguish it from units 
above and below. 

Between the MG4 and MG3 chromitites, the 
sequence is essentially an upward gradation from 
norite to pyroxenite, followed by an abrupt transi­
tion to anorthosite within the uppermost 1.5 m 
constituting the immediate footwall to the MG4 
chromitite. A similar transition occurs immedi­
ately beneath the MG3 chromitite. 

Some of the field characteristics of this 
sequence are implicit in the variations in whole­
rock AI,O, and normative minerals shown in Fig . 

3. These are (i) the existence of a continuum of 
compositions between pyroxenite and anortho·" 
site, but with a dominance of pyroxenites «6.5% 
AI,O,) and norites (11-21 % AI,O,), (ii) grada­
tions from one horizon to another, as from pyrox­
enite to norite (160m to 130m), pyroxenite to 
leuconorite (125m to 94m) and melanorite to 
anorthosite (57m to 8m), and (iii) gradual but 
sustained increases in proportions of pyroxenes 
with stratigraphic height within parts of the 
sequence, as between 330m (norite) and 300m 
(pyroxenite), or 94m (Ieuconorite) and 57m 
(melanorite) . 

Petrography of the UG 1 Footwall Unit 

The UG I Footwall Unit comprises orthopyrox­
ene, plagioclase feldspar, clinopyroxene, chro­
mite and magnesian biotite in various modal 
proportions. Following Eales et a/. (1986) rocks 
with <6.5% AI,O, and intercumulus feldspar 
only are termed pyroxenites; melanorites fall 
within the range 6.5-11 % AI,O" norites 11-21 %, 
and leuconorites 21-28%. In pyroxenites, poikili­
tic clinopyroxene may form oikocrysts up to 0.5 
em in diameter, enclosing all older phases. Within 
norites, clinopyroxene may rim orthopyroxene 
and be optically continuous with exsolved blebs 
within the latter. Mica is invariably interstitial. 
Chromite is a rare accessory phase, in contrast 
with its ubiquitous occurrence in the overlying 
UGl, UG2, Merensky Footwall and Merensky 
Units. Only between 210 m and 250 m, and imme­
diately above the MG4 chromite, are traces (c. 
0.1 %) of this phase found. 

Grain-size indices plotted in Fig. 3 represent 
the mean value of the longer intercept of 30-60 
orthopyroxene grains intersected, on a rectilinear 
grid, in each thin section. There is no obvious 
orientation of grains within the samples exa­
mined. A range of 0.63-2.65 mm is displayed. The 
rocks of finest grain size (0.6-1.25mm) are pyrox­
enite adcumulates with well developed 120· triple 
junctions and low feldspar contents. The overly­
ing noritic rocks are distinctly coarser (1.15-2.65 
mm) with poorly developed crystal shapes-at 
best, a minority of grains are subhedral. 

The uppermost 20 m of the unit includes leuco­
norites and anorthosites. Cumulus orthopyroxene 
is macroscopically visible in leuconorites ('spotted 
anorthosites') but true anorthosites with >28% 
AI,O, bear only trivial amounts of intercumulus 
pyroxene . A poikilitic habit adopted by pyroxene 
yields 'mottled anorthosite'. Grain size of these 
rocks is normally 0.5-3 mm, and preferred orien­
tation of feldspar laths, parallel to the' layering, 
may be adopted. 
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A significant and distinctive feature of the 
sampled section of the UG 1 FW unit is the abun­
dance of small plagioclase inclusions within pyrox­
enes of norites (Fig. 2 b-c) and pyroxenites (Fig. 
2 d-fl alike. These inclusions are commonly 
0.02-D.25 mm in diameter, and spheroidal, ovoid 
or irregularly embayed. Some form clusters. Their 
frequency is variable, up to 20 particles being 
quite commonly seen per host grain, but no sam­
ple is free of them. Their distribution and orien­
tation are random within their hosts. Their shapes 
are wholly atypical of cumulus plagioclase within 
noritic rocks, and the intergrowth is in no sense 
comparable with ophitic texture or of the fabric 
adopted by intercumulus pyroxenes within 
anorthosites. A further variety of plagioclase 
occurs as sparse laths up to 1.5 mm in length (Fig. 
2g) or clusters up to 2.5 mm (Fig. 211) embedded 
in some pyroxenites. Isotopic evidence, presented 
later, establishes beyond question that these are 
xenocrysts. In summary. therefore , these pyroxe­
niles are characterised by the presence of intragra­
nulac. intergranular, and inh:fcumulus vari<:tit!s 
ofpJagiociase. We interpret the texlUre as unequi­
vocal evidence for nucleation of pyroxenes within 
melts containing partially resorbed, earlier-gener­
ation feldspar. In the case of norites, plagioclase 
occurs both as partially resorbed inclusions within 
orthopyroxene host grains, and as a cumulus 
phase. 

Mineral compositions of feldspars and pyroxenes 
in the UGIFW unit 

Plagioclase feldspar. Microprobe analyses of 
the cores of 407 feldspar grains, summarized in 
Fig. 4, show that the ran ge of composition is 
AnS7-X5' Neither the spheroidal inclusions within 
orthopyroxene nor grains surrounding pyroxenes 
constitute a discrete, identifiable population, but 
some bias is shown insofar as in 20 samples out 
of25 (Fig. 4) the more sodic average compositions 
are yielded by the incl usions. It is also evident 
that inclusions and non-included feldspar do not 
vary independently in composition-samples with 

notably sodic inclusions show the surrounp'ill/l. 
grains shifted also to more sodie compos·itions.~! .;. 

The statement of Eales el al. (l9H6, 19H8) \1\'a:i 
fe ldspar of anorthosites and norites at the ib~~ 
of cyclic units are more calcic than both cumUliis 
and intercumuius species in underlying rocks, is 
equally valid here (see Fig. 5). Mean composi'ti6'ns 
of feldspar cores are An,,,,,_,, ., within the upper­
most 25 m of the unit. and An7.l .5-75 .n within 
underlying norites. Intercumulus grains of pyrox­
enites are commonly a further 5-10% richer in 
ab molecule. 

Fig. 5 displays the compositional trends fol­
lowed, respectively, by plagioclase included by, 
and that external to, orthopyroxene. The sym­
pathetic va riation established in Fig. 4 is Sf!en to 
be followed at all stratigraphic levels, and a clear 
cyclicity is apparent. Within pyroxenites, sub­
cycles show an upward decline of anorthite con­
tent, but above the level where cumulus feldspar 
enters the paragenesis (at 150m) the trends fol­
lowed by felsic and mafic phases vary sympatheti­
cally. A narrow outer rim may encircle each 
inclusion. At the base of cycles, where feldspars 
are calcic , this rim displays reversed zoning . but 
where more sodie compositions dominate at 
higher levels, zoning is either of normal type, or 
absent. 

The origin of the inclusions is of critical import­
ance in interpreting the UGIFW unit. The follow­
ing possibilities exist: (a) inclusions are the 
crystallization products of a paragenetic sequence 
inverted by spatial shifts of primary phase 
volumes, under the influence of pressure, f02 or 
concentration of volatiles, lb) inclusions repre­
sent feldspar nucleated within a bottom layer 
enriched in the components of feldspar, following 
on in sicu bottom growth of pyroxenites upon the 
floor, (c) inclusions represent undigested rem­
nants offragmented or eroded, older, anorthositic 
or noritic layers, or (d) inclusions depict partial 
crystallization of residual melts saturated in fe ld­
spar, prior to their re-heating and mixing with 
later pulses of more primitive, mafic liquid. 

FIG. 2. (a) Chromitite pod (black, upper right) fringed by anorthosi te (white) disrupting and truncating cm-scale 
layering of uppermost narite in footwall of UGI chromitite layer in Union Section Minc . (b) Bronzitc! ~rain 
hosting numerous ovoid and embayed plagioclase inclusions in kuconoritc (Sample 5-16). Vertica l strcaks ar~ ' 
exsolved clinopyroxene . (e) Bronzitc grain in norite (5-17) where fdJspar inclusions rct:Jin vestiges of lath shape~ ; I 
typica l of upper parts of sub-cycles. (d) Pyroxenite adcumulatc (S--O) showing advanced resorption of. ~~ii~y ,! 

plagioclase feldspar. Inclusions are small and, in adcumulates, single inclusions may indent two contiguous bronzil~ ', i 
grains. (e) Unusual type of zoned bronzite grain with clear core surrounded by mantle containing c. 80 p~dj'~,~y'!l . 1 . 

resorbed feldspar inclusions of various sizes (pyroxenite 5-37; I nico l) . (j) Orthocumulus pyroxenite sho~~j"(\g\ .(:', 
typical high dl!llsity of plagioclase inclusions and t!xsolved clinopyroxene lamellae in core of bronzile gra'in~ : . 
surrounded by clear mantle deVOid of inclusions (5-41) (g) Pyroxenite (S-40) enclosmg cumulus feldspar frY'~HL" 
(while, vertical onentat lon, nght Side of frame) and (II) cluster of cumulus (eldspar grains (centre to upper 

right) yidding Sr-isotope signature.s different (0 e.ach other and to pyroxene fraction. ' . 
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circJes----anorthosites; heavy lines~hromitiles. Sample positions are shown as $-1 to S-77. Subdivisions of UG IFW 

unit are based on data presented later (see Fig. 5). 
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FIG. 4. Compositions (by microprobe analysis) of cores 
of partially resorbed plagioclase inclusions within arrha· 
pyroxene hosts, planed against compositions of intercu­
mutus and cumulus plagioclase grains in same sample. 

Bars represent apparent range in composition. 

Alternatives (a) and (b) above ignore the varia­
tions in Sr-isotope data (described later) which 
argue against the texture arising merely out of 
aberrations in the crystallization of single liquids. 
Alternatives{c) and (d) are acceptable prima facie 
models, as they would accommodate the isotopic 
data, the rounded or em bayed habit of the inclu­
sions, and their encapsulation by orthopyroxenes. 
Inherent properties of the feldspar lattice render 
volume diffusion and compositional readjustment 
sluggish processes (Smith, 1974), but optimum 
conditions for the modification of grain compo­
sitions would be yielded by the small size of the 
inclusions, and super-liquidus conditions implied 
by resorption. Consequently, the present compo­
sition of the inclusions is probably not definitive 
of provenance, and the sympathetic variations in 
composition of feldspar inclusions and intercumu­
Ius feldspars are attributed to reaction between 
the inclusions and surrounding liquid. 

Orthopyroxenes. 403 microprobe analyses show 
(Fig . 5) that orthopyroxenes of the UGIFW Unit 
do not follow the normal evolutionary sequence 
of magnesian species at the base of a unit giving 
way to Fe-enriched species towards the top (Eales 
et al., 1986, 1988). The pattern is one of cyclical 
variations between a minimum Mg/(Mg + Fez) 
atomic ratio ' (hereafter abbreviated to MMF 
ratio) of 0.783 and a maximum value of c.0.83. 
The mean MMF ratio in norites is 0.800 ± 0.007, 
and 0.794 ± 0.007 in the underlying pyroxenites. 
Zonal decline in MMF ratios towards crystal mar­
gins is muted in narites, never exceeding 1 %; sig-

nificant reversed zoning is absent in norites but 
not uncommon in pyroxenites. Cr20) levels in 
orthopyroxene (Fig. 5) increase from 0.25% at 
the 180 m level to 0.43% nearthe top ofthe norite 
column. The average in noritic pyroxenes is 
0.347 ± 0.043%, and 0.310 ± 0.028% in pyroxen­
ites. Zonal decline in Cr towards crystal margins 
is evident in most cases . Absolute Cr-depletion, 
upward increase in MMF ratios and Cr levels , 
and good correspondence between MMF ratios 
and Cr levt:ls in orthopyroxenes thus charactl!rise 
the major part of the unit. 

Fig. 6 shows a plot of CrzO, against MMF ratios 
for all samples of the UG IFW unit, together with 
data points for the Upper Group Chromitite 2 
(UG2) pyroxenite and a section above the Lower 
Group Chromitite Layer 6 (LG6) for which abun­
dant microprobe data are presently available. No 
discontinuity in trend is apparent. Irrespective of 
whether the trend is due to fractionation, or crys­
tallization from hybridized liquids, Figs. 5-6 
emphasize the anomalous increase in both Cr and 
Mg through the norites, towards the top of the 
unit. 

A significant drop in MMF ratio to 0,62 and 
CrzO) levels averaging 0.02% occurs within the 
first anorthosite capping the noritic sequence 
(sub-cycle 7, Fig. 5). This follows the trends typi­
fying anorthosites of the Merensky Footwall, 
Merensky and Bastard Units (Eales et ai, 1986). 
The uppermost leuconorite-anorthosite couplet 
is, however, remarkable in that MMF ratios are 
uniquely high (0.82 and 0.85, respectively; see 
Fig. 5) while CrzO) in orthopyroxene exceeds 
0.5% in the leuconorite and 0.25% in the anortho­
site. The uppermost leuconorite is thus anoma­
lously Cr-rich but contains no accessory chromite; 
the overlying anorthosite contains chromite as a 
major modal phase. We suggest that this is a con­
tamination effect heralding the development of 
the overlying CHich UGI unit. 

Whole-rock chemical data 

All samples shown in Figs. 3 and 5 have been 
analysed for major and eleven trace elements. 
Representative data are presented in Table 1. 
Whole-rock AlzO) levels (Fig. 3)"provide a mea­
sure of normative plagioclase in 'riorites and pyr­
oxenites, where or+ab+an=3 .ll3.- AlzO)+0.73 
(correlation coefficient 0.9996, ' n'':; '56 samples) 
but over-estimate norma.tive plagioclase in 
anorthosites where feldspars are more anorthitic. 
The ratios MMF, NilV, Cr/Co and FeOrriOz 
plotted in Fig. 5 utilise a dividend of higher, and 
divisor of lower, bulk distribution coefficient and 
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fie. 5. Compositional trends through UG1FW and base of UGl units. Whole-rock data smoothed in part by 
employing three-point moving averages. Bars indicate range of compositions found by microprobe analysis of 
orthopyroxenes (cores and margins; 403 analyses) and plagioclase feldspilrs (cores only; 407 analyses) . Standard 
deviation yielded by multiple analyses of single grains was 0.30% An for plagioclase. and 0.002 and 0.019% 
for MMF and Cr20). respectively. in orthopyroxene. Filled circles on bars indicate average Cr;!O) levels in ortho­
pyroxene cores . For plagioclase, solid bars indicate cumulus and intercumulus grains; dashed bars indicate partially 

resorbed inclusio ns . Arrows indicate data points off scale . 

accordingly measure the chemical 'primitiveness' 
of the rock . 

The sequence extending for 350 m beneath the 
UG I chromitite displays the following features. 
(0) The most evolved rock in terms of MMF ratios 
is the lower of the two anorthosites within the 
uppermost 20 m but this ratio is decoupled from 
feldspar compositions, insofar as the most calcic 
plagioclase OCcurs in anorthosites. (b) There is 
no simple trend of cryptic variations within the 
column beneath the anorthosite roof. The highest 
(most primitive) MMF ratios are encountered 
immediately beneath the leucocratic roof, and the 
lowest at 50m and 120m above the MG4 chromi­
tite . (c) Variations in AI,O, show that total feld­
spar may either increase (16G-130m; 125-94m; 
57-Dm in Fig. 2) or decrease (335- 30 m; 94-57m) 

with height within the section . (d) Chemical 
trends through the Footwall, Merensky and 
Bastard Units in the northwestern limb of the 
complex display a saw-tooth pattern (Eales el 01., 
19H6, 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 UGIFW unit; it is, rather, one of superim­
posed partial or complete sub-cycles showing a 
gradual increase in primitive character, followed 
by gradual decline. Eight such sub-cycles are iden­
tified in Figs 2 and 5. Sub-cycles 2- 5 are ostensibly 
complete, with the rise and fall in MMF ratios 
(whole-rock and microprobe data) being matched 
to varying degrees of perfection by trends in NiN, 
CrlCo and FeOffiO, ratios, and Cr,O, levels in 
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FIG. 6. Cc:PJ levels in orthopyroxenes at Union Sect ion, ba!:i~d on averages compiled for UG I FW unit (4U3 
analyses), UG2 unit (220 analyses) and 80 m section above LG6 chromilitc of Lower Critical Zone (93 analyses 
by B. Teigler). 

orthopyroxene. This subdivision of the UG IFW 
unit conforms with that indicated by cyclic 
variations in feldspar compositions described ear­
lier, but NilV, CrlCo and FeOrriO, ratios, and 
feldspar data, suggest that sub-cycle 3 is compo­
site. (e) Justification for Ireating the entire 
sequence between the MG4 and UG I chromitites 
as a single unit, despite its great thickness of 
285m, is provided in Fig. 7. Hoce, the plouing 
of Sr against V yields a single regression line (Sr = 
483 .5-2.604 V; corr. coeff. = -0.995; n = 54 sam­
ples) which is significantly different to that for 
samples between the MG3 and MG4 chromitites 
(Sr = 443-2.743 V). As similar plots of Sr against 
AI,03 fail to segregate these populations, it is 
clear that the discrete regression lines in Fig. 7 
arise out of relative V -depletion below the MG4 
chromitite. Marked inflections in trends of NilV 
and CrlCo ratios also occur across the MG4 chro­
mitite horizon. 

Sr-isotope data 

Variations of unexpected magnitude in "'Sri 
"'Sr initial (Sr;) ratios of four samples were estab­
lished during an early, exploratory survey, and 
this led to completion of a further 34 determi-

nations. All results are given in Table 2, incorpor­
ating whole-rock and mineral-separate data. 

Fig. 8 shows the frequency distribution of Sr; 
ratios within the full range from 0.7056 to 0.7075; 
60% of values lie between 0.7058 and 0.7064. 
There is no clear distinction between values for 
pyroxenites and members of the noritic suite (Ihe 
subsidiary peak at O. 707()"'{). 7075 is yielded by five 
determinations of the isotopically discrete sample 
S-40). The data are also ploued in Fig. 9 against 
stratigraphic height, together with unpublished 
data for the Lower Critical zone and the MG3, 
UG I and UG2 units, and published data for the 
Footwall, Merensky and Bastard units (Eales el 

al., 1986; Kruger, 1988). Variations with strati­
graphic height are seen to approximate a trend 
of regular increase through the noritic suite, but 
to follow a non-systematic and unpredictable pat­
tern in the pyroxenites. 

Where whole-rock and mineral-separate deter­
minations are available, agreement is good in 
some samples (S-38 and S-43) but significantly dif­
ferent in others (S-40 and S-49) . Results for sam­
ple S-40 are instructive. This is a bronzitite, with 
patchy development of adcumulus texture, ana­
lysing 4.4% AI, O, (14% normative plagioclase). 
Bronzite grains bear spheroidal and em bayed, 
feldspar inclusions in the size range 20--125 flm, 

.. '. i' , 
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TABLE 1 Representative Analyses of Rocks in UGlfW Unit 

2 • , 
SiDZ 54.56 54.36 52.68 52.06 50.67 49.28 

TIOZ 0.14 0.16 0.11 0,08 0.05 0.03 

AIZD) 3.52 3.57 , 1. 75 14.81 23.09 31.81 

feZO) 1.14 1.20 0. 78 o.n 0.37 O.OB 

,,0 11.39 12.00 7.77 7.21 3.67 0.81 

H"O 0. 25 0.29 0.17 0.16 0.07 0.02 

H,O 25.40 24.82 19,14 15.27 8.64 0.63 

C'O 3. 23 3.18 6.31 B.17 11 .57 14.83 

NdZO 0.35 0,38 1. 14 1.46 1. 79 2.19 

'2° te. 0,03 0.13 0.05 O.OB 0.11 

PZOS 0.02 0.01 0.02 0.01 te. 0,01 

eo <, L9 L2 '-' <, '-' 
Se " ' 0 H. 22l 336 46. 
y 3.' '.7 3.0 2. ' <, <, 
Ze 3.2 7.5 5.' l.1 <, <, 
Co \05 '0' 75 " 36 7 
Ce 3030 2820 200!; 1665 957 .. 

175 173 '" ' 0' 54 " 
So J4 J4 2l 21 " 9 

" 572 569 . 0. ll9 \75 " 
" " 15 " " " • 
'" 90 '00 6Z 56 18 " 
\. Average of 5 more pnmi tlve pyroltenites (S41 - 545). 

2. Ave rage of 6 less prillitive pyrolleOiles (548 - $53). 

3. Average of Ii nOrltes nea r top of unit (57 - $12). 

•• Average of 4 i'IOntes at base of norlllC SU i te (525 . S28) . 

5. Leuconorite , 1& below top of unll (55) . ,. Average of 2 anorthOSites, a - 12 m below top of unit (53-

54). 

HaJor-e I ement data norma I i sed to 1001., l. 0. I. - and H20- free . 
Ratio FeZO) /FeO of 0 . 1 assumed. Trace- element data In ppm. 

while intercumulus feldspar forms patches up to 
0.5 mm. Sparse crystals of apparently cumulus 
or xenocrystic feldspar up to 1.5 mm long are 
entangled with the orthopyroxene (Fig. 2 g-h) . 
The average of two whole-rock Sr, ratios is 
0.7072 ± 2, within error of the average of two 
values returned for the orthopyroxene fraction . 
Values for plagioclase are 0.7061 ± 2 and 
0.7075 ± 2, respectively, for two xenocrysts hand­
picked from the sample, and 0.7065 ±2 for a com­
posite plagioclase fraction that should contain all 
three textural types . 

From this it is clear that isotopic disequilibrium 
may prevail between the phases in some samples, 
but not in others. Observation suggests that isoto­
pic disequilibrium is maintained where the feld­
spars are large grains, whereas isotopic and 
major-element compositional equilibrium with 
liquid are approached when all inclusions are 
small. Particularly significant is the confirmation 

5oor---------------------------------, 
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WHOL.E ROCK V ppm 

FIG. 7. Pial of whol~-rock levels of Sr vs. V. ·to illustrate 
consistent difference bl!tween UG1FW unit (filled 

circles) and underlying MG3 unit (unfilled circles). 

that the feldspar population is a mixed one. 
Further research is necessary to establish whether 
this is a general property of the Bushveld com­
plex , as predicted by Eales el al. (1986) and Eales 
(1987). 

Plagioclase mineral separates average c. 
500 ppm Sr (Table 2), and orthopyroxenes 
3.5-6.5ppm Sr, with no guarantee that, even in 
-250 mesh fractions. all plagioclase inclusions 
have been removed . Mass balance calculations 
using whole-rock AI,OJ levels, and AI,O, levels 
in orthopyroxenes from microprobe analysis, 
show that even in the more extreme adcumulates. 
>90% of the total Sr is resident in the plagioclase . 
The Sr-isotope signature is thus dominated by the 
feldspar fraction , and the effects of even small 
amounts of feldspar, not in equilibrium with the 
host rock, will be pronounced in pyroxenites . This 
accounts for the contrast between the irregular 
fluctuations displayed by the feldspar-poor pyrox­
enitic suite, and more regular trends in the norile 
suite, illustrated in Fig . 9. It is to be noted that 
the irregular fluctuations persist into the MG3 
unit. 

A model involving mixing of liquids, indicated 
by other geochemica l dat a presented earlier, 
receives some support from the isotopic data, 
despite the potentially confusing effects arising 
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Number Description 

232/22 Bastard Morth. 
235/3 Bastard Hor l le 
235/6 Bastard Pyr~x. 

235/8 Herensky Anarth . 
235", Herensky Hortle 
235/14 Heren sky PyrOA, 
235/15a Herensky Reef 

235/18 Footwall Horite 
235/21 Footwall Hortte 
235/23 Footwall Nonte 

235/25 Pseudoreef H.J.-z . 

Rb 

4.95 
0 . 47 
6.42 

5.2] 
1. 96 
3.B2 
3. 69 

1.77 
1.61 
1.09 

6.0) 

TABLE 2 

IsotopIC 

S, 

335.0 
139.0 
53.7 

395.0 
373.0 

57. ] 
65.4] 

455.6 
390.8 
176.0 

543,0 

Oau 

87 Rb/86Sr 

0.0427 
0.0098 
0,3462 

O.O]B] 
0.0152 
0.2098 
0.1631 

0.0112 
0.0119 
0.0179 

0.03Z1 

87 Sr/86Sr 
P 

S, , 

0 . ]0906 .. B 0 , ]078 t 1 
0 . 70794 t 8 0 . 10]6 .. 1 
0.71748 t 6 0.7073 t 2 

0.70854 .. 6 0.7074 t 1 
0.]0771 t 8 0.7073 t 1 
0.71309 t 6 0 . 7069 t 1 
0.71121 t 6 0.7064 t 1 

- -
0.70677 + B 0.7064 .. , 
0.]0677 t 8 0.]064" 1 
0.70685 ! a 0 .7063! 1 

0.70710 .!. 2 0.1062 • 1 
....... __ . __ .. __ ._-_._ .. _--_ .. _-_._--------- ---- ------------- -------- -------
2]5/29 UG2 Pyr o)(en I te 8.94 
2]5/ 29 Repeat 9.19 
235/]0 UGZ Pyrounite ].69 
2]5/31 uG2 Pyro)(eni te 0.74 
H2]5/8 UGZ Chr. MaVI)( 12.4 
H235/8 Repeat 13.4 

235/34 UGI Pro)(enL te 
235/35 UGI Pyro)(enl te 
2]5/37 UGI Pyro)(enite 

5 . 92 
6.31 
0 . 504 

2]5/]9 UGI fw leuconorl te 0.88 
S-9 UGIFW Morlte 0.76 
5-\] UGI rw Nor I te 0.84 
5-\9 UGI FW Leuconori te 1.27 
5-2] UGIFW Norite 1.30 
5-25 UGI Fw NOrl te 1. 16 
5-30 UGI FW Norl te 0 .8\ 
5-]3 UG1FW Melanor ite 0.812 
5-35 UG1FW to'.elanorlte 1.07 
5-36 UGlfw Pyro)(enlte 1.57 
5-38 UGI rw Pyro)(enl t.e 0 .4 06 
5-]8 UGlrW Pyrox . {Plg) 1.63 
5-38 UG IF\j Pyro)(.(Op)() 0.153 

5-40 UCIF\j Pyro)(enite 0.335 
5-40 Repeat 0.332 
5-40 UGl fW (Op)( .125") 0 . 087 
5-40 UGl fW (Op)( t I2S,,) 0.067 
5·40 UGl fW (P ig) 0.45 
5-40 UGIFw {Pig Xen.n 0.828 
5-40 UGlfW (Pig Xen . 2) 0.366 

5-43 UGI fW Pyro)(eni te 0.306 
5·4] UGIFW (Pig) 1.09 

5-49 UGI fw Pyro)(enl te 1. \4 
5-49 UG IFw (Pig) 3.79 
5· 54 UGIFw Pyro)(enlte I. 51 
5-58 UGIFW Pyro)(enite 0.596 
5-58 Repeat 0.592 

69 . 2 
71.0 
62.9 
72.8 

]"12.0 
386.0 

61.9 
52 . 2 
66.6 

413.0 
163.0 
190.0 
326 .0 
198.0 
227.0 
174 .0 
97 . 2 

125.0 
70.30 
47.6 

498.0 
6.07 

70.9 
15.0 
6.59 
6 . 55 

513.0 
464.0 
453 .0 

37.7 
513.0 

44 .6 
573.0 

39 . 4 
36.8 
37 . 0 

0.]742 
0.]749 
0.1698 
0.0294 
0.0965 
O.IOOS 

0.2769 
0.3500 
0 . 0219 

0.0062 
0.0135 
0.0128 
0.011] 
0.0190 
0.0148 
0.01 ]5 
0 . 0242 
0 . 0248 
0.0646 
0 . 0247 
0.0095 
0.0729 

0.0137 
0.0128 
0 . 0382 
0.0296 
0 . 0025 
0.0052 
0 . 0023 

0.0235 
0 . 0061 

0.0740 
0.0191 
0 . \109 
0.0469 
0 . 0463 

0.71802 • 6 0.7070 • 2 
0.11783 • 7 0.1068 . 2 
0.71192 -; 1 0.7069 -; 1 
0.70719 -; 7 0.1063" 1 
0.70958 -; 1 0.7061 t I 
0.70974 ! 2 0.7068! 1 

0 . 71453 • 7 0.7064.2 
0.7 1665 t 1 0.7063 t 2 
0.707]2 ! 7 0.7067! 1 

0.70647 • 6 0.7063 + 1 
0.70656 -; 1 0.7062.1 
0.7064].6 0.7061 t I 
0 . 70644 t 5 0.J061 • 1 
0 . 70665 t 3 0.7061 .. I 
0.706]7 .. 2 0.7059 t \ 
0.70615" 1 0.7058 t 1 
0.70671 ... 6 0.7060 • 1 
0.70685 t 1 0.7061 t I 
0.70811 • 3 0.7062 '; 1 
0.70665 t 1 0.7059. 1 
0.10624 t 1 0.7060'; 1 
0.70808 .. 3 0.7059 I 1 

0.70770 + 5 0.7073 t I 
0.70760.1 0 . 7072 '; 1 
0.70845 t 2 0.1073 '; 1 
0.70aOI .. 2 0.7071 ... 1 
0 . 70655. I 0 . 7065 ... I 
0.70624 t 2 0.7061 .. 1 
0.70754 .2 0.7015 I I 

0.7068\ • I 0.7061 • I 
0.70630 • 1 0.7061 ! 1 

0.70792 t 6 0.7057 t I 
0.70660 t 2 0.7060'" I 
0.70894 t 8 0.7057 .. 1 
0.70756 t 4 0.7062" 1 
0.70768 t 8 0.7063" I --_._------_._------------------------------------- --------=------------';"_.-

S-62d MG) Norl te 0.854 131.0 0.0189 0 . 70645 t I 0.7059 t 1 
5-66 MGJ Pyro)(eni te 0.563 71L 5 0.0207 0.70684 t I 0 .7062 t 1 
5-68 HG] Non te 2.13 337.0 0 . 0183 0.70154 -; 1 0.7070 .. I 
5-71 MG3 Nonte 0.784 254.0 0 . 0089 0.70629 t 1 0.7060 ! 1 -----------_._--_._._-_._--------_ .. _-------- ---------------_._------------5-78b MG2 leuconori te 4.28 406.0 0.0305 0. 70649 t 1 0 . 7056 ! I ._-------------------------_._-------_._----------------- --- ----- -- -- ------lower en tical Zone HGI BorehOle 
"'GI-25 Pyro)(enite 2.38 34 . 8 0.1979 0.71142 t 3 0 . 7056 t 1 
HGI-49. 75 Pyro)(eni t.e 1. 76 31.9 0.1597 0.71024 .. 2 0.J055" I 
HGI·152.2 Pyroxenite I. 97 18.4 0.3099 0 . 71404 t I 0.7049 t 2 
HG1·163.27 Pyro.enl te 2.71 39.6 0.1981 0.71 110.2 0.7052 .. 1 
HGI-204.SO Pyro)(eni te 2.BO 46.5 0.1743 0.71041 ~ 1 0.7053 t 1 

'-flole-rock and lIineral separate Rb-Sr i sotop!c data for a GOOlD-section 

beneath tile 84stard Iilit. Data ol re plotted in fig. 9 agol inst stratigraphic 

height. . Rb and Sr in j)PII 8~ Sr/86Sr piS present-day 87 5r/86Sr recovered 

ft'Ol'll spiked sample; uncertainty is 2 standard errors of the mean. Sri is 

initial 87Sr/86Sr calcul ated for an olge of 2050 million years; errors are 

given at the 10' level. See appendix for further details. HGI samples 

refer to a deep borehole drilled in the footwall of RPH Iilion Section Hine. 
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FIG. H. I-tistogram showing frequency of occurrence of 
SrI ratios returned by 38 analyses of wholc: -rock samples 
O:ind mineral ~cparalC:s . UG I FW , UG I and UG2 units . 

out of fraCtionation, compositional convection 
and isotopic disequilibrium. Fig. 10 displays the 
correlation between MMF ratios of orthopyrox­
enes (as determined by microprobe analysis) and 
Sr, ratios . Included also are four data points repre­
senting Lower Critical Zone pyroxenites above 
the LG6 chromite layer at Union Section (Teigler, 
1989) and six olivine- and chromite-poor UG 1 and 
UG2 pyroxenites overlying the UGIFW unit. 
Despite scattering, 87% of UG IFW unit, and the 
six UG J-UG2 data points , define a regression line 
MMFop,=20.758 Sr,-I3.8542 (carr. coeff. 
0.914). A plot of Cr,O, levels in orthopyroxene 
against Sri ratios yields a distribution similar to 
that of Fig. 10, but with more scatter. 

Fig. JO therefore supports a model in which 
crystallization of Mg- and Cr-rich cumulates lower 
in the stratigraphie section (Sr, c. 0.7054) gener­
ated an Fe-enriched, Cr-poor supernatant liquid 
residuum maintaining the same isotopic signa­
ture . This was then mixed in different proportions 
with liquid shnilar to that which was parental to 
the overlying UG I and UG2 units (Mg- and Cr­
enriched, Sr, 0.7067-0.7070) during deposition of 
the UGIFW unit. 
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Sample 5-36 is significantly displaced below the 
regression line of Fig. 10. This is almost certainly 
a result of crystal fractionation, as the sample 
represents the top of the pyroxenite suite imme­
diately beneath the first melanorite layer, where 
the lowest values of MMF, NilV, Cr/Co and Ferri 
in the UG I FW unit are encountered. Sample 5-40 
is wholly anomalous; the presence within it of 
xenocrystic plagioclase with Sr, ratios of 0.7075 

0 .7050 0.7080 0.7070 

Sri RAnO 
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raises several ahc!rnative explanations, but these 
are little beller Ihan specula lion al presenl. 

Summary of the more relevant diagnostic data 

Seven features of particular genetic significance 
may be isola led afler excision of Ihe finer details 
in Ihe foregoing presenlalion. 

(a) The UG IFW Foolwall Unit is of exceplional 
thickness (285 m), bUI is geochemically coherenl, 
and dislinguishable from Ihe unils above and 
benealh il. Pyroxenile overlying chromilile is 
dominant wilhin the lowermosl 135 m, whi le nor­
ites of varying colour index constitute the succeed­
ing 130 m section . The unil is capped by a lower 
leuconorite- anorthosile couplet displaying 
evolved attribules (low MMF ratios and Cr levels 
in orthopyroxene). which is overlain by a second 
leuconorile- anorthosile couplel in which MMF 
ratios of orthopyroxenes are higher than in any 
underlying member of the unil (Fig. 5) and in 
which Cr contenlS are anomalously high for rocks 
of leucocralic affinity. Chromile appears in abun­
dance within the uppermost anorthosite, which 
is overlain by the robusl UG I chromitile layer 
and UG I pyroxeniles. 

(b) A distinctive texlure characterizes almost 
Ihe enlire column eXlending for 350m below Ihe 
UGI chromile . Spheroidal or embayed inclusions 
of partially resorbed plagioclase feldspar are 
found enlrapped in abundance within orthopyrox­
ene hosts. Rare grains of cumulus or xenocrystic 
feldspar are entrapped within some pyroxenites. 
!ntragranular, cumulus and lale intercumulus 
feldspar species Ihus exisl within pyroxenites, as 
well as norites. Microprobe analysis shows Ihat 
anorthile contents of included and non-included 
grains vary in sympalhy, wilh Ihe inclusions being 
generally more sodic. 

(c) Sri ralios vary in an unpredictable manner 
from one sample to another. This indicates that 
the UGIFW unit could not have been the deriva­
tive of a single, homogeneous column of liquid 
within which phase or modal layering was con­
trolled by purely physical parameters such as tem­
perature, pressure, rhythmic nucleation or the 

FIG. 9. Varialions in "'Sr!""Sr at 2050 ± 25 (2 sigma) 
Ma (Sr.) plotted against stratigraphic beight for a 600 m­
section'beneath the Bastard Unit (note changes of vert i­
cal scale above base of UGt unit and below UG1FW 
unit). Filled circles-whole-rock data; triangles­
plagioclase separates; squares-orthopyroxene separ­
ates. Stipple indicates pyroxenites, circles anorthosites. 
un shaded areas norites and cone symbols harzburgites 
of Pseudoreefs. Error bars are given at the 2 sigma level 

(see Appendix for delails). 

sorting of crystals settling under gravity, or under 
the influence of currents. 

(d) Sri ratios vary independently of strati­
graphic height and petrographic features. Separ­
ale analysis of feldspar and pyroxene fractions 
shows that, wilhin the same sample, isotopic sig­
natures may be significantly different in these two 
fractions. Non-systematic whole-rock Sri varia­
tions can best be attribuled to Ihe feldspar popula­
tion being a mixed one. 

(e) The plotting of peak MMF ratios of ortho­
pyroxenes of the UGIFW, UGI and UG2 unilS, 
as determined by microprobe analysis, againsl 
whole-rock Sri ralios (Fig. 10) reveals thaI >80% 
of the available data points can be regressed. The 
derivation of Ihis suile of rocks by some form of 
mixing between end memb<rs S (Sri = 0.7054; 
MMF = O. 7lHl. 79) and P (Sri = 0. 706~; 
MMF = O.~2) is Ihus a viable hypothesis. 

(f) Whole-rock major- and trace-element data 
indicate at least g sub-cycles belween the MG4 
and UGI chromitite layers (Figs 3, 5 and 11). 
These sub-cycles are not demarcated by abrupl 
reversals of trends such as mark the transition 
from one full unit to another in the uppermost 
part of the Upper Critical Zone (as shown by 
Eales e/ al., 1986). The pattern is, rather, one 
of gradational change to rocks of more, or of less, 
primitive Iype with stratigraphic height. 

(g) The unit as a whole shows chemically 
evolved traits when compared wilh overlying cy­
clic units . It is depleted in Cr. Apart from a thin 
interval immediately above the MG4 chromitite 
layer, chromite is either absenl or present as 
minute traces only, in contrast with its common 
occurrence as an accessory phase in no rites and 
pyroxenites of the UG I, UG2, Merensky and 
Bastard units. The orthopyroxenes average 
0.336% Cr,OJ (std. dev. = 0.045%; 43 samples; 
393 analyses). By contrast, four union Section 
borehole inlersections of Ihe UG2 pyroxenite 
show average Cr,O, levels 10 be 0.492%, 0.463%, 
0.417% and 0.412% Cr,O" respectively (aver­
ages drawn from 240 microprobe analyses). Simi­
lar 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 
consislent Ni depletion is also evident in our data 
insofar as 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 24.0± 1.5 (range 22 .8-27 .2) wilhin the overly­
ing UGI and UG2 units at Union Section, and 
24.20 ± 0.85 (range 23.4-25.9) al Amandelbult 
Section. A further indication of . 'chemically 
evolved traits is given by MMF ratios of Ihe ortho­
pyroxenes. A mean value of 0.798 for the entire 
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FIG . to. Regression of peak MMF ratios detected by microprobe analysis of orthopyroxene population, against 
whole·rock Sri ratios for UGIFW Darites (unfilled circles) and pyroxenites (filled circles) , and UOI and UG2 
pyroxenites (stars) , Also shown are 4 Lower Critical Zone pyroxcnilcs (circled stars) and fractio nated UG I FW 
unit pyroxenite sample 5-36. Inset shows interpretation based on deriviltion of supernatant liquid S (liquid residuum 

of deeper-level cumulates) and subsequent mixing with primitive liquid P of UG l-UG2Iineage. 

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 inter­
sections through the stratigraphically higher UG2 
unit (24 samples; 240 analyses) at Union Section. 

Discussion 

Genetic models that are viable within the con­
text of features (a)-(g) above are limited in 
number. ConStraints imposed by the isotopic, 
petrographic, and gross chemical characteristics, 
and patterns of cryptic variations , leave little 
doubt about the operation of some process of mix­
ing of a more primitive liquid with one bearing 
plagioclase in suspension. Hybridization appar­
ently shifted the liquid composition into the prim­
ary phase volume of orthopyroxene, and led to 
compositional modification and partial resorption 
of the feldspar population . The muted internal 
cyclicity within the unit suggests that the process 
of hybridization was not a catastrophic event, but 
an ongoing one that waxed and waned in intensity. 

Accordingly. MMF, NiN and CrlCo ratios define 
sub-cycles within the unit, without displaying a 
saw-tooth pattern, or marked discontinuities in 
trends. 

The r61e which compositional convection (Tait 
er al., 1984; Sparks el al., 1984) might have played 
in influencing cryptic variations is uncertain . The 
concept recognises that changes in melt density, 
resulting from partial crystallization, may be more 
potent than temperature in promoting COnvec­
tion. Low-density residua may rise, in the earlier 
stages of crystallization, from a partially crystal­
line floor with high primary porosity, to be re­
placed by chemically undepleted melt drawn 
down into the crystal pile. Ostensibly, this pro­
vides a plausible mechanism for adcumulus 
growth . Such rocks should (a) exhibit extended 
growth of primocrysts into the void space that 
previously imparted high primary porosity, (b) 
show the most primitive chemical attributes where 
adcumulus traits are most extreme, and (e) yield 
fractionated residua in higher parts of the unit, 
to which low-density residua convect while phases 
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of high densi ty are crystallizing. The general vali­
dity of this model is not under review here , but 
its applicability to the UG1FW unit is. 

OUf data on adcumulus bronzitites do not com­
ply with the constraints. (a) Adcumulus growth 
by the mechanism ofTait er al. (1984) should yield 
overgrowth zones on pyroxene grains that are 
devoid of the abundant spheroidal feldspar inclu­
sions . These inclusions are in reality as abundant 
close to grain margins as in cores of crystals in 
adcumulates (Fig. 2d) . Rocks with more strongly 
orthocumulus affinities do display pyroxenes with 
marginal zones free of inclusions (Fig. 2fJ. This 
implies that adcumulus texture here is the result 
of compaction rather than grain enlargement. The 
fine grain size of the more extreme adcumulates 
of the UGIFW unit supports this argument. (b) 
If compositional convection governed the growth 
of adcumulates, samples with the highest MMF 
ratios should display the lowest degrees of resi­
dual porosity and, therefore, the lowest levels of 
incompatible elements (Henderson, 1968; Camp­
bell. 1987). Conversely, entrapment of depleted 
residua should lower both whole-rock MMF ratios 
and, by reaction , those of fecromagnesian primo­
crysts (the trapped liquid shift of Barnes, 1986). 
Evidence here is unconvincing insofar as correla­
tion coefficients between MMF ratios of pyroxe­
nites (29 samples) and levels of incompatible 
elements Zr, Y and Ti are statistically weak 
(-0.36, -0.42 and -0.58, respectively). (c) 
Deposition of the UG IFW unit under a regime 
dominated by compositional convection, or crys­
tal fractionation, should have led to accumulation 
of more evolved derivatives in the upper (noritic) 
half of the unit. Major- and trace-element whole­
rock chemistry, and microprobe analysis of both 
pyroxenes and feldspars, prove conclusively that 
most of the upper half of the unit , although deci­
dedly more feldspathic than the lower half, retains 
geochemically primitive traits . Averaged MMF 
ratios of norites are, in fact , higherthan in pyroxe­
nites. We conclude, therefore, that the totality 
of evidence requires periodic additions of primi­
tive (Mg- and Cr-enriched) liquid to a resident 
column of evolved, supernatant liquid above the 
crystalline floor. Such a conclusion would accept 
the rising of low-density liquids, enriched in pla­
gioclase component by compositional convection , 
and subsequent mixing with more primitive 
liquids. 

,The emplacement of an anorthositic (A-type) 
liquid within or beneath resident mafic (U-type) 
liquid, and subsequent mixing, has !>~en cited as 
a fundamental process within the Bu~hveld com-

., :plex (l(Yine er al., .1983; Sharpe, 1985; Harmer 
and Sharpe, 1985; Hatton, 1986). The A-type 

liquids of Sharpe (1985, Table 1) have higher Sr, 
ratios (c. 0.7068) thanU-type (c. 0.7030) and are, . 
by definition, more feldspathic . The overall 
increase in Sri ratio , concomitant with a genera­
lized increase in modal plagioclase with height in 
the UGIFW unit, therefore renders this a superfi­
cially attractive hypothesis. Other criteria refute 
the hypothesis. The upward increase in plagio­
clase in the UGIFW unit is accompanied by an 
increase in both MMF ratio and Cr content of 
the pyroxenes, which is the reverse of what an 
increasing proportion of A-type liquid would 
demand. Sr/AI,O, ratios of Sharpe's putative A­
type liquid (19.7 x 10-') are appreciably higher 
than ratios in U-type liquid (15 .2 x 10- '), whereas 
the noritic suite of the UG IFW unit maintains 
a remarkably constant ratio of (14.8 ± 0.7) x 10- ' 
throughout. Cr/Ni and Cr/MgO ratios are, respec­
tively, two and three times higher in U-type than 
in A-type liquids, but averaged values in the pyr­
oxenitic and noritic suites of the UGIFW unit 
are indistinguishable (CrlNi of norites is 
5.00 ± 0.33 and of pyroxenites 4.91 ± 0.50; Crl 
MgO of norites is (106 ± 7) x 10- ' and of pyroxe­
nites (108 ± 11) x 10-'). We find, therefore, no 
support for derivation of the norite-Ieuconorite 
suite by hybridization with discrete A-type liquid. 

Some parallels may be drawn between the 
UGIFW unit and the Gabbronorite 1-0Iivine­
bearing subzone [ (OBZ1)-Norite II sequence in 
the Lower Banded Series of the Stillwater com­
plex (Barnes and Naldrett, 1986). [n both , rever­
sals o f the normal fractionation trend are implicit 
in increased proportions of mafic phases, and 
enrichment in Mg, Ni and Cr. Rounded feldspar 
inclusions showing reversed zoning are enclosed 
in both (olivine in the OBZ[ and bronzite in the 
UG 1 FW unit) and imply a mixing of liquids result­
ing in partial resorption . Barnes and Naldrett pos­
tulate three end-member liquids- a primitive (P) 
liquid , an evolved resident liquid (G), and a feld­
spar-enriched (A) liquid yielded by high-pressure 
fractionation of P at depth. They argue that mix­
ing took place within a thermal plume which 
spread laterally within resident G-type liquid, at 
some distance above the crystalline ftoor. Olivine 
bearing entrapped feldspar sank from the plume, 
through a column of resident G-type liquid before 
settling on the floor. Several paradoxes emerge 
when the Barnes-N~drett model is applied to the 
UG IFW unit. Calling upon admixture with A­
type liquid to acc04nl:.fot, th.~ leucocratic nature 
of the upper part of th'e 'noritic suite does 'not 
explain the relative el' alid Mg-enrichment char­
acterizing the orthopxH:lx~n~s found there. By vir­
tue of their evolutiorr'by (e;densive high-pressure 
fractionation of P-type liquids, A-type liquids 
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should be intrinsically Cr- and Mg-depleted. 
Furthermore, the composition of plagioclase 
inclusions bccom~s mocc sodie with height within 
subcydes of the UG IFW unit, in parallel with 
intercumulus plagioclase, while MMF ratios 
increase. The plume model offers no plausible 
reason for this. 

Conclusions and synthesis 

We adopt a model in which a hotter, more 
primitive liquid (Pj is periodicall y "odeo to and 
blended with a cooler. more l'vol\'cJ, Supern<.ilant 
liquid (S) resting upon the crystal pile. Sub-cycles 
developed within the unit include more primitive 
mafic cumulates deposited from hybrid liquids 
with a higher proportion of P component, whereas 
cumulates with more evolved traits retkct super­
natant liquid fractions that experienced a lesser 
degree of rejuvenation . or evolved by subsequent 
fractionation. Extrapolation of the data embodied 
in Figs 5, 6 and JO indicates the potential of these 
liquids to deposit cumulates with the following 
attributes: 

Liquid S : Sr; ratio c. 0.7054, 
MMF of orthopyroxene c. 0.785, 
Cr20J in pyroxe ne c. O.25L?-& . 
Plagioclase c. An71h 

Whole-rock NilY c. 2.9 and CrlCo 
c. 20. 

Liquid P : Sr; ratio c. 0.7068, 
MMF of orthopyroxene c. 0.82, 
Cr,O, in orthopyroxene c. 0.5%, 
Plagioclase c. Ant\l_xj. 
Whole-rock NilY c. 3.5 and CrlCo 

c.30. 

The anorthositic tops of sub-cycles 7 and 8 (Fig. 
5) introduce c. 3% anorthosite into the UGIFW 
unit. OUf data offer no chemical or isotopic evi­
dence to suggest that there was periodic inftux 
of a discrete (A-type) magma from which these 
anorthosites crystallized . Even if the specific pro­
cess that operated remains unce rtain, we retain 
the view that li4uids parental to the UG I FW unit 
anorthosites wen! gencratc:u within the magma 
chamber. 

The more important variations in trends shown 
in Figs 3 and 5 are simplified in Fig. II, to empha­
size the cyclicity within the UGIFW unit, and a 
cartoon illustrating OUf synthesis is given in Fig . 
12. Our synthesis to account for this cyclicity 
begins with (a) existence of a supernatant column 
of residual liquid , S, above the prevailing crystal­
line fioor (Fig. 12b) . Insofar as it was a li4uid 
ft! siduum gl!nerated during th~ separation of eur­
lier cumulates, it was Cr-, Ni- and Mg-deplcted , 

the Sr; ratio was c. 0.7U54 (Fig . IU) . and it was 
nucleating sadie liJbriJuorite and Mg-poor bron­
zite in eOlectic.: equilibrium. It is assumed that the 
liquid column was stratified , with the lowermost 
layer designated S re present ing the most dense 
liquid . 

(b) Emplacement of a hot, primitive magma, 
p, with Sr, '" U. 7U6H was then effected under con­
ditions appropriate to jetting or fountaining (i.e. 
the intrusive liquid had a higher den si ty than resi­
dent liquid; Camphell el al., 19H3; Camphell and 
Turner, IYHh) rather than pluming. A hyh rid layer 
consisting of P liquid. with entrained S liquid and 
suspenlkd primocrysts, was formc:u immediately 
above the crystalline fioor. 

(c) Resorption, partial equilibration and 
reverse zoning of suspended. relict crystiJls inher­
ited from the S liquid were initiiJted within tht! 
hybrid laYr.!r , and rdative enrichm!:!nt in tht! 
anorthite molecule was achieved in (ht! small, 
severely corroded feluspar grains . A more limited 
temperature rise within the S liq uid above the 
hybrid layer inhibited resorption and re-equili­
bration there, and plagioclase grains maintained 
a greater size and albite content than in the hotter 
hybrid layer. 

(d) The addition of P liquid to S liquid in the 
hybrid layer shifted the system into the primary 
phase volume of bronzite (Fig. 12c) , and subse­
quent nucleation and growth of bronzite primoc­
rysts encapsulated relict feldspar grams. 
Compaction by sintering of the lower part of the 
crystallizing hybrid layer appears to have con­
trolled tbe formation of adcumulate-textured pyr­
oxenite with a low content of small , calcic feldspar 
inclusions. Above this, progressive crystallization 
of bronzite led to decline of the MMF ratio with 
height in some sub-cycles (I and 2, Fig. II) . In 
others (sub-cycles 3 and 4 of Fig . II) , the P:S 
liquid ratio increased with time as more P liquid 
was injected, and earlier cumulates were covered 
by cumulates with increasingly higher Cr levels 
and MMF ratios (Fig . 12d) . Reverse-zoned bron­
zite grains are commonly found here, but the ear­
li!:!r encapsulation of feldspar inclusiuns appems 
to have protected them frum further reaction. 

(e) All sub-cycles in the pyroxe nite suite grade 
to Mg- and Cr-poor cumulates in their uppermost 
PiJrts. This sugge~ts fractionation through crystal­
lization, but late-stage blending with evolved, 
supernatant (S) liquid overlying the hybrid layer 
was probably important (Fig. 12 "-j). The latter 
process would have been stimulated by the decline 
in density contrast between the two liquid layers, 
leading to breakdown of the interface as low­
density residua migrated upwards by compositio­
nal convection during the separation of pyroxe-
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FIG. 11. Simplilicd n::prcscntoJ.tion of compositional trends depictl!d in Fig. 5 , showing subdivision of sequcncl! 
into sub-cycles I-X. Doltt:d-linc trends fur feldspars n:pn::scnt inclusions in bronzitc. and solid linr.:s cumulus 

and intercumulus fddspars. 

nites . The plagi oclase inclusions trapped within 
pyroxene grains at this stage would. accordingly, 
have been relalively large. am! sodic, reflecting 
their growth mainly in S-type liquid. 

(/) Througho ut accumulation of the pyroxenilic 
suite, the hybrid liquid was held within the prim­
ary phase volume of orthopyroxene by additions 
of P liquid, but there was substa ntial upward mi-

gration of low-density residua enriched in plagio­
clase components, as pyroxenite crystallized. 

(g) Initiation of crystallization of intercumulus 
liquid lagged behind that of primocrysts. More 
calcic intercumulus feldspar would initially have 
nucleated at the base of the crystal pile. but con­
current compaction and reduction in primary por­
osity would have displaced sadie. intercumulus 
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FIG. 12. Cttrtoon depicting sequence within an idealized sub-cycle. (a) Liquidus curves of evolved supernatant 
liquid S and more primitive inputs of liquid P. (b) Column of supernatant liquid S (probably stratified) rest ing 
upon existing floor (hatched). Qualitative phase diagram shows eotectic crystallization of plagioclase and ortho­
pyroxene from liquid S. (c) Input of liquid P' (P mixed with entrained S) beneath liqu id layer S. P' lies within 
primary phase volume of orthopyroxene; partially resorbed , relict plagioclase crystals suspended within liquid 
become entrapped within growing orthopyroxene grains. Preferen tial sell ling of orthopyroxene occurs within 
S, leaving it enriched in suspended plagioclase phenocrysts . Pyroxenite (stippled pattern) accumulates upon Hoor. 
(d) Continued input of P-type liquid leads to deposition of most magnesian orthopyroxene within sub-cycle . 
(e) Liquid P' undergoes fractionation while liquid S (enriched in plagioclase due to settling of orthopyroxen!!) 
undergoes heating from below. Ultimately, liquid S enters primary phase volume of plagioclase as plagioclase 
is resorbed. (f) On subsequent cool ing, advanced fractionation of low-volume residuum of P' leads to conditions 
permitting mixing of pi and S, forming hybrid P-S. Norite, leuconorite (finer stippl!!) and, in extreme cases, 

small volumes of anorthosite may be deposited from liquid P-S. 

liquid residua upwards. Each subcycle therefore 
displays a trend towards sadie intercumulus feld­
spar with stratigraphic height (Fig. II). Partition­
ing of Ca into late intercumulus clinopyroxene 
also has the potential to accelerate the shift to­
wards so die plagioclase (the augite effect of 
Morse, 1979). 

(h) Periodic repetition of stages (a)-(g) above 
yielded sub-cycles 1-4 (Fig. II). While the compo­
sition of successive pulses of intrusive P liquid 
remained sensibly constant (Figs 6, 7 and 10), the 
cumulative effects of repeated additions of P 
liquid to the system are evident. Fig. II shows 
that the sta rting compositions of both plagioclase 
inclusions and intercumulus plagioclase become 

systematically more calcic through sub-cycles 1 
t04. 

(i) The slopes of the profiles depicting cryptic 
variations (Figs 5 and II) are thus held to be a 
function of the volume and frequency of inputs 
of P-type liquid during the filling of the magma 
chamber. A low average volume and frequency 
of inputs per unit time resulted in sub-cycles of 
limited thickness (e.g. nos . 1 and 2 in Fig. 11) 
without pronounced reversals in the trend of cryp­
tic variations; larger inputs of P liquid yielded 
thick sub-cycles within which significant increases 
in MMF ratio and Cr contents of orthopyroxene 
are seen (Fig. II, sub-cycle 3). 

U) A significant change occurs within sub-cycle 
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4. Cumulus plagioclase joins the paragenesis 
ephemerally within thin layers of melanorite 
(7- 10% AI,O» at 175 m and 166 m depth; 
between 152 and 126 m the sequence becomes 
wholly noritic (11-16 % AI,O» . The base of suc­
ceedingsub-cycle 5 exposes only 3 m of pyroxenite 
(5% AI,O» before giving way to a noritic suite 
constituting the remainder of the UG IFW unit. 
The upper part of sub-cycle 4 thus marks the stage 
at which the hybrid liquid reached the bronzite-p­
lagioclase cotectic. At this level, the decoupling 
of cryptic variations in bronzite and intercumulus 
plagioclase gives way to coupled variations 
between cumulus phases (see Fig. 11, sub-cycles 
4-7). Several factors may have contributed tow­
ards the capacity of the hybrid liquid to crystallize 
primo crystal plagioclase. Upward movement and 
accumulation of low-density residua during pro­
tracted deposition of pyroxenites would have 
been important. Another factor might have been 
the preferential sinking of orthopyroxene out of 
the supernatant liquid layer S, followed by reheat­
ing of the layer as fresh influxes of primitive liquid 
were emplaced beneath it. This process would 
have had the capacity to generate a reservoir of 
liquid within the primary phase volume of plagio­
clase (Fig. 12 e). 

(k) It is generally accepted (Campbell el al., 
1983; Sparks el al., 1984) that the nucleation of 
plagioclase marks the evolutionary stage at which 
liquid residua will become more dense than the 
parent liquids. It is thus perhaps significant that 
the lowest MMF ratios in the UG1FW unit pyrox­
enites and lowest Cr contents of their orthopyrox­
enes, are encountered within the basal portion 
of sub-cycle 4, beneath the first norites (Figs 5 
and 11). The implication is that fractionated resi­
dua no longer rose within the column above this 
point, but remained trapped as intercumulus 
liquid, or became ponded. Zonal decline of MMF 
ratios and Cr contents towards the margins of indi­
vidual bronzite grains becomes the norm within 
the noritic suite. Oscillatory zoned feldspar 
primocrysts entangled within normally zoned 
(single-!'Ycle) grains indicate the mixed nature of 
the population. 

(I) A general trend towards increasing MMF 
ratios (whole-rock and microprobe data; Fig. 5 
and ll) and increasing Cr in bronzite is main­
tained to within 20 m of the top of the UG IFW 
unit. Superimposed upon this is a muted cyclicity 
defining sub-cycles 5-7, suggesting minor, perio­
dic influxes of primitive liquid. The apparent para­
dox of upward increase in MMF ratios and Cr 
levels in orthopyroxenes, as the sequence 
becomes more leucocratic, can be resolved in 
terms of mass balance . Additions of relatively 

small proportions of P liquid to a felsic liquid with 
a low content of ferromagnesian components 
would have increased MMF ratios without greatly 
increasing the absolute modal proportions of 
mafic phases. 

(m) Sr, ratios of norites and leuconorites 
(0.7058-D.7063) are within the range expected of 
a mixing of putative S liquids (c. 0.7054) and P 
liquids (;;00.7068) in varying proportions. This 
range of values is well below that arising out of 
later emplacement of Main Zone liquids (c. 
0.7087; Eales elal., 1986) which might be equated 
with the A-type liquids of Sharpe, 1985). fluctua­
tions in Sri ratio are seen to be more conservative 
in norites (Fig. 9) than in pyroxenites because 
variations in the ratio S-type : P-type feldspars are 
more effectively buffered in norites, where felds­
pars are a major modal constituent. 

(n) The band of leuconorite near the top of 
sub-cycle 7 (Fig. 5, 12-20 m) retains the chemical 
traits of the underlying norites, but the succeeding 
6 m layer of anorthosite (32 % AI ,O,) at the lOp 
of sub-cycle 7 is strongly evolved. MMF ratios 
determined by both whole-rock and microprobe 
analysis of anorthosite samples drop to 0.62, 
Cr,O) in orthopyroxene is <0.1 %, and NilV, Crl 
Co and Ferri ratios are strongly depressed. 

(0) The leuconorite at 4-6m below the UGI 
chromite (sub-cycle 8, Figs 5 and 11) shows higher 
MMF ratios and Cr contents of orthopyroxenes, 
and higher whole-rock Cr/Co ratios, than in sub­
cyele 7 or in any underlying norites or pyroxenites 
of the UG1FW unit, but chromite does not yet 
appear as a phase. In the overlying 4 m anorthosite 
layer (the footwall of the UG 1 chromitite layer) 
abundant chromite appears as disseminated 
grains, discontinuous layers. and pods. Micro­
probe data confirm that Cr contents are anoma­
lously high for orthopyroxene found in 
anorthosites, and MMF ratios now match those 
of pyroxenes in the overlying UG 1 unit . It is 
within the upper part of this anorthosite that the 
renowned system of anastomosing layers, and 
oblate spheroidal masses of chromitite that dis­
rupt the layering (d. Sampson, 1932; Lee, 1981; 
Viljoen el al., 1986a) make their appearance . All 
these features point to interaction between a 
feldspathic residue at the top of the UGIFW unit, 
and the liquid parent of the overlying UG I unit. 
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 el al., 1983; Hatton and von Grue­
newaldt , 1987) and the occurrence of the robust, 
if structurally complex, UG 1 chromitite at this 
position is not in conflict with theory . We do not, 
however, subscribe to the view that the anorth-
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ositic liquid need be derived as di~crt!te injections 
of A -type liquid, as advocated by these authors. 
Indeed , the geochemical and isotopic data in this 
paper argue against the emplacement of a signifi­
cant batch of A-type liquid at this level of the 
banded sequence. 

Some conclusions of a broader nature emerge 
from this study. Firstly, Sr-isotope ratios are not 
reliable indices of either stratigraphic height or 
rock type within the complex, except in the broa­
dest sense. Secondly, if the synthesis offacd in 
this and two related papers (Eales el al., I~86, 
1988) is deemed valid, the broad thesis of Camp­
bell el al. (1983) receives support. That is, the 
filling of a magma chamber to its full volume is 
accomplished in the early stages by injection of 
fresh magma pulses that intrude near the crystal­
line floor prevailing at that time. Jetting may be 
important. In the later stages, as within the upper­
most part of the Critical Zone and the lower Main 
Zone, emplacement by pluming may become 
dominant. Thirdly, hybridization by partial 
resorption of earlier cumulates, or mingling of 
new liquids with older residual liquids may be a 
more general process than is commonly appre­
ciated. It is only in specific sequences, as within 
the UGIFW unit, that this evidence is preserved 
in textural and chemical attributes. 
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Appendix-.,xperimental methods 

Sampling of the sequence was carried out along 20 
Level Crosscut in the Spud Shaft Section of R.P.M. 
Union Section Mine. which affords excellent exposures 
with the layering dipping at 21° south-cast. The MG4 
chromitite horizon is here exposed at 1030 m below sur­
face. Seventy-two samples of several kg each were taken 
at an average stratigraphic interval of 5m. 

isotope wwlysis. Sr and Rb concentrations were 
determined by isotope dilution mass sp~ctromctry. and 
the t17Sr/lihSr ratio d~termined on the spiked sample. 
Approximately 100 mg of the sample powder was dis­
solved with 1i7Rb and t!4S r spikes in open Teflon beakers 
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using an HF-HNOJ mixture on a hot plate. The sample 
was then dried and attacked with <.Iqua regia to dissolve 
any precipitates. Calion exchange was carried out using 
2.50M Hel and only the Sr fraction was collected. Sr 
was then loaded onlO single outgassed Ta filaments using 
H JPO,,; Rb was loaded onto double Ta filaments as a 
chloride without prior ion exchange separation. Total 
method blanks were less than 5 ng for Sf and c. 200 
pg for Rh. In general , these amounts were not signifi­
cant, with respect to the sample concentrations, and 
thus were largely ignored-with the exception of a Rb 
blank correction on the two plagioclase crystals of 3 
mg, each from sample S-40. Both a YG·354 and a YG 
MM30 mass spectrometer were used to determine the 
isolOpic rat ios of Sr. whereas Rb was analysed using 
only the MM-30. During the period of this study, 19 
replicates of the SRM-987 Sr standard were run on both 
machines. The results show that the machines are indis­
tinguishable for that standard (YG 354-,-<).71022 ± 6 (2 
std. dev.); MM·3~.71025 ± 52). Replicate analyses 
of selected samples show thilt it one sigma precision 
of 1.5% in the ratio 117 Rb/KllSr is a realistic estimate; 
uncertainties in 1!

7Sr/ll6Sr present-day are 0.01 % (1 
sigma). Initial Sr ratios (Sr;) are calculated at 2050±25 
Ma using the g7 Rb decay constant of 1.42 x 10- 11 yr - I . 

The total error quoted for Sri is based on analytical 
errors in ~7Rb/tl6Sr. ~7Sr/KOSr, and error in age, and was 

calculated with the isotope regression package, GEO­
DATE, developed at the Council for Scientific and 
Industrial Research, Pretoria. 

X-ruy fluorescence spectrometry. Whole-rock analysis 
for major elements employed the fusion-disc technique 
of Nor ish and Hutton (1969). All samples were analysed 
in duplicate using a Philips PW 1410 XRF spectrometer 
and, where deemed necessary, analyses repeated in 
duplicate. Na10 and trace elements were determined 
in 5g pressed powder briquettes. with corrections for 
baCkground, spectral line interference. absorption and 
instrumental drift. All calibrations were made using a 
variety of USGS, NIMROC and other intcrnational 
stand;.Hds. Determinations of Ti w~re run in quadrupli­
call! for 15 samples of particular signifkance. All count­
ing on spectral-line pcaks for trace elements was lixed 
at200secs. and lOO secs for backgrounds. High precision 
for Sr and Rb was ensured by repeating the counting 
on peak for 400secs and 200sccs on the back.ground 
in a second run. The mean difference between samples 
in the two runs was 1.3 ppm Sr for pyroxcnitcs i.lnd 2.6 
ppm for no rites and Ieuconurites. 

Electron microprobe. An automated lEOl CXA-733 
electron microprobe was used for all mineral analyses, 
using well tested international standards and pure syn­
thetic crystals for calibration. Most work was done with 
a defocussed IOl-lm beam . 
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