UNIVERSITY OF THE

WITWATERSRAND,
JOHANNESBURG

A regional comparative
study of Middle Group and
Lower Group chromitites in
the Critical Zone of the
Bushveld Complex

Maximilian Hasch
10-28-2022

A thesis submitted to the Faculty of Science, University of tl
Witwatersrand, in fulfilment of the requirements for the degre
Doctor of Philosophy



DECLARATION

| declare that this thesis is my owmless properly citedjnaided work.t is being
submitted for the Degree of Doctor of Philosophy atthasersity of the Witwatersrand,
Johannesburg. It has not been submitted before for any degree or examination at any other

University.

s 28. Octder 2022
(Signature Candidate)




Abstract
The present study focuses on Lower Grdys1-7) and Middle Group(MGO-4)
chromitites in the Critical Zone of the Bushveld Comgead aims at gaining new insight
into their genesigield observations have been made in open pit and underground mines
at a multitude of locations in the Eastern and Western Lobes of the Busiorefae3.
Theseallow for a description of the morphology and field relations of chromitites on a
regional scale and for a regional perspective on their formdimthermore, a vertical
chemical profile was drawn through the LG6 chromitite in a drill ¢aym the Eastern
Lobe, which is usetb back some of the claims made from field observati©hsomitites
exhibit distinct morphologies at different locations, as they appear as one, two or three
chromitite layers and vary in thickneds.is inferred thatthis represeista regional
structure of bifurcating chromititeOwing to the significant size of this structure,
bifurcations are seldom observed in outcrdpe LG6 chromitite contains up to five
sublayers. Chemical dataggestthat these sublayers ané magmatic originand it is
inferred that they formed in a similar fashion to the multiple chromitite layers of the MG
chromitite packageg&vidence for magmatic erosion of footwall rocks to chromitites was
documented in the form of chromitites transgressing their fooamathe presence of
large erosional footwall remnanta chromitite layers Furthermore, two potholes,
roughly circular depressions, have bebéservedThe potholegsontain chromitite layers
andtransgress their footwall rocks, suggesting that chronepesition was preceded by
magmatic erosionThe lateral thickness differences in silicate layers suggest that this
erosion was regionally heterogeneoDepending on the rate of erosion, it may have
removed part of the footwall, the entire footwall or epart of the underlying chromitite.
Upon cooling, the magma deposited a chromitite layer. The reldt@wsen chromitites
and their host rocks suggest that the chromitites crystalbsethe erosion surface.
Depending on the degree of magmatic erosaiday separate chromitite layers or a single
chromitite layer would form from several influxes of fresh magma into the chamber
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Nomenclature
Specific to the Bushveld Complex:
RLS: Rustenburg Layered Suite

LG: Lower Group chromitites, divided into LG1 to LG7 where LG6 consists of LG6 and
LG6a chromitites

MG: Middle Group chromitites, divided into MGO to MG4 where chromitite packages
consisting of several layers are divided into a, b, and ¢ chromitites

UG: Upper Group chromitites divided into UG1, UG2 and UG3

Geochemical nomenclature:
Cr# quantity of chromium in a mineral determined by the formua-
Mg# quantity of magnesium in a mineral determined by the formula—

PGE platinum group elements
IPGE iridium group of platinum group elements (Os+Ir+Ru)

PPGE platinum gnap of the platinum group elements (Rh+Pt+Pd)

[ PGE+Au] sum of platinum group el ements

REE rare earth elements
LREE light rare earth elements
HREEheavy rare earth elements
Methods:
ICP-MS inductively coupled plasma mass dpametry

XRF X-ray fluorescence



1 Introduction

Some of South Africabs prime miner al resou

layers of the Bushveld Complekhese are mined for chrome by several companies and
some of the layers contain economic amounts of platinum group elements (PGE). Despite
theextensive economic exploration of the chromitites and a large wadseérch, their

genesis is not understood to date.

Especially the large volumes of cumulus chromite withinctimemititelayers, given the
small chromium budget in basaltic magmaswall as the bifurcating morphology the
chromitite layersand other field relations (e.g. in potholes) have puzzled scholars for
decades. To solve these complexities, a multitude of competing models of chromitite
formation habeen developeGampson, 1932; McDonald, 1967; Irvine, 1977; Cameron,
1977, 1980; Irvine et al., 1983; Nicholson and Mathez, 199&sE2000; Naldrett et al.,
2012; Mungall et al., 2016; Latypov et al., 2015, 2017a, 2017b, 2018a; Veksler et al.,
2018; Lesher et al., 2019; Veksler and Hou, 2020; Yao et al., 2021)

Early works laid a foundation througletailed mapping of chromititayerson a regional
scale(e.g. McDonald, 1967; Cameron, 1977, 1980; Ireland, 1986¢re a comparison
between several locations enedbresearchers to infer proximal or distal magmatic facies
relative to possible feede(s.g. Eales et al., 1988; Scoon and Teigler, 1994; Maier and
Teigler, 1995) Recently, however, the focus has shifted to more detailed studies of
individual locationge.g. Teigler, 1999; Nex, 2004; Voordouw et al., 200@} rarely
compared their results to the earlier regional stu@ies Naldrett et al., 2012This has

led to contradicting observations on morphologicalineralogical and chemical
characteristics for different parts of the Bushveld Complekypov et al. (2015, 2017a,
2017b)have shown, through their studies of tdpper Group UG) chromitites and
Merensky Reef, that stronger insights can be gained by returning to more regional
observations across the Eastern and Western Lobes of the Bushveld Complex, rather than

restricted studies on isolated outcrops.

A multitude of morphologidastudies exists on the UG chromitites which are described

in great detail from field outcrops, mining operations and-dates(e.g. Gain, 1986;



Cawthorn, 2003; Voordouw et al., 2009; Junge et al., 20rphological studies are
furthermore facilitated by a stronger colour contrast between the UG chromitites and their
mostly leuconoritic to anorthositic footwalls. In contrast, trever Group (LG) and
Middle Group (MG) chromititesi the topic of this study have received less attention,
likely because these chromitites are rarely exposed at surface or intersected by mining
operations which typically terminate at the UGand have mostly been @xined
through fewer number of sufficiently deep drill cofegy. Cameron, 1977, 1980; Ireland,
1986; KottkeLevin et al., 2009; Naldrett et al., 2009; Oberthir et al., 2016; Bachmann et
al., 2018; Kaufmann et al., 2018; Bachmann et al., 208 obvously limits field
relationships and reduces morphological constraints to drill core thicknesses of the
intersectedayers. However, since some current deeper open pit and underground mining
does intersect the LG6 to MG chromitites, this studyms atrecovering enough
morphological data from distinct outcropsuoderstand the regional morphology of the

LG and MG chromitite layers of ttHigushveld Complex.

There isvaluein focusingon the LG and MG chromitites as theydiffer from theUG
chromitites inbeing associated with different host rocks and showing more consistent
footwall and hanging wall relationships (e.g. Cameron, 1980, 1982; Scoon and Teigler
1994) Gaining an understanding of tmeorphology and petrologyof LG and MG

chromitite layers might give new insight into the formation of chromitite layers in general.

1.1Aim of the study
By studying the regional morphology of the Lower Group and Middle Group chromitite

layers of theBushveld Complex, this work aims at gaining insights into their formation
mechanism, specifically to identify which existing formation model is most likely to
apply to them. To achieve thigyree observational scalase employedon a regional
scale morphological and petrologicafeatures observed at different outcrops are
classified as being locally constrained or regionally persistent; on an outcroptiseale,
morphology and petrology of chromitite layers are obseraedsome of the outcrop
scale peblogical observations are verified with the help of a chemical stratigraphic
profile drawn through the relevant chromitite lay®y.combining these three approaches,

it is possible to rigorously test and refine existing models of chromitite formation.



Regional scale observations are used to support a model of chromitite formation, outcrop
scale observations are used to constrain models of chromitite formation and the chemical
analysis is used to strengthen the interpretation of morphological and pe@blogi

observations.

Observations of morphologicand petrologicalnatureare used to gain insights into
different aspects of chromitite formatiofhe objectives are to gain insights into the
emplacement mechanism of chromitite layers, the provenance of chromite and the timing
of chromitite emplacement relative to the stratigraphy of the Critical Zdhe.
emplacement mechanism of chromititesferred from their morphologies and presence
of autoliths within the chromitite layers. The appearance of orthopyroxene and
plagioclase and their distribution within chromitite layers provide insight into the
chromite provenance. The relationsghgh chromiitesto their footwall and hanging wall
constrain when and how the chromitites were introduced into the stratigiidphynain

body of this work, pertainingp the regional scale and outcrop scale observativas
been published (Hasch and Latypov, 2021).

The chemicalstudy aimsat veifying an observation made at outcrop scale. It is a
qualitative study abowt possible composite naty@mposedf several sublayers)f a
chromitite layer.The objectives were toonstruct a chemical stratigrapprofile of the
layer, to test if changes in chemistry correspondchanges in petrology observed in
outcrop ando infer which chromitite formation modeégreewith the chemistry results.
Specifically, the verification of the composite nature aheomitite is used to constrain

models about the emplacement mechanism of chromitites.



2 Background

In this chapter, aaverview oftheBushveld Compleis given.As the Bushveld Complex

is the world's largest layered intrusion, a general descriptidayefed intrusions is
presented. This is followed by @verviewon chromitite layers, whichrethe objectof

this study After the chapter on chromitites, the Bushveld Complex itself is presented
together with a detailed description of its Critical Zomkich hosts the chromitite layers

that are studied in this worKhis is followed by alescriptionof models of chromitite
formation by previous author$he chapter concludes with a description of potholes in
the Bushveld ComplexSince potholes are apasive feature in the Critical Zone and
chromitites are often associated with them, the formation mechanism potholes may be
used to constrain models of chromitite formation. Tteeegpotholes and their formation

modelsare presented

2.1Layered Intrusions

A layered mafic intrusion is a magmabody that has developed igneous layeriAg.
layered intrusion mostly takes the shape of a lopolith, as witlBjgrreim Sokndal
Lopolith (Duchesne et al., 1987r a funnel as with the Muskox intrusi@@tewart and
DePaolo, 1996) These bodies come in a wide range of sizasging from several
hundred to several hundred of thousand metres across. An exampenafl,dayered
intrusionis the Skaergaarihtrusion, which covers an area of about k66, whereaghe
largestknown layeredintrusion the Bushveld Complekas an area of ovés,000km?
(e.g. Kruger, 1994; Eales and Cawthorn, 1996; Ketten et al., 2009)There seems
to be a lower sizeniit for layered intrusios) as pronounced igneous layering appear
only in intrusions of a thickness of at least 4Bl m (Winter, 2014) Igneous &yering

is inferred to havemostly grown from the bottom upwards but some smaller intrysion
suchas the Skaergaahd Kiglapait intrusionsadditionallyexhibit layering from the
walls inwards and a prominent layered series from the roof downwvmattis. Skaergaard
Intrusion he LayeredSeries crystallising from the floor upwards and theper Border
Series crystallising from the roof downwards roughly mirror each other in petrology and
are joined at &andwich Horizon (Winter, 2014) Likewise, the Kiglapait Intrusion
(measuring about 560m? (Morse, 1969) features the Upper Border Zone, whiths

crystallised from theroof downwards(Morse, 1979) Larger intrusionsare missing



sequences crystallising from tmeof downwards. For instance the Muskox intrusion
(3,500km?) exhibits a succession of cyclic units which grew from the bottom upwards
(Stewart and DePaolo, 199é8hdthe Bushveld Complex is consistent with a trend of
upwards fractionation as it grades from ultramafic to gabbroic to anorthositic. The
Bushveld Complex atsshows evidence of two distinct magmas, famming the lower

part of its succession and another the upper part of its layered(segi¢guger, 1994;
Eales and Cawthorn, 199@his will be explained more in detail ichapter2.3 The
Bushveld Complgx These are features thdiet Bushveld Complex shares with other
larger layered igneous intrusiogsigch as the Stillwater Compléa.g. Irvine et al, 1983)

the Bjerkreim Sokndal Intrusiofe.g. Wilson et al., 199@)ndpossibly the Niquelandia
and Barro Alto complexe®.g. Pimenteet al., 2004)

Layers intheseintrusiors may be defined by modal amount of constituting minerals
(modal layering), the introduction atisappearance of a phase (phase layerorg)
chemistry differencesf constituting minerals (cryptic layerindylodal layering reflects

the relative proportions of minerals in the lithology. Esample,changes in relative
proportion of orthopyroxene and plagioclase constituting a norite might appear in the
form of igneas layering. This type of layering is usually in the range of a few centimetres
to a few metres and may comprise uniform layers (mode remaining the same within a
layer) or graded layers (mode changing within a laf@lipter, 2014) Phase layering is
generally evident by a mineral joining or exiting crystallisatiois the most prominent

type of layering and may appear together with modal layering. For exasgveral
modal layersnay be part of the same phase layerthe stratigraphic sequence studied

in this work, examples of phase layering are the prominent chromitite layers and the
differentiation between lower and upper Critical Zone marked by introduction of cumulus
plagioclase (seehapter2.3 The Critical Zae and its chromitite layeysPhase layering

is most evident in the present work in the distinction between melanorite and leuconorite.
Cryptic layering is not visible to the naked eye as chemical analyses are necessary to

determine it. It can offer imptant insights into the formation of a layered intrusion. For

example, the Mg#—— in pyroxenes is expected to decrease as a maggotenates

Therefore, an increase of Mg# indicates episodes of magma influx in the formation



history of a layezd intrusionThe correlation of rock chemistry and formation mechanism
is investigated ichapter4 Chemical analysis of a LG6 drill core.

Owing to their similarity to sedimentary structuresxplanations similar taéhose for
sedimentarybanding have been employetbr determining the origin of magmatic
layering.For instancegrystal settlingowing todensity differences between crystals and
coexisting liquidhas been propose(ke.g. Wager, 1963; Irvine, 1974)his idea was soon
challenged and oth@rocesses, unique to the igneous settiage been proposed. These
include episodic magma replenishment and mixigg.g. Irvine, 1977) in-situ
crystallisaton under a convecting magma bofs.g. Jackson, 1961; McBirney and
Noyes, 1979; Latypov et al., 202®) oscillation of theiquidus across the stability fields
of different minerals. The latter process may be caused by changes in oxygen fugacity
(e.g.Hill and Roeder, 19749r in pressurée.g. Cameron, 1977R detaileddiscussion

of the origin of magmatic layering focused on chromitite layers is givemapter2.4

Previous work on chromitite layers in layered intrusions.

2.2 Chromitite layers
Since this work aims at determining the formation mechanism of chromitite layers, it is

important to know what the challengegyardingtheir formationprocessare. Chromite

is a spinel phaseith the chemical formula GFeQ.. It hasbeenshown in experimertb

form a solid solutionseries withtitaniferousmagnetite, howevethe full series has not
been observed in natufdill and Roeder, 1974)n igneous intrusionghromite is often
disseminated in dunite and orthopyroxenite and may form thin seams of chromitite.
Owing tothelow concentrations of Cr present in magmas, igneous bodies usually do not
containhigh amounts of chromit@here are exceptions to this in layered mafic intrusions,
for examplein the Bushveld Complex, whictontains massivand laterally extensive
chromitite layers that may exceed a meter in thicknEsesechromititesare of high
economic importance as they offer a prime source @rdrsome of the layers contain
economic amounts of PGEhe reason for this higlimount of chromitite on eelatively

small stratigraphispace is still not understood.



In the Bushveld Cmplex,thick chromitite layers are contained in its Critical Zone (see
chapter2.3 The Critical Zoneand its chromitite laye)s They are subdivided into three
groups the Lower Group (LG1), the Middle Group (MGH) and the Upper Group
(UG1-2). The chromitite texture has been observed to be ditteeand massive or lumpy
and friable(Worst, 1986a; Worst, 1986l hromitite layers often contain disseminations
of silicatesand in particularorthopyroxenehas beenobserved as primocrysts or

oikocrysts in chromitite§lireland, 1986)

2.3The Bushveld Complex

In South Africa, more precisely in its nortlastern partis the igneousock succession
known as the Bushveld Compldkwas first mentionetdy nameby Molengraaff(1901)
The Bushveld Complex s t h e wolayereddnsfic Inteusiogvghsah extension
of 450 km EasWWest and 350 km NortBouth(Naldrett et al.2012) so large in fact, that
it spans acrogsur provinces, namely Limpopo, NorWest Mpumalangand Gauteng.
The Bushveld Compleformed 2080-2055Ma ago(Scoates et al., 202by intrusion of
magmainto sedimentary rock ahe KapvaalCraton(Cawthorn, 2015)

The Bushveld Complex is of high interesting tothe economic viability and puzzling
structuresn its chromititelayers. These layers are up2m thick and are mined faheir
chromium and for tle high concentrations of PGE in some of ttieromitites
Scientifically the chromitite layers pose so far unanswered questions about their
formation,owing totheir exceptiondhateral extension afeveral kilometreg.g. Wagner,
1923; Scoon and Teigler, 1994; Cawthorn, 20dr%] thickness of, for some chromitite
layers, over a metri@.g. Cameron, 1977)

2.31 Geology of the Bushveld Complex

The present study was carried out in the Critical Zone of the Bushveld Complex. This
area of the work is placed in its proper context by first reviewingttaéigraphic position

and makeup of the Bushveld Complexihe Bushveld Complex intruded into the
Transvaal sequence, which is composed of clastic and chemical sediments, as well as

containing extrusive evenf¥on Gruenewaldt et al., 1985)



Eriksson et al(1995)subdivide the Transvaal Sequence into the Chuniespoort Group, the
Pretoria Group and the Rooiberg Grodje Chuniespoort Grouponsists of clastic
sediments deposited iboth upward fining and upwa coarsening sequences and
containing mudrock, sandstone and conglomerates. Above is a succession of chemical
and clastic sediments including carbonates, cherts, banded iron formations, shales and
siltstone. Overlaying the Chuniespoort Group with an arguiconformity, the Pretoria
Group consists of alternating volcanic and sedimentary rocks. The volcanics are basic to
andesitic lavas, as well as tuffs in the upper part of the sequence. The sedimentary rocks
comprise alternating mudrock and sandstonayedsas diamictites and carbonate beds.
This succession is covered by banded iron formation. The uppermost Rooiberg Group
consists of the andesitic to felsic lavas of the Dullstroom Formation, the felsic Damwal
Formation and the Selonsriver Formation alemposed of felsic lavas alternating with
clastic sediments. These three formations extruded in a continuous eruptive succession
(Eriksson et al., 1993)

The Bushveld Complex intrudedto the sediments of the @oria Groupand locally
transgressed the Rooiberg Gro@mme authorgiclude the Rooiberg Groupithin the
Bushveld Complexe.g. Schweitzer et al., 1997; Buchanan et al., 2002; Fourie and Harris,
2011) The Rooiberg Group will not be inctled in the Bushveld in this study, as the
generally accepted subdivisiamto the Rustenburg Layered Suite (RLS), the Rashoop
Granophyre Suite and the Lebowa Gran{&CS, 1980will be used

The RLS is intricatly layered. General subdivisions may be made mineralogically
between an ultramafic lower part andyabbroicupper part, or chemically by a steep
increasen SPE’/SE8 ratios (e.gLee, 1981; Sharpe, 1983he changes in mineralogy and
isotope ratios do not correspd with each other. The change in mineralogy happens
lower in the sequence than that in isotope ratios. The most preciderafyes suite come

from Scoates et al. (202%)ho recorded B1a of magmatism from 2060 to 2055 Ma ago

The RLS is exposed in five lobes: the Eastern Lobe, the Western Lobe, Northern Lobe,
the Far Western Lobe and the SceHistern_obe(Fig. 1) TheWestern Lobe is a c200

km long semicircular structure between Thabazimbi and just north of Pretealaes and

Cawthorn, 1996)Part of the Eastern Lobe mirrors this shape, but the Lobe has a further



extension to the south. TE&sterrLobe has a total extend of. @00 km situated between
Stoffberg andChuniespoor{Eales and Cawthorn, 1996)he Northern Lobe is exposed
over ca 100 km along a nortkas to north strike. Stratigraphicallyhe Northern Lobe
wedges out towards the north and increasingly transgriéstsst wall towards the north
as well(Van der Merwe, 1976 he Far Westerbobeand Southeastern Lobe are outliers
of the Westerh.obeand Eastern Lobe respectively.
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Figure 1: Geological map of the Bushveld Complex and stratigraphic column adapted aftéWebb (2009)
Morphology and field relations in chromitites of the Critical Zone (dark green) were studied.

Whereas the two lobexf the Bushveld Complex seem to be geographically separated,
there has been much debate about whether the lobes are connected at depth or not.

Knowing about a possible connection strongly influences the significance of observations



made in both lobeObservations on chromitite layers made in different lobes may be
correlatedonly if the lobes are connecte@wing to stratigraphic correlations between
the Eastern Lobe and Western Lgbgy.Molengraaff 1901 Daly, 1928 Hall, 1932) the

two lobes were inferred to be connected at depth.cdmniseptvasquestionedby Cousins
(1959) on the base of gravity data. Cousins found the Bougier Gravity Anomaly in
between the two lobes to be similar to the rocks outside the Bushveld and nimtgshow
the same elevation astime Eastern and Western Lobes. Field observatioiadbyneux

and Klinkert(1978)led to a model of thebes representing two separate inwards dipping
sheets. This was amborated by geophysical studiesdwy Plessis and Kleywegt (1987)
andMeyer and De Beer (1987)ater seismieaneasurementand gravitymodelling by
Webb et al. (2004fpund a continuous high seismic velocity zone between the two lobes,
which is consistent with the mafic rocks of the RLS. This and a significant depression of
the Moho under the entire Bushveld indicate the connectivity of théotves(Webb et

al., 2004) This history of the possible terconnectedness of the two lobes is also
summarised in Prevec (201&tratigraphically, th&kLS is subdivided into five zones

which aredetailed further below.

The RashoopGranophyreSuite is exposed in the form of several granophyric rocks
throughouthe Bushveld CompleXValraven (1985argued for these rocks to be of three
types of differing formation mechanism and timing: the Zwartbank Pseudogranophyre
would have formed by metamorphism of sedimentarygptite Diepkloof Granophyre
would have formed by remelting of Rooiberg Group volcanics and the Stavoren
Granophyre would have formed from a primary magma.

The Lebowa Granites intruded between the prevauecession of RLS and Rashoop
Granophyre Suiandthe roof of the chamber. They are ca520a old (Harmer and
Armstrong, 2000)and composed mostly of coargmined hornblendgranite (Von
Gruenewald et al. 1985). Varieties of this lithology are common in the Lebowa Granites,
especially close to its margithe Lebowa Graniteare further subdividedhto the
Klipkloof Granite, Makhutso Granite and Nebo Granite, where the Nebo Granite is of a
high thicknesge.g.Schweitzer et al., 1997; Fourie and Harris, 20Eburie and Harris
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also found the tavoren Granophyre and the Lebowa Granites to show similar
composition and¢ 0 mp a ri% balues and thus proposed a common nudaeigin.

In this work, chromitites of the RLS were analysed. It is therefore imperative to take a
closer look at this sequence. The RLS comprises intriguing rhythmic layering and is
stratigraphicdy subdivided into the Marginal Zone, the Lower Zone, the Critical Zone,

the Main Zone and the Upper Zone. Zones that are higher in the sequence are more
extensive than those lower in the sequence and the Upper Zone transgresses the zones
below it (Kruger, 2005) In order togain a broader context of the studied subject, an
overview of all the zones of the RLS is given, after which the Critical Zone studied in this

work is presented in detalil.

The 0 to 800 m thick Marginal Zone is composed of heterogeneous norites and
pyroxenites. This lithology could not have stemmed from the same magma as the
overlying zonegEales and Cawthorn, 199@nd is regarded b$harpe (1981ps a

precursor to the RLS. The Marginal Zone incorporates metasediments, which were used

to infer crustal assimilatioCawthorn and Walraven, 1998)

The Lower Zone shows layering of dunites, harzburgites and orthopyroxenites. It is
strongly influenced by its floor topography and the complete sequence of this zone is
developed onlyn a few locationsCameron (19783tudied one of these agences at the
Olifants River trough on the Jagdlust and Winterfeld farms. He diviled_ower Zone

into 4 subzones: the noritic Basal Subzone contains abundant xenoliths in its upper
portion; the ca400 m thick Lower Bronzitite shows igneous laminatitwe; Harzburgite
Subzone contains cyclical units grading from dunite over harzburgites to orthopyroxenite
and also marks a reversal forsterite contentof olivine, between these cyclical units
(Eales and Cawthorn, 1996he Upper Bronzitite is similar to the Lower Broniatin
mineralogy and igneous lamination, but contains variable texture and plagioclase content
forming layers. Both Mg# an8’Srf®Sr are erratic in this zone, indicating frequent
addition of new magma. The layering of the Lower Zone is concordant with the general
layering in the RLS and presents a gradational contact to the Critical Zone above it. The

contact is set according to different characteristics by different autBanseron (1978)
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defines it at an increase of pyroxenite frorfo2o 6%, Teigler et al. (1992)efines it

with the disappearance of olivine aghwal et al. (2005ket it at an increase in
postcumulus plagioclase in orthopyroxenitdthough the Lower Zone is depleted in
chromite in outcrops of the Eastern and Western Labesntains prominent chromitite

layers in the Northern Lob@on Gruenewaldt et al., 1985)

The Critical Zone isenowned for its massive chromitite layespparent cyclical units
and the PGEich Merensky ReefBeing the subject of this work, it will be discussed in

high detail below.

The Main Zone is generally homogeneous and composed mostly of norite, gabbronorite
and minor anorthosite. Thenorthositeappeas most prominently as the Main Mottled
Anorthosite and Upper Mottled AnorthositéEales and Cawthorn, 1996)
Mineralogically, the Main Zone shows an upwards trend of decreasmghitecontent

in plagioclase and Mgih pyroxeneg(Mitchell, 1990) There is disagreement as to where

the upper contact of the Main Zosigould be drawrKruger et al. (1987nark the contact

on top of the Pyroxenite Markewhich is a relatively tim (below one metre) but laterally
persistent layer afrthgpyroxenite(e.g. Cawthorn et al., 1991; Maier et al., 208kuger

et al. (1987)suggesed thatthe Pyroxenite Markemarks a major magma influx event
which originated theUpper Zonethrough mixing with the resident magma and
subsequent crystallisationhi is basen a drastic change in initidlSrféSr occurring

at that horizon. Thé’Srf®Sr; value is identical in the Eastern and Western Lobes,
meaning that magma mixing at that horizon must have been uniform across the width of
the entire Bushveld ComplefEales and Cawthorn, 1996Jhe problem with this
subdivision is that it is not easily applied to field observati@eles ad Cawthorn,

1996) Hence,Eales and Cawthorn (1996lipulated the &ise of the Upper Zone to be at

the first appearance of cumulus magnetite.

The Upper Zone is composed of ferrogabbros and ferrodiorites with some cumulus apatite
and olivine (Eales and Cawthorn, 1996; Cawthorn and Walraven, 1988)s
charactesed by its 25 layers of magnetigales and Cawthorn, 199@oth Mg# and

anorthite cotent steadily decrease in this zof€on Gruenewaldt, 1973; Molyneux,
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1974; Eales and Cawthorm946). The South African Committee ofStratigraphy(1980)
subdivides the Upper Zone into the following subzones based on observations made in
the Eastern LobeSubzone ais 700 m thick and composed of olivimaagnetite
ferrogabbro; it contains three thin magnet#agersat its base, a main magnetisger

about 130 m above thmseand seven more magnetigg/ersabove tle main magnetite

layer. Subzone s 580 m thick and contains anorthosite, troctolite @ndne magnetite
ferrogabbros, as well as seven more magnieiyters The baseof Subzone lis defined

with the appearance obn-rich olivine. Subzone s 1000 m thick and consists of olivine
diorite, anorthosite and magnetite rich diorite, as wellrather seven magnetite layers.

The baseof Subzone ds defined with the first appearance of cumulus apatite. The
plagioclase contained in this subzone is more sodic than that in the other two subzones at
An<50%. Owing topoor outcrop conditions, the same sequence could not be correlated
in the Western Lobe, whereas in the Northern L8bkzones andb have half the
thicknesses observed in the Northern LOW&n der Merwe, 1976)

2.3.2 The Critical Zone and its chromitite layers

The Critical Zone is chacterised by layering afrthopyroxenite, norite, anorthosite and
small quantitiesof dunitg as well agprominent chromitite layer#\ distinct change in
mineralogy allows for a subdivision of this zone into lower Critical Zone and upper
Critical Zone.Thelower Critical Zone is comprised mostly of pyroxenite, with an olvine
rich marker at the L& chromitite packagewhereasthe Upper Critical Zone is
characterised by the addition of cumulus plagioclase, appearing as anorthosite or
leuconorite(e.g. Eales and Cawthorn, 1996; Cawthorn, 201bis change in mineralogy
appears at the MG2ackagehroughout both Eastern and Westeaobé& An exception to

this exists, however, since cumulus plagioclase was found below the MG2 chromitite at
Brits (Teigler et al., 1992).

The thick chromitites are of economic importance both for their chromium cartent

for the PGEcontained irtwo of the layers. Chromitesre divided into three groups and
different numbers of chromitite packages. The Lower Group contains seven chromitite
packages, the Middle Group features four chromitite packagesome locations

underlain by an MGO chromititand the Upper Group features two chromitite packages
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(Cousins and Feringa, 1964; Schurmann et al., 1@98)2) as wellas the UG3 present

only in the Eastern LobgEales and Cawthorn, 199@bove these, th&lerensky Reef

and Bastard Reef aound The Merensky Reefeatures two thin chromititeand
pegmatoidafelspathicorthopyroxenitde.g.Cawthorn, 1999; Mitchell and Scoon, 2007)

The Bastard Reef is of similar composition to the Merensky Reefdniains aly a

single discontinuous chromitite layg&awthorn, 2015)Within this sequence, the UG2

and theMerenskyReef contain eanomically viable amounts d®®GE (e.g. Eales and
Cawthorn, 1996; Cawthorn, 2013)iterature frequently refers tohromitite packages
simply as chromitites or chromitite layers, but each package is composed of one to four
chromitite layers. It is therefore important to distinguish between chromitite package and
chromitite layer. In this work, whenever one of the chromitites is named withou

specification, it refers to the package.

Critical Zone

200 m

- Orthopyroxenite -Harzburgite - orthopyroxenite DOrthopyroxenite - norite - anorthosite

\:l Harzburgite - orthopyroxenite - norite - anorthosite ——Chromitite

Figure 2: Stratigraphic column of the Critical Zone showcasing its chromitite layersThe stratigraphic column
was adapted after Scoon and Teigler (1994ywo examples of chromitite layers in outcrop have been added.
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The UG2 and Merensky Reef chromitites feature numerous circular to elliptical
depressions called pothol@$e potholes transgress the footwall. They generally measure
10-200m in diameter ath up to 30m in depth(Carr et al., 1999)ut there are rare cases

of up to several thousand metres in diam@@ampbell, 1986and up to 100n in depth
(Latypov et al., 2017apince potholes are a recurring structure in sameruitite layers,

they can be used to gain some insight into the formation of chromitite layers of the
Bushveld Complex Since pothole occurrences are much rarer in the LG and MG
chromitites than in the UG chromitites and the Merensky Reef, only two psthalve

been observed in the present study. Whereas this limits the significance of pothole
observations, the observed potholes, if combined with other morphological observations,
can still be used to constrain the mechanism of chromitite formd@athoks will thus

be treated more in depth ¢hapter2.5 Potholes

Cryptic variations in the upper Critical Zone show decrease in Mg# in olivine and
orthopyroxene, as well anorthite contenh plagioclas€De Klerk, 1992) The decrease

in Mg# comes with frequent reversals whitlay be used to infer changes in magmatic
conditions through the stratigraphy of the Critical Z@daldrett et al., 2009; Naldrett et
al.,2012) The Critical Zone shows a different character in the Far Western Limb, where
it consists of onlyfive chromitite layers in pyroxenite host rofkales and Cawthorn,
1996) and in the Northern Limb, where the upper Critical Zone directly overlies the
Lower Zone(Hulbert and Von Gruenewaldt, 1986)

There has been some contention as to where the coaotabie Critical Zone lieThe

lower contact (to the Lower Zone) has been described afddne.upper contact is
postulated to be around the Merensky and Bastard R@efger(1994 2009 argued for

the MerenskyReefand above situated Bastard Reef to represent a transitional zone
separate from the Critical ie. The upper contact of Critical Zone was proposed to be
located below the Merensky Reef and the base of the Main Zone located above the
Bastard ReefAlternatively, a petrological approach postulates that both Merensky Reef
and Bastard Reef should be luded into the Critical Zone and the contact to the Main
Zone to be placed in the hanging wall of the Bastard Reef in a unit called the Giant
Mottled Anorthosite (SACS, 1980; Mitchell and Manthree, 2002; Cawthorn, 2015)
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2.4 Previous work orchromitite layersn layered intrusions
The occurrence of thick chromititésthe Critical Zonas prodematicowing tothe low

chromium solubility in dasalticmagma.This solubility is so low that chromite usually
appears associated wittilicate minerals as disseminatedfor example in dunite or
orthopyroxenite. Rarely should a chromitit@yer appearand it should not reach
thicknesses of a metre and abolepressing question is thus haufficient amounts
chromitecould havecrystallisedto produce the chromitite layers of the Critical Zone in
the Bushveld CompleXA multitude of chromite formation models have been formulated
to address these problenf3ossible solutions include continuadlow of primitive
magma, magma mixg) pressure changesmplacement of chromite ladesturiies or
secondary alterationln the following the most relevanbf these modelswill be
presented,grouped into models involving gravity settling, models involving the
emplacement of a slurry, models involvingsitu crystallisation and models involving

postcumulusalteration.

2.4.1 Chromite formation in the magma column agrevity settling

Severalmodelsinvolve processes that would have saturated the magma in chromite,
thereby making it the sole liquidus phase in the chanitber presented modetsnsider
chromite to have crystallised in the magma column and subsequently precipitated to the

chambeifloor.

Hill and Roeder (1974tonducted an experiment of melting and quenching on two
basaltic samples to determine the effect of oxygen fugacity on chromite and magnetite
crystallisation. They found that high oxygen fugacity expandestdbdity field of spinel
(chromite and magnigt), but thathis expansiomas also dependent on Cr content, MgO
content, TiQ content and the presence or absence of pyroxene as a stable phase in the
crystallisation history. Of interest is that they determiage@mperature range between
about 1250 ad 120@ Qdependent on oxygen fugacity) in which the amount of chromite
increases with decreasing temperatures. ftadelwas later put into question tyine

et al. (1983)who suggested that the oxygen fugacity might in itself be a result of magma
composition and thus correlate with, but natsms, chromite stabilityt was also found

that, wrereasoxygen fugacity might initiate chromitzystallisation, it does not control
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the composition of chromititggiulbert and Von Gruenewaldt, 1988he model did not
receive much support wworks after that.

Irvine (1977)pointed out that, on a &Ds-SiO-MgO phase diagram, the oliviidliromite
cotectic boundary is curveA magma fractionating along it would produce olivine and
chromite followed by orthopyroxene. If a primitive magma of the same initial
composition as the crystallising one were to intrude the chamber, the two magmas would
mix along a straight line betweeheir compositionsOwing to the curvature of the
olivine-chromite boundary, the mixing line would be situated in the field of chromite
stability. The resulting magma would therefore be saturated in chromite alone. The
presence of chromitites is thus expéble by mixing of magmas of evolved and primitive
composition that are located along the same liquid line of desthist.model was
devised for the Muskox intrusion, which is richerolivine than the RLS, but can be
applied to the Bushveld Complas well(Scoon and Teigler, 1994; Naldrett et al., 2009)

In a later modellrvine et al. (1983)xpanded on thaypothesis of magma mixing,
proposing the magma to become stratified in the chamber, undergo -ddtuseve
convection and crystallise rock layerssiu. This model is described more in detall
below.

A similar mixing process was proposed lyine (1975) between a primitive magma
influx and siliceousmelt from the roof of the magma chamb@uwing to the lower
liquidus temperaturesliceousrock would produce considerable melt quantities. Sudden
mixing between primitive andlEceousmeltwould be initiated by tectonic processes or
continued magma influxThis process is supported i§innaird et al. (2002)who
proposed thaa new magma influx would intrude at a fountain intoréggdent melt and
reach theehamber roof, melting part of ithe primitive magma and roof melt would mix
because athe turbulent movement of the magma fountaims mixturewould be in the
chromite stability field, butoo hot to crystallise anythindt would descend to the
chamber floor and partly erodenitving tobeing in chemical disequilibrium with tileor
rocks Upon cooling, the mixed magma wouldstallise chromiteThis modelwas later
supported by a chemical studykdttke-Levin et al.(2009)
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Cameron (1977, 1980)ejected magma mixing as a possible cause of chromitite
formation on the grounds that the appearance of several of the chromitite layers shows no
relation to mgor fractionation trends (e.g. to Mg# variatio@opntamination fronfelsic

host rockwas also rejected, aswould showan increasedsilica and alkalicontent
However,the alkali contentn chromite rich rockwas found to bdower than that in
chromite poor rocks of the Critical Zor{€ameron, 1980)instead, he proposed that
changes in pressure in the magma chamber would have expaddaxhaacted the field

of chromite stabilitymostly at the expense of the anorthosite fi€ldthis model had
previouslybeenproposed to change chemical trends (e.g. Mg#) in the Critical Zone of
the Bushveld CompleMcDonald, 1967and in the Stillwater Compleidackson, 1961)

To explain the presence of chromitite layetse mhagma compositiorwould have
originally beeneitherin theorthopyroxendield or theolivine field, close to theboundary

with the chromitite field. Changes in pressure would thus have movsdtundary
across the magma compositiom other words, the magma composition would have
movedin and out of the chromite stability fielBossible causes fpressure changes are
faulting around the intrusive contactipture of the chamber wallsew magma entering

the chambe(Cawthorn, 2005pr part of the magma leaving the cham@dcDonald,

1967) In a study of the Stillwater Complex,ipin (1993) supported a chromitite
formation model of pressure increase and pregeslume increase of C{as a possible
cause for the pressure increasbe authors of modelinvolving changes in pressure
stress that pressure changes would influence the entire magma chamber at the same rate
and thus explain the wide lateral continuity of chromitite layers better than hypotheses

involving magma mixing or changes in oxygen fugacity.

The main challenge to wdels involving gravity settlingomes from field observations
by Latypov et al.(2013, 2015,2017, 2017 in chromitite uniformlydraping over

depressionand bulges in their footwall arelyen overhanging walls. Especially for the
case of chromitite on overhanging walldiierent or additional mechanism of chromite

deposition to gravity settling needs tofband
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2.4.2 Slurry models

The mechanismsresented in the previous chapténagma mixing, roof rock
contamination angressure change) would cause chromite crygtdtsm in the magma
chamber. Opposed to these ideas are models suggesting the previously crystallised

chromite to have been transported into the magma chamber as part of aictystatry.

Eales (200) pointed out thatpwing to the low solubility of chromite in a magma,
unrealistically large amounts of magma would be needed to crystallise the amount of
chromitite present in the Bushveld Complex. He proposed that there may have been a
staging chamber, in which significant amouafschromite had been crystallised from
early magma pulses. Subsequent pulses of chromite saturated magma would have
scavenged chromite microphenocrysts from the staging chamber and brought them into
the Bushveld chambeEales and Cawthorn (1996pd deducted, from relatively low

Mg# in lower Critical Zone rocks, that Bushveld magmas musgé hendergone some
degree of fractionation before entering the magma chamber, suggesting the presence of a
staging chamber. This model was supported with slight variations by later studies
(Mondal and Mathez, 2007; Voordouw et al., 2009; Mungall et al., 2016; Kaufmann et
al., 2018; Lesher et.a2019) BothEales (2000) and Mondal and Mathez (20@0pose

a chromiteolivine-orthopyroxene slurry to have entered the magma chamber. Separation
of chromite from the silicate minerals to form a chromitite layer may haveenad by

a process called kinetic sieving. In this process small grains would fall through the gaps
between larger grains to form a bottom lafdarsh, 2004) This would be applicable to

the Bushveld, as chromite grains are alwagsificantly smaller and also denser than
olivine and orthopyroxene grains (ekales, 2000; Kaufmann et al., 2018pordouw et

al. (2009)suggested chromite rich slursi¢o have intruded into fractures of already
consolidated host rock and thus to postdate both footwall and hanging egdlér et al.
(2019)postulated a slurry edaining phenocrysts of only chromite to have intruded the
magma chamber. The origin of this slurry would have been a magma ascending from
depth and transgressing a layer of banded iron formation below the Bushveld Complex,
which it would partially melt. ie oxide phase would have been preserved as iron oxide
phenocrysts and upgraded to chromite phenocrysts by the ascending magma.
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Maier and Barne§2008)argued that it is hard to envision a slurry spreading evenly in
the magma chamber to produce laterally consistent chromifibes. instead proposed
thata slurry originatedrom Adown-dip sliding of semiconsolidatectrystal mushe
response to late magmatic sagging of¢che nt r e of (Maiex and Bares,u si on o
2008) Chromite would have previously been disseminated in silicate lay®tke whole
structure slumped towards its cenaenixed slurry would have formed and sorted during
downdip movemento form chromitite layeréMaier et al., 2013)This process may have
been aided bipuild-up of heat and/or fluidisation dhe footwall to chromiteich layers.
This model is supported yaier et al. (2013)who cite crustal loadingwing tomagma
emplacement as the mamtiator of the slumping processimong the morphological
structures used biMaier and Barnes (2008s evidence for this processe lateral

changes in chromitite thickness and bifurcation of chromitite layers.

An interestingversionon modesk involving an dvine-chromite slurryhas been recently
formulated byKaufmann et al. (2018)ased on a petrological study of the MG1 and its
orthopyroxene oikocrysts. €ir model suggests that chromite and olivine settled
together without sorting,and that the olivine crystals were seljuently altered to
orthopyroxene by evolved fluids pressed out of the footaxaihg tothe weight of the
chromiteolivine cumulate. Melt in the cumulate interstices would have caused chromite
grains to grow in size and orthopyroxene grains to develgmikilitic rim. This
mechanism does not require crystal sorting to produce chromitites containing poikilitic
orthopyroxenelt is, however, limited to chromitite layers containing orthopyroxene
oikocrysts.

Slurry models involving kinetic sievingave beerhallenged byCawthorn(2003)on the
grounds thaSt o K.awdwsuld predict olivine and orthopyroxene to sink faster than
chromitite and not the other way aroumateed the sinking speed controlled by both
density and grain size. Adromite crystals in the Bushveld Complex are much smaller
than orthopyroxenermlivine crystalsit would have been impossible for chromite to sink
faster than the other mineralurthermoreLatypov et al. (2017bargued thakinetic
sieving on a large scale involving chromite crystals is preventeghitmmite nucleating

on other crystals (e.g. orthopyroxene) and therefore being attached to them.
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2.4.3 In-situ crystallisation

The mode of deposition of igneous rocks has long been discusseddmpbell, 1978,
1996) Whereasthe so far presentezhromitite formation models postulate chromite to
have seted from the magma colun{ivicDonald, 1967; Cameron, 1977; Cameron, 1980;
Eales, 2000; Naldrett et al., 201®)ere areseveral models #t propose it to hailermed
in-situ on the chamber flogirvine et al., 1983; Latypov et al., 2013typov et al., 2016;
Latypov et al. 2017a; Latypowet al, 201D; Latypov et al., 2018 or at the contact
between two previously emplaced lithologfBscholson and Mathez, 199Ilhe models
involving gravity settling have previously been presented. Here, modet®ging
chromitites to have crystallised-sity, i.e., directly at the chamber floare presented

Mixing of two magmas of different original compositions is proposedriipe et al.
(1983) When applied to the Bushveld Compldxe tmodel wouldnvolve an ultramafic
magma underlain by an anorthositic magma, which is denser becauseiafy colder.

It predicts thathe upper part of the anorthositelt layer would mix with the lower part

of the ultramafiamelt layer, thus forming a hybrid layer beterethe two.This mixing
process wouldepeat at theipper and lowecontacts of the hybrid layer, thiisrming
several layers of hybrid melll of which would have different compositiarisach of
these layers would, upon cooling, crystallise a distinttiology. Cooling and
crystallisation from the hybrid layers would not happen at their base, but at the edges of
the chamber and continue inwar@systallisationwould fractionate anbeat the magma
thus initiatingconvective currents in each of the lesif@/Vhenever magma of one layer
fractionates enough, it would mix with the layer aboMais modelhad been developed
with the StillwaterComplex in mind andredictsolivine to crystallise among the first
phasesThe scarcity of olivine in the RLS is egihed by theanorthositic magma in the
case of the Bushveld containimgore silica than that in the case of the Stillwater
Complex.Campbell and MurcK1993) expand orthis model and the model divine
(1977) as they proposan ultramafic layer to have intruded below restitic magma
resulting in the bottom layer to be batbnserpwing toits composition, and hotter than
thetop layer. A hybrid layer would have formesimilarly to the descriptio above. The
hybrid layer would have reached chromite saturation after the motteiref (1977)
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Nicholson and Mathez (199Heveloped a model for formation of the Merensky Reef
including its thin basal and top chromitites. They propose the formation to have been a
metasomatic event with the protolith consisting of partially molten leuconoritéaover

by pyroxenite, which was also partially molten, but to a lesser extent than the leuconorite.
Water vapour would have percolated through the fractures in the footwall and become
trapped at the mefich horizon. The addition of fluid would have favodréne melting

of leuconorite and shifted the resulting melt into the chromite stability field. Upon
cooling, chromite would therefore have been the first phase to crystdidbez and
Kinzler (2017)later supported thisiypothesiswith thermodynamic modelling of the
process.lt is impatant to note thathis model was developed specifically for the

Merensky Reef and was not meant to explain the thick LG, MG and UG chromitites.

A model by Veksler and Hou (202@yoposesaddition of water vapour to a restitic

magma. They demonstrated expenally that the addition of kD to the magma would

cause hydration melting of both plagioclase and pyroxene and that chromite would be the

only stable phase in the hydrated melt. This would cause magmatic erosion of the footwall

and in-situ crystallisation of chromititeThe water vapour might have originated in

country rock below the Bushveld, which was proposedhnu et al. (2021fpr the UG2.
However, this is based on abnormally high U

to this layer.

Evidence foin-situ crystallisation of chromitite has been drawn from chromitites draping

over overhanging footwall and being of constant thickness in depressions, such as
potholeqLatypov et al., 2013, 2015, 2017a, 2011atypov et al. (20153uggested that

primitive and evolved magmas could have mixed and édasuperheated basal hybrid

flow that couldhavethermally erodd the footwall. Laterthis modelincorporated a
primary melt that had ascended directly fro
magma chamber as a decompressionally superheated basal flow that avoided mixing and
started off by thermally eroding the footwélatypov et al., 2018. In both cases, the
superheated magma would eventually cool to start crystallidingnite as its first

liquidus phase. In the former case, the hybrid magma would have been chromite saturated

through the mixindLatypov et al., 201%whereas, the decompression in the latter case
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is sufficient to induce chromite saturation through a pressependent change in
topology of a phase diagranm both cases, it is envisioned tresich chromitite layer,
furthermore, formed through several injections of more primitiveégmas.This is
consistent with the LG5, MG2 and UG12 chromitites consisting of several sublayers
that show distinct Pt/Pd ratiosc are locally separated by discontinuous silicate layers
(Latypov et al., 2017b)A similar explanation for the compositionally composite nature
of the UG2 wagyiven byHornsey (2004)Cawthorn (2011), Junge et al. (2014) and
Kaufmann et al. (2019)whereasVeksler et al.(2018) argue that the geochemical
zonation resulted from the-sgjuilibration of cumulus crystals with pped liquid.

2.4.4 Out of sequence emplacement

Most of the above discussed models of chromitite formation imply that chromitite layers
developed in sequence, that is after the formation of their footwall and before the
formation of their hangingvall. In contrast to thisout of sequence intrusive origin of
chromitites was proposed Moordouw et al. (2009Mungall et al. (2016andScoates

et al. (2021)Mungall et al. (2016%tudied UPb ages for the RLS and report#der rock
layers overlying younger rock layers. Because of thisy suggested that MG and UG
chromitites intruded into already solidifieubritic rocks of the upper Critical Zones as
(olivine)-orthopyroxenechromite slurries. These slurries would have remeltedehost

rocks, deposited chromitites and orthopyroxenites, before the restitic liquid draf par
the orthopyroxene phenocrysts from the sill would have been flushed out of the sequence.
Scoates et al. (2021id a more thorough dating of zircons, baddeleyites, rutiles and
titanites. The rather chaotiirconages ledsScoates et al. (2021hem to the hypothesis

that the entire Rustenburg Layered Suite formed as a stack of sills intruding out of
sequenceAlthough the agesare compelling, the stigs do not present any geological
evidenceao supporthis hypothesige.g. chromitites transgressing their hanging wah)
pointed out byLatypov and Chistyakova (2021Jhere is thus a disagreement between

isotope ages and geological observations in the Bushveld Complex.
Voordouw et al. (2009propose that a chrom#ech slurry would have intrudethto

fractures within host rock. This model is based on the UG2, taken in drill cores from Two

Rivers mine, and on the bifurcagjy UG1, a structure best preserved at Dwars River
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location, where thin layers of bifurcating chromite appear below the UG1 chromitite.
Voordouw et al. (2009bbserved thin chromitites to cut through largéhopyroxene
crystals in host rock and inferred that they must have been emplaced after the host rock
had already solidifiedDespitepresenting geological evidence, this model is limited to
thin chromitite seams in the UG1 and UG2 sequences, as onlg#mssnay be formed

by this process

A process that is worth discussing as well, is aimed at features within a chromitite layer,
rather the chromitite itself. \Wdneasthe chromitite itself may have crystallised in
sequence, postcumulus processes are invoked to have formed sublayers V@thenit.
thatseveral sublayemere foundn the LG6 chromitite, it is necessary to discuss whether
these originated from cumulos postcumulus processéspopular postcumulus process

to produce layering in the Bushveld Complex, called trapped liquid shift, was proposed
by Barnes (1986and stipulates that +equilibration of cumulate with interstitial fluids
may form the semblance of layers. This has been attributed to orthopyrexeniite
successions in the upper Critical Zofi®arnes, 1986Cawthorn, 1996) The model
involving trapped liquid shifivas later adapted to explain apparent sublayering in the
UG2 chromitite layefVeksler et al., 2018)n this case, the process is used to describe
sublayering within a chromitite,ob the origin of the chromitite itself, whicVieksler et

al. (2018)do not discusdt is important to note that many of these models are developed
with specific layers in mind, wdreagheir authors suggest that distinct amitite layers

may have formed through different processes.

2.5Potholes
Circular to elliptic @pressionare observeth thelayers of the RLS and called potholes

Most potholes have been earlier reported below the Merensky\Rgeén et al., 1986;
Ballhaus, 1988; Latypov et al., 2015, 2089)d, to a lesser extent, the UG2 chromitite
(Lomberg et al., 1999; Van der Merwe and Cawthorn, 2005; Maier et al., 2016; Latypov
et al., 2017h)Potholes of the Merensky Reef have variable shapes in-geotsn,
between having smooth flanks, st&paped flanks or steep to overhandiagks, with a
layerconform base. The Merensky Reef thins out in steep portions of the pothole and
thickens in flat portions of the pothd€iljoen et al., 1986)Potholes of the UG2 mostly
have smooth flanks and can dithershallowor steep Rarely were potholes observed in
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MG or LG chromititesAny relationship between pothole flank inclination and thickness
of the chromitite layedraped over ihas yet to be established for the UG1 or UG2 (see
Fig. 19 of Latypov et al., 2017b Given that chromitites are often associated with
potholes, chromitite formation models may be constrained by the behaviour of chromitite
in potholes.Chromitite and pothole foration modelsmight even go hand in hand.
Because of this, a felwpothesesf pothole formatiorare discusselere.

One of the most straightforward models tioe pothole formation comes fro@ampbell
(1986)and states that potholes are erosive feattaesed by convectingagma currents.
This was supported by experimgshowing thapotholes couldeformedby convecting
liquid if a point of weakness i.e., a fracture, was already preshaetexperiment involved

a convectingsaltwater solution acting amnslab of ice, which contained cylindrical holes.
The liquid would erode thiganks of the holes, widening them and giving them a pothole
shape An erosive model for pothole formation was applied to Merensky Reef potholes
by Latypov et al. (2015)Potholes of various sizes would have been formed through

thermoclemical erosion by a superheated hybrid magma.

Ballhaus (1988)proposed that potholeés the Merensky Reafepresent areas oion
depositionwhere volatiles exiting the footwall lower the liquidus temperagm@ugh to

preventmeltfrom crystalligtion

Boudreau(1992)propseda model of pothole formatiomasedn observationfom the

Merensky Reef in the Bushveld Colep and the <M Reef of the Stillwater Complex.

This hypothesisuggests that potholes form similatdythe sedimentary phenomenon of

a sand volcandn this process, volatiles would build up below a solidified, relatively
impermeable layeOnce thevolatiles reach a certain pressure, they break the layer,above

|l eaving a ndcr at er aandiradissbhing existimgprocks of a pot hol

Carr et al.(1999) have examined Srisotopic study of the Merensky Reahd its
footwall, which yielded distinct isotopic signaturies the two. Theyjuestion therosive
formation modelgor Merensky Reef potholesn the grounds ahe isotojic signatures

showing no footwall assimilation. Insteathey favour a model of pothole genesis
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involving the tensional deformation of the footwals a response toagmatic loding.

The potholes arthus proposed to be pdpart structures which were subsequently filled
by Merensky Reef. It is noteworthy hetkatfootwall erosion by a convecting magma
(Campbell, 19863loes notequire forthe Merensky Reef in the pothole to have a similar
Srisotopic signature to the footwall, as assimilated footwall material may have been
movedaway from the pothole by convective magma currents.
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3 Fieldobservations of chromitites

3.1 Methods
Morphological and petrologicalbservationf chromitite layers and their host rocks

from a total of thirteenlocations throughout both the Eastern and Western Lobes were
used to study the LG6 chromitite and the ptete MGsuccession (MG to MG4
chromitites) both in open pit outcrops asll cores (Fig.3).

The lowermost LG6 chromitite was studied in outcrops at Jagdlust in the Eastern Lobe
and at Kroondal in the Western Lobe. The LG6 chromitite wasiadgeected in drill

cores fromJagdlustand Doornboscin the Eastern Lobe ari{toondal and Waterval in

the Westerrobe (Fig. 3).

MG chromitites were examined in outcrops at Spitskop, Spitsvale, Hoeggenoeg and
Thorncliffe in the Eastern Lobe, as well as Kameelshoek and Zandfontein in the
Western Lobe. Drill cores of MG chromitites were studied from Spitskop, Thorncliffe,
Magareng and Helena in the Eastern Lobe and from Kroondal and Waterval in the
WesternLobe (Fig.3).

Additionally, chromitite layer thicknesses were tabulated from a wider database of drill
core measurements provided by mining companies at the above listed locations.
Chromitite layer characteristics were deemed as local when only appearing at one location
and regionalvhen recognised at several locations throughout the complex. According to
this subdivision, characteristics were given different degrees of importance in
determining the most viable model of chromitite formation. This study gives preference
to a chromititdformation model that is corroborated by regional characteristics and is not

contradicted by local features.

3.2 Field observations atucrops
In the following, observations made at eacicrop(Fig. 3) will be listed. Not all othese
observations are noteworthy to be discussede frame of this studyHowever for data

preservatiorihey aredescribecheretoo.
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Figure 3: Location visited in the Bushveld ComplexEastern Lobe: El-Zeekoigat, E2Jagdlust, E3Doornbosch,
E4-Spitskop, E5Spitsvale, E6Hoeggenoeg, E-Thorncliffe, E8-Magareng, E9Helena. Western Lobe: W1-
Kameelshoek, W2Waterval, W3-Kroondal, W4-Zandfontein.

3.2.1 Zeekoigativerbed

Bushveld rocks arexposed in a riverbedt Zeekoigat29°49'6"E 24°15'34"S(E1 in

Fig. 3) A rock sequence ranging from LG5 to MG3 appears here. The LG5 chromitite
contains filledfractures(Fig. 4A). The LG6 package contains two chromitites, which
appeartobd i ppi ng at a hi g4B). Aasmgdtren MGbchremititeob ¢ ) ( Fi
about0.1 mthickness is preser@wing toweathering and a low colour contrast between
the chromite and orthopyroxene, the nature of MG1 contacts could not be inferred. The
MG2 oonsists of a singl€).5 m thick chromitite. Its lower contact is characterised by a
fine interlayering of chromitite stringers and footwall melanorite, a structure called zebra
rock (Fig.4C). The upper contact is sharp; the hanging wall consists oftespgroxenite

layer that exhibits flame structures into an anorthosite layer above igd{®igClose to

the MG3, the anorthosite shows chaotic mixing with orthopyroxenite. The MG30i8ca

m thick and contains orthopyroxenite autoliths featuring aimeadm (Fig.4E and F).
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Figure 4: Some details of the riverbed outcrop at Zeekoigat, Eastern Lobe (E1 in Fig). Here a sequence of
chromitites is exposed, containing a strongly weathered LG5 chromitite (A), a LG6 chromititpackage that is
strongly tilted (B), a MG2 chromitite with zebra-type rocks at its lower contact (C) and flame structures at its
upper contact (D) and a MG3 chromitite that includes some autoliths with reaction rims (E and Fl.he hammer
in the photographs is 0.3 m long.
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3.2.2 Jagdlust

Jagdlust(E2 in Fig. 3)is an inactive opepit ming situated aR9°53'2"E 24°16'10"S

that reveals a considerable strike length of the LG6 chromitite at a total of seven outcrops.
The LG6 packageonsists of two chromititéayers the LG6 and the LG6a.he LG6
chromititeis ca 1.5 m thick and appears in orthopyroxenite host rogkout 1 m of
hanging wall orthopyroxenite separate it from tierthick LG6a.This layer is in turn
overlain by 8m of orthgpyroxenite above which a layer of melanorite is presdine
entire stratigrapioal sequence of footwall, both LG6 and LG6a chromitite layers and the
hanging wall are exposed at two of these outcrops. At the other five outcrops, the footwall
is typically hidden whreasmost of the lower chromitite layer (LG6), the entire upper
chromtite layer (LG6a) and the hanging wall are exposede location presents an
exception to the spacing betwettre LG6 and LG6achromitite layersHere, the two
layersare separated by®m of orthopyroxenitgFig. 5A). A thin chromitite stringer is
present in this abnormally wide orthopyroxenite laged a0.3 m thick pegmatoidens

is underlaying thd.G6achromitite The morphology of the LG6a chromitite layer does
not appear to be influenced by the pegmatoid lénshin but continous layer of
orthopyroxenite separates the uppermost few cm of LG6a from the rest of th@-lgyer

6). At one outcropa chromitite stringer appears. 66 mabove LG6aThe LG6contacts
may beeithersharpor gradational Furthermore, the hanging wall contact may feature a
layer of orthopyroxenite with disseminated chromititigig. 7). This layer hassharp
contacts to both the chromitite and the orthopyroxenite.one outcrop, the
orthopyroxenite between LG6 and LG6a @ons a lower portion with high amounts of
interstitial feldsparThe LG6 at this location contains several sublayers, which will be

discussed further below.

Several orthopyroxenite inclusions of a few ondiametereach were observed in the
LG6 and LG6achromitites. Many of themappear to be situated at a consistent
stratigraphic height, although not enough of these small inclusions were obsenada:to

this observation with confidence.
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Chromitite

Chromitite

Figure 5: Comparison in spacing between LG6 and LG6a in two outcrops at Jagdlust, Eastern Bushveld (E2 in
Fig. 3) in photograph (upper part) and sketches (lower part). In this and subsequent figures, sketches are added
to better delineaterelevant structures. A) Photograph and sketch of abnormally wide spacing of 2.5 m between
the LG6 and LG6a chromitites. A thin chromitite seam is present between them. B) Photograph and sketch of
the usually thin spacing (only 1 m) between the LG6 and LGG6chromitites.
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chromitite

Figure 6: Detail of the LG6a chromitite at Jagdlust in photograph (A) and sketch (B). A thin orthopyroxenite
layer is contained in the uppermost part of the chromitite. This is a pervasive feature of the LG6a at gdlust.
The hammer in the photograph is0.3 m long.
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orthopyroxenite

orthopyroxenite with disseminated chromite

chromitite

Figure 7: Photograph (A) and sketch (B) of dsseminated chromite in the immediate hanging wall of the LG6
chromitite at Jagdlust. This structure is present in some outcrops offiis location and differs from agradational
contact, as the area of orthopyroxenite with disseminated chromite exhibits sharp contacts to both the chromitite
and the orthopyroxenite. The hammer in the photograph is0.3 m long.

Whereaschromitites throughout the Bushveld Complex may contain ortloceye or
plagioclase primocrysts (up to a few mm in size) or oikocrysts (OR2tm in size), the

LG6 chromitite at Jagdlust exhibits a vertical zonation that is based on the character of
orthopyroxene crystals. Thus, a totélfive sublayers can be regnised from the base
upwards throughout the LG6 chromitite (FB). The lowermostsublayer 1 contains
orthopyroxene primocrysts. It is overlain by a sublayer 2 with only chromite as a cumulus
phase. Sublayer 3 is generally the thickest sublayer and im®ntathopyroxene

oikocrysts. Sublayer 4 is again made up of cumulus chromite ondyeatthe uppermost
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sublayer 5 contains orthopyroxene primocrysts just as observed in the lowermost sublayer

1. This symmetrical subdivision is clearly defined at Jagdinsl characterises all its

outcrops, although in some cases a missing sublayer 4 allows sublayer 3 to directly overlie

a sublayer 5 (Fig9). Sucha prominent subdivision is not, however, observed at other
studied | ocations. F otcrops, thes £GH rclor@mijtite bosts Kr o o n
orthopyroxene oikocrysts throughout the entire exposed portion of the layer.
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Figure 8: Photograph (A) and sketch (B) indicating that the LG6 chromitite is composed of at least five sublayers
at Jagdlust. The hammer in the photograph (A) i9.3 m long. The five sublayers are marked with numbers and
are represented in the sketch (B) with different colours according to their petrological characteristics. A sublayer
1 contains orthopyroxene primocryss, a sublayer 2 is comprised of cumulus chromite only, a sublayer 3 includes
orthopyroxene oikocrysts, a sublayer 4 consists of cumulus chromite only and a sublayer 5 again contains
orthopyroxene primocrysts.
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Chromitite
containing opx

primocrysts

Chromitite
containing opx
oikocrysts

Figure 9: Photograph (A) and sketch (B) of the LG6 chromitite showing a case when a sublayer 3 is overlain
directly by a sublayer 5 at Jagdlust. A sublayer 4 that is composed of cumulus chromite only is missing from
here. The hammer in tre photagraph has a length 0f0.3 m.

A prominent LG6ahromititeoffshoot was studied anhe of the outcrops (Fi§@0A). The

LG6a chromitite drapes over a 6 m wide and 0.3 m high footwall bulge. On the right side
of the bulge in FiglO0A, a thin offshoot peetrates the footwall laterally for about 5 m,
maintaining the stratigraphical height from the base of the layer on either side of the
bulge. The LG6a chromitite overlying the bulge furthermore thins so that its hanging wall

contact is only slightly mordevated than the top of the layer on either side of the bulge.

A large autolith in the LG6a chromitite appears to be attached to its footwallL(BY.

and could rather be interpreted as an erosional remnant of the orthopyroxenite footwall
and occupyinghe lower half of the LG6a chromitite, since only its edges are underlain
by a chromitite stringer. As typical for most chromitite layers that host large autoliths or
erosional remnants, the top of the LG6a chromitite remains flat and thettefdr&6a

thins above this large block.
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Chromitite

Figure 10: Examples of relations between the LG6a chromitite and its footwall in photograph (upper part) and
sketch (lower part). A) The LG6a chromitite drapes over a ca. 6 m wide and 0.3 m thick bulge in the footwall. A
chromitite offshoot intrudes the footwall sibhorizontally at the height of the base of the LG6a chromitite. B) An
erosional remnant in the LG6a chromitite at Jagdlust. The erosional remnant is part of the orthopyroxenite
footwall. It occupies about half of the thickness of the chromitite layer, whitmaintains the top at the same level

above the autolith as elsewhere in the outcrop.
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3.2.3Doornbosch

At Doornbosch(30°10'8"E 24°3908"S, E3 in Fig. 3) a LG3 chromitite of only a few
cm thickness is visibleStrong faulting, which displaces th&3 chromitite, and a large
pegmatoidcbipe arevisible (Fig. 11A). The LG3dips downward close tihe dunite pipe
(Fig. 11B). Petrologically, some interstitial plagioclase was observed in the chromitite.

pegmatoid

Figure 11: An overview of the outcrop at Doornbosch, Eastern Lobe (E3 in Fi@). A large pegmatoid is exhibited
in the outcrop (A). The LG3 chromitite is exposedlose to it ).

3.2.4 Spitskop

Spitslop (30°09'24"E 24°4803"S, E4 in Fig. 3) exhibitsa sequence of MG1 to MG4
chromitites The upper portion of a MGdhromitite is visible above the floor. Its hanging

wall is leuconorite Above that, two layers of MG2 are visil{leig. 12A). A 3 mthick of
anorthositdayer separates the MG2 packdigan the MG3 packagée'he MG3 package
seemingly also consists of two chromiti{egy. 12B). According to PiweKuhle Dalasile

(2019 pers. comm.}jhe site geologistMG2 and MG3 packages originally contained 3
chromitite layers each but the upper layer hasncebeen minedA thick leuconorite
separates the MG3 from the MG4 package. The MG4 package also consists of two
chromitite layergFig. 12B).
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A shallow pothole contagthe MG2packaggFig. 13). Several pegmatoids are present
here at the lower contact lbbthMG2 chromitites The chromitites sag downwards where
they are in contact with pegmatoidéhe sagging at pegmatoids causes the chromitite
layers to exhibit undulating morphology (Fig3B red circles). The lower MG2
chromitite is discontinuous the centre of the pothobind apegmatoid appears at the
discontinuity. Just above the pegmatoidjiscontinuous middle chromitite is present
between the lower and uppdG2 chromitites. This middle chromititesags downwards

at its contact with th@egmatoid The uppeMG2 chromitite layer seems to exhibit a
short protrusion into its hanging wall (FI3B red arrow)However, it is not possible to
determine if the protrusion is caused by chitdenis intruding into its hanging wall or by

the hanging wall intruding the chromitite.

Rubble

Leuconorite

10m

Chromitite

Figure 122 The MG chromitite sequence is exposed at Spitskop, Eastern Lobe (E4 in FB). A single MG1
chromitite is overlain by leuconorite (A). The MG2, MG3 and MG4 packages consist of several chromitites (B).
In some caseghe uppermost chromitite of a MG paclage was removed by mining.
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Figure 13: Photograph (A) and sketch (B) of a pothole associated with the MG2 chromitites at Spitskop mine,
Eastern Bushveld. The pothole is shallow and relatively smooth. Several pegmatoidal pockets present below
and between the chromitites. On the left side and in the centre, portions of chromitite bend downwards into
pegmatoidal pockets (red circles).

3.2.5 Spitsvale

Spitsvale(30°08'02'E 24°51'14"S E5 in Fig. 3)showsMGL1 to MG4 (Fig. 14). The
outcropfloor consists of an MG1 chromitité 4-6 m layer of orthopyroxenite above it
is overlainby the MG2. This package consists of a single chromitite ldgehanging
wall is composed of a discontinuous anorthosite layer, separating it fromAM&&veral
places MG2 and MGare in contact with each otheéFhe MG3 consists of a single
chromitite layer as wellA 3-5 m thick leuconorite separates MG3 and M@4thin
orthopyroxenite layer appears below the MQ4e MG4 package consists of two
chramitite layer, MG4&aand MG, which are separated by orthopyroxerniliee hanging
wall of the MG consists of a thin layer of orthopyroxenite overlain in turn by
leuconorite Orthopyroxenite stringers, just a few cm thick, appear in MG2, kvl
MG4b.
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A pegmatoid pipés visibleabove the MG3Fig. 15). At the appearanad thepegmatoid,
the MG3 is fracturedThe pegmatoidransgreses the MG4 at a large fracture and the
MG4a dips downwards within th@egmatoid Several chromitite clastappear in the

pegmatoidoelow the MGA4. It is inferred that these are chunks of MG4 chromitite that
have sunk into thpegmatoid

Leuconorite

Figure 14: MG chromitites are exposed at Spitsvale, Eastern Lobe (E5 in Fig). The MG2 and MG3 consist of

a single chromitite each and are separated by a relatively thin anorthosite layer at this location (see Table 3 for
comparison). The MG4 consists of two chnmitites.
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Leuconorite )
Pegmatoid
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Anorthosite

Orthopyroxenite

Figure 15: A pegmatoid pipe at Spitsvale appears above the MG3 chromitite and transgresses the MG4
chromitite. Several chromitite clasts are contained in the pegmatoid. They are inferred to have been detached
from the MG 4 layer and sunken into the pegmatoid.
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A pothole is present ithe MG4 chromitite packagelt is rounded and transgresses the
leuconorite below the MG chromitite At the centre of the pothole tHeuconoritic
footwall is missing completelandthe MG4 package is contact with the underlying
MG3 chromitite (Fig.16). The MG4 chromitite package at this location has a thin
orthopyroxenite layer along its base, overlain by the MG4a chromitite, an orthopyroxenite
layer aml the MG4b chromitite. Téabasal orthopyroxenite pinches out along the outer
flanks of the pothole. Wdreasthe basal orthopyroxenite thereby thickens into the

pothole, the aggregate thickness of chromitites remains constant throughout.

B

Chromitite

Anorthosite

Figure 16: Photograph (A) and sketch (B) of a pothole associated with the MG4 chromitite at Spitsvale, Eastern
Bushveld. The pothole has smooth rounded flanks and a central depression. In its central part it transgresses
the norite between the MG4and MG3 chromitites. The orthopyroxenite present at the base of the pothole
pinches out towards the edges (red circles), but the MG4 chromitite maintains the same thickness throughout
the pothole. Note the late dolerite dike that cuts through the potholafter its complete solidification.
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3.2.6 Hoeggenoeg

At Hoeggenoe@30°07'28"E24°52'B"S, E6 in Fig. 3) four outcrops allow a view of the

MG chromitites. The MGO and MG1 are visible in one outcrop, the MG2 is visible in a
second outcrgghe MG4 is visible in a third outcragnd a fourth outcrop offers a view

of the MG2, MG3 and MG4 chromititeshe floorof the first outcrogonsists of a MGO
chromitite. An orthopyroxeniteof 5 m thicknessseparates it fronthe MG1 package
which consists of Zhromitite layerqFig. 17). The MG1 chromititesdescribe a gentle
dome shapeMGlachromititeis 1 m thickand MG1b chromititeis 0.6 m thick. Both
chromitites have sharp contactheir hanging wall is a melanoritS&ome pegmatoid
pockets appear in the orthopyroxenhletween MGO and MG1They consistin

descending concentratioof, feldspar both pyroxenes, quartz and chromite

Further aways the second outcroprhich could only be observed from afagcause of
mining activity. The MG2 package was observeele It consists of 3 chromitite layers

in melanorite host rock he hanging wall igsnorthosite.

At the thirdoutcrop, the MG4 package has been obsetweazbnsist of two chromitite
layers named MG4a and MG4Bbhe outcrop floor consists dhe MG4a chromitite
whereaghe MG4b chromititewas observed in a host rock of orthopyroxenitéigh
amounts of interstitial plagioclas€éhe MG4b chromitite is abou@.2 m thick, has sharp
contacts and contains orthopyroxene oikocry$te two chromitites where observed
along a path from this outcrops well Several pegmatoids are contained in the
chromitites along thipath(Fig. 18).

The fourth outcrop could only be viewed from afar. The stratigraphy from the MG2 to
the MG4 is exposed heréhe MG2 consists othreechromitite layers, each abodi8 m

thick, separated by orthopyroxenitghove is a layer of leuconorite, topped by the MG3.
The MG3 consists of a singlehromitite layer.The hanging wall is variable: a
discontinuous anorthosite layer is overlainleyconorite. This is the only outcrop that
shows MG2 in orthopyroxenitic host rockhe MG4 appears as three relatively thin

chromitite layers in leuconorite.
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Figure 17: The MG1 chromitite layers at Hoeggenoeg, Eastern Bushveld (E6 in Fig). At this outcrop the MG1
package consists of two chromitite layers, which arkosted in orthopyroxenite
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Figure 18: Exposure of the MG4 chromitite at Hoeggenoeglhe MG4 chromitite is of variable thickness at this
outcrop and contains multiple orthopyroxenite and pegmatoidal inclusions.
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3.2.7 Thorncliffe

An outcrop at Thorncliffd30°07'33"E 24°57'54"S E7 in Fig. 3)shows MG3 and MG4
chromitites The MG3 appears as a single chromiwigh sharpand undulatingontacts
TheMG4 consists of two chromitite layendsoth of which have sharp contacts to the host
rock. MG3 and MG4 chromititelayers contain numerous melanorite lenses and
pegmatoidsin the MG3 chromitite layer, a particuladgrge melanorite lens occupies
half of the layer (Figl9Barrow 1). It thickens towards the right of the image and splits
the MG3 chromitite into two layerd.these two chromitittayers merge again at all, then

they must do so on a regional scale.

Several offshoots from the MG4 chromitite into its footwall are obserietiin planar
chromitite layer protrudes from the lower contact of the MG4 chromitiferrilinto its
footwall, below the MG4 proper and terminates by pagtlyeloping a pegmatoid (Fig.

20). At the same outcrop, the MG3 chromitite might have a short offshoot into its hanging

wall, but it is unclear which layer transgresses which (E9@, arrow 2).

Wherever a chromitite layer contains a pegmatid,chromitite is warpedround the
pegmatoidT he term 6pegmatoidé in this study is
does not make any assumptions about a genetic prédtessarping d a chromitite layer

is most evident with the large pegmatoid contained in the kfddmitite layer (Figl9B

arrow 3). The pegmatoid is nearly circular in shape and the MG4 chromitifes both

downwards and upwards around the pegmatoid.
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Figure 19: Photograph (A) and sketch (B) of the outcrop at Thorncliffe, Eastern BushveldE7 in Fig. 3). The
MG3 chromitite contains several leuconoritic and pegmatoidal slivers. Some of them do not seem to end in the
outcrop and might actually extent regionally, causing a bifurcation in the chromitite (arrow 1). Several
chromitite offshoots into melanorite are observed. However, some of them might, in reality, be slivers that were
partially detached from the chromitite layer (arrow 2). In both the MG3 and MG4 chromitites, several thick
pegmatoidal inclusions are present. Both chromitites bulge around the pegmatoidal inclusions, although this is
most evident in the central part of the MG4 chromitite (arrow 3).

offshoot

Melanorite

0.1m MG3 o Fraeture

Figure 20: Photograph (A) and sketch (B) of the outcrop at Thorncliffe, Eastern Bushveld, showing a chromitite
offshoot that goes for a distance of 1.5 m laterally into the footwall. It remains more or less parallel to the MG4
chromitite. The offshoot is slightly dsplaced at a fracture (red).
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3.2.8 Kameelshoek

The MG2 and MG3 crop outt thisKameelshoekZ7°22'25"E24°44'2"S, W1 in Fig.
3). Each package is composed of a single chromitite onlyeiitire stratigraphy is folded
to the pointof chromititesbeinglocally overturnedThe MG2 hanging waltonsists of

orthopyroxenite overlain by anorthosite

3.2.9 Kroondal

At Kroondal @7°1909"E 25°42'52"S W3 in Fig. 3) an underground mine with an
extensive tunnel network intersetihie LG6 and LG6a chromititesThe LG6chromitite

is exposed in panivhereadts hanging wall orthopyroxenite and the LGffsomititeare
exposedully. The upper LG6a contact corresponds with the ceilinth@fmine shatft.
The LG6 and LG6a chromitite layers are aboutr.8nd 0.4m thick respectivelyThe
exposed portion of the LG&hromitite layer contains orthopyroxene oikocrysts
throughout.The LG6achromitite layeris about B m thick and consists of massive
chromitite. A thin layer of websteriteappears close to the base of the L@bBeomitite
At one outcropghe websteritdayer thickensbeforeendng abruptly and appeiug again
further on. Numerousorthopyroxenite inclusionsf a few cmin diametereachwere
observedn the LG6achromitite Throughout the locatiotheinclusionsall appear at the
samestratigraphidevel in the chromitite layeabout two thirdsipwards fom the base
(Fig. 212).

Several pegmatite veins have been observed ainided. They ether cross the LG6 or
originate in its hanging wallThey may cross the entire outcropping stratigraphy or be
truncated at theG6a. One curious case of a pegmatite vein was obsetlvedginates

at the contact between LG6 and its hanging walhe vein transgresses the
orthopyroxenite and is truncatedla¢ basal contact of the LG@ag. 22A). A pegmatitic

vein appears again at the contact between the LG6a and its hanging wall. The vein at the

hanging wall contadiranches downwards into the LG6a for a few(Eig. 22B).
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Chromitite

Figure 21: Photograph (A) and sketch (B) of the LG6a chromitite at Kroonda)] Western Bushveld (W3 in Fig.
3). Several autoliths of a fewcentimetresthickness are contained in the chromitite. They all appear at the same
stratigraphic height within the layer.
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Chromitite

Figure 22: A pegmatite vein is observed at Kroondal, Western Lobe. The vein is truncated by the LG6a
chromitite and a pegmatite vein is present in the hanging wall of the LG6a chromitite (A and B). The pegmatite
vein above the LG6a chromitite branches into the chromitite layer (C and D).

3.2.10 Zandfontein

The MG2 and MG3 chromitites crop outZdandfontein 27°4106'E 25°45'T7"S, W4 in

Fig. 3) Up to three chromitite layers of the MG2 package vasible (Fig.23). It is
separated from the MG3 chromitite by an anorthosite layer. One MG3 chromitite layer
was observed.
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Figure 23: Outcrop of Zandfontein (W4 in Fig. 3). The MG2 and MG3 are exposed withwo to three chromitite
layers and one chromitite layermrespectively.

3.3 Drill cores
3.3.1 Cores fromJagdlust Doornboschand Spitskop

The eastern chrome operations of Samanicmiuding a core yardare situatedat
DoornboschTwo drill cores werelogged fromJagdlust one fromDoornboschandone
from Spitskop The Spitskop drill corexhibits MG chromitites, the drill cores from
Doornbosch and Jagdlusthibit LG chromitites

Drill core WVS63 From Jagdlust intersects LG6 and LG6a. Both contacts of the LG6 are
gradational. The lowd?.1 m consist of massive chromitite, above the chromitite contains
orthopyroxeneoikocrysts (Fig.24A). These argradually less abumaht upwards. The
entire layer is about 2. mthick. The hanging wall consists of anlthick orthopyroxenite

with interstitial clinopyroxene.
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Figure 24: Details of drill core WVS63 from Jagdlust, Eastern Lobe. The LG6 (A) and.G6a (B) chromitites are
intersected. The LG6 chromitite contains a portion containing only cumulus chromite and a portion containing
orthopyroxene oikocrysts.

Above is the & mthick LG6achromitite (Fig. 24B). Both aits contacts are sharp. The
layercontains sparse orthopyroxene oikocrysts. Towards the top of the chromitite, a thin
layer of felspathic orthopyroxene appears. The hanging wall consists of orthopyroxenite
of the same characteristics as that below the LG6a.

Drill core WVS71 was taken aagdlust as well and also intersects LG6 and LG6a. The
LG6 is about B m thick and both contacts are gradational. It contains orthopyroxene
oikocryststhroughout (Fig.25A). A 1 m thick orthopyroxenite separates it from the
LG6a.

The LG6a is 0.5 m thic&nd both of its contacts are sharp. It contains some orthopyroxene
oikocrysts in its uppdd.2 m. An orthopyroxenite stringer appears near the top of the layer
(Fig. 25B).
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Figure 25. Details of drill core WVS71 from Jagdlust, Eastern Lobe. The LG6 chromitite contains
orthopyroxene oikocrysts (A) and the LG6a chromitite exhibits an orthopyroxene stringer near its upper contact

(B).

Drill core WVS15 from Jagdlust was taken for chemical analyses. It intersects the LG6
and LG6a chromitites. The LG6 chromitite is abol fin thick and has gradational
contacts. Its lowermost portioof about 0.2 m thicknesscontains orthopyroxene
primocrysts. This part is overlain byca. 0.1 m thick portion containing no cumulus
orthopyoxene. A largaarea of about 1 m thicknessntains orthopyroxene oikocrysts
and the uppermosta. 0.2 m thick portion contains orthopyroxene primocrysts. The
hanging wall consists of a cam thick orthopyroxenite, which is overlain by the LG6a

chromitite.

The LG6a chromitite has sharp contacts and contains no cumulus orthopyroxene for the
most part. Just a few centimetres below its upper contact, an orthopyroxene stringer is
present. Thisore was sampled for chemical analyses and will be discussed more in detail
in chapter4 Chemistry of an LG6 drill cote
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Drill core WV93 is from Doornbosch farm and intersects LG1 to LGfie LG1
chromitite layeris over a metre thick. It has strongjyadationalcontacs and contains
orthopyroxeneikocrysts(Fig. 26A). About0.8 m abovethe MG1 chromitite layeis a

0.2 m thick chromitite also containing orthopyroxene oikocrysts. The host rock is

orthopyroxenite.

Both contacts of the LG2 chromitite are sharp. It contains orthopyroxene oikocrysts and
a layer of equal parts orthopyroxene amdomite is found in its upper halFig. 26B).

The host rock is orthopyroxenite.

The LG3 chromitite is found overlaying a geatoid. Ithas agradationalower contact
and a sharp upper contact. It contankopyroxenaikocrysts(Fig. 26C). The hanging

wall consists of orthopyroxenite.

Higher up, leuconorite is interlayered with the orthopyroxefités structure contains
several chromitite stringerRight above this structure is the L@Aromitite(Fig. 26D).

It is about0.2 m thick and both its contacts are sharp. The chromitite contains
disseminated orthopyroxene and plagioclase crystéls. hanging wall is melanorite
which, further upwards, shows interlayering with leuconorite.

Above this, the LG5 consists ¢dvo thin chromitite layers separated by an area of
melanorite with disseminat@tiromite(Fig. 26E). This area hagradationatontacts. The
footwall contact of the LG5 package is sharp and its hanging wall contgetiational

Further up an area of chromite dissemination is preceded by a chromitite stringer. Above
that is the LG6 chromitite. Both contacts gredationaland the immediate hanging wall
orthopyroxenite contains chromite disseminatidine lowermost part of the LG6
chromitite contains orthopyroxene primocryqiSig. 26F), further up it contains
orthopyroxene oikocryst¥he LG6a hagradationatontacts and contains orthopyroxene
primocrysts throughoufFig. 26G). The LG7 is expressed as a multitude of chromitite
stringers in orthopyroxenit@ig. 26H).
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Figure 26: A drill core WV93 from Doornbosch, Eastern Lobe(E3 in Fig. 3), intersects LG chromitites These
include a LG1 chromitite with gradational contacts (A), a LG2 chromitite with a pyroxenitic portion (B), a LG3

chromitite containing orthopyroxene oikocrysts (Q, a LG4 chromitite including silicate dissemination (D), a
thin LG5 chromitite (E), a LG6 chromitite with visible orthopyroxene primocrysts (F), a LG6a chromitite

containing orthopyroxene (G) and a LG7 chromititeinterlayered with orthopyroxenite (H).

Drill core SPK184 has been taken at Spitskop and intersects the MG chromitites. The
MG1 chromitite consists of a lower3m thick chromitite, and upper 3.m thick
chromitite. Between those are 10 thin chromitites interlayeredosittopyroxenite host

rock The two main chromitite layers contarthopyroxene oikocrysts (Fig.7A). The

lower chromitite has a gradational lower contact and a sharp upper contatagtne

upper chromitite has a gradational upper contact. Its lower contact is not preseirgd

to part of the core being missing. The host rock orthopyroxenite grades upwards into

melanorite.

56



The MG2 consists of four chromitite layers. MG2a has gradatoordacts and contains

a melanorite inclusion. Both MG2b contacts are sharp. There is a chromitite stringer
present in its hanging wall. MG2c has gradational contacts and contains several portions
of orthopyroxene disseminations. MG2d has a gradationag¢rl@md a sharp upper
contact. It contains several melanorite inclusions and plagiocikserysts (Fig27B).

Above is a layer of mottled anorthosite.

The MG3 package contains two chromitite layers. Both contacts of the MG3a are sharp.
The layer contaim a few leuconorite inclusions and both orthopyroxene and plagioclase
oikocrysts (Fig27C). The MG3b has a gradational upper contact. Its leaetact is not
preserved in the drill cordlhe MG3 chromitite layecontains some pegmatoids. The

MG3 hangingwall consists of leuconorite and contains a few chromitite stringers.

The MG4chromitite packageontains two to three chromitik@yers Both contacts of the
lower chromitite are sharp. Its hanging wall is composed of orthopyroxenite with chaotic
interlayering of chromitite stringers and chromite disseminations. An area of
disseminated chromite above grades into a chromitite layer. The layer is a few cm thick
before it changes abruptly into an area of chromite disseminatiich again grades into

a chomitite layer. Both chromitite layers contain orthopyroxene oikocrysts 270).
Another chromitite layer of abo@.2 m thickness appears in the hanging wall of the
MGA4.
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Figure 27: Details of drill core SPK184 fromSpitskop, Eastern Lobe. A MG1 chromitite contains orthopyroxene
oikocrysts (A), a MG2 chromitite contains plagioclase oikocrysts (B), a MG3 chromitite contains leuconorite
inclusions (C) and a MG4 chromitite contains orthopyroxene oikocrysts.

The oikocngts contained in MG chromitites of drill core SPK184 correlate to the
petrology of the respective MG hanging wallfhe MG1 chromitites contain
orthopyroxene oikocrystghroughout (Fig.28A). The MG2 chromitites contain
oikocrysts composed of plagioclaselyg which relate to the hanging wall anorthosite
(Fig. 28B). The MG3 chromitites contain both plagioclase and orthopyroxene oikocrysts.
They are overlain by leuconorite (F@BC). Thetwo MG4 chromitites are separated by

orthopyroxenite and contain orghgroxene oikocrysts.
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Figure 28 A comparison of the MG1, MG2 and MG3 chromitites with their respective hanging walls in drill
core SPK184 from Spitskop, Eastern Bushveld. A) The hanging wall to MG1 chromitite is orthopyroxenitithe
MG1 chromitite contains orthopyroxene oikocrysts. B) The hanging wall to MG2 chromitite is anorthositic, the
MG2 chromitite contains plagioclase oikocrysts. C) The hanging wall to the MG3 chromitite is leuconoritic, the
MG3 chromitite contains both orthopyroxene and plagioclase oikocrysts.

3.3.2. Drill cores fromSpitsvale

BCR holdingsoffered several drill cores for core logginihe drill cores have been taken
from the koppies(hills) situated about a kilometmortheast of the outcrop. Driltores
generally display orthopyroxenite interlayered wititite and anorthosite and containing
thin chromitite stringers. This prevents the identification of single di@mititesand
has beeralledthe MG packagéy BCR

Corel04(Fig. 29A) has dower partcomposed of randomly interlayered orthopyroxenite,
melanorite, leuconorite and thishromititestringers. A particular area in it shows a thick
chromitite layer which grades upwards into an anorthosite layer. The anorthosite consists
of a lowermottled and an upper spotted portion. On top of that, it contains some
leuconorite stringers. The chromitite itself also contains some layers of anorthosite with
disseminated chromitites.

Above the portion of chaotically interlayered lithologies is ausege of leuconorite

containing areas of interlayered chromitite and anorthosite. The leuconorite grades

upwards into orthopyroxenite containing two chromitite layers with sharp lower contacts
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andgradationalipper contacts, as well as numerous chronstii@gers. The chromitite

layers contain orthopyroxene oikocrysts.

In drill core 105 the lower part of the sequence is interlayered melanorite and chromitite,

whereaghe upper part is interlayered orthopyroxenite and chromitite.

The rocks in dll core 107 hae a coarse grain size, wherea®ther coresheyare small

to medium grained. Its lower portion is almost devoid of chromitite layers. It consists of
interlayering of orthopyroxenite and melanorite with gradational contacts between the
layers. Disseminated chromite grains are present in the sequence. A first faint chromitite

stringer appears in the upper part of this portion.

Above is an anorthosite layer fmgd by a melanoritéfhe anorthositeontains patches

of melanorite andthe melanorite includes patches of anorthosité=urther up, the
melanorite contains a chromitite layer with a sharp lower contact gradiationalipper
contact. The chromitite conte orthopyroxene oikocrysts and inclusions of melanorite

as well as disseminations of both orthopyroxene and plagioclase.

The sequence above is orthopyroxenite containing several chromitites. A chromitite
stringer is followed upwards by a chromitite layd a few cm thickness (both contacts
are sharp), followed by a thick chromititeyéa with a sharp lower contact and containing
pyroxene primocrysts; it grades upwards into numerous chromitite layers, each a few cm

thick, and areas of chromite dissemioat

Drill core 108(Fig. 29B) has a lowe portion composed of melanorite and containing
several thin (a few cm) chromitites. Above that is2ami thick portion of melanorite
devoid of chromitites. Merely some areas of chromite dissemination appear. Above that
portion, chromitite layers and stringers are present again. Throughout this whole sequence
the host rock is melanorite. The uppermost partharacterised by orthopyroxenite
containing layers of anorthosite and two prominent chromitBeth chromitites have

sharp contacts to their host rock, both contain pyroxenite inclusions and the upper

chromitite includes an area of orthopyroxene dissation.
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Figure 29: Drill cores from Spitsvale, Eastern Lobe, contain interlayered chromitite, orthopyroxenite, norite
and anorthosite. None of the MG chromitites argoronouncedin thesedrill cores. As examples of this, drill ces
104 (A) and 108 (B) are shown.

3.3.3 Drill cores fromThorncliffe,Magarengand Helena

The core yardat Glencore Western Operatioralowed for logging cores from
Thorncliffe, Magarengand HelenaThe drill cores contain MG chromitites covering
MG1 and MG2 chromitite packages at Helena, spanning MG1, MG2 and MG3 packages
at Magareng and ranging from MG1 to MG4 chromitae3 horncliffe (Fig.30).

At Helena (30°07'40"E 24°59'8"S) the MG1 contains orthopyroxene oikocrysts
throughout excepfor its uppermost portion, which contains orthopyroxene primocrysts.

A layer oforthopyroxeniteseparate®G1 and MG2 and a chromitite stringer appears in

it. The MG2 is composed of three chraitei layerscalled MG2a, MG2b and MG2@ he

MG2a has a gradational lower contact and a sharp upper contact; both contacts of the
MG2b are sharp; the MG2c exhibits a sharp lower contact and a gradational upper contact
It wasdifficult to observeoikocrysts in this layer, as dust on the core would get stuck in
the pores betweecrystals and look similar to interstitial silicate content. With that in
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mind, it was not possibléo determine if the MG2a contains any oikocrystshenMG2b
oikocrysts of botlorthopyroxene and plagioclase were observed. The MG2c contains no

oikocrysts, as all light material wagtermined to be dust on the drill core surface.

At Magareng (30°07'47"E 24°59'18"} the MGL1 consists of one chromitite tivia
gradationalower contact and a sharp upper contact. It contains orthopyroxene oikocrysts.
The MG1 hanging wall consists of orthopyroxenich is overlain bynelanorite. The

MG2 packageconsists of three chromitites. Both the lowermost and uppermost contacts
are gradationaland all other contacts are shaifhe hanging wall iscomposed of
anorthosie and contains a layer of chromite disseminatifime MG3 consists ofsingle

chromitite hyer withtwo gradationaktontacts. It contains plagioclase oikocrysts.

In another drill core from the same locatidfe@areng) the MGchromititeand theMG2
package arebservedThe MG1 chromitite has gradationalower and a sharp upper
contact. It contains orthopyroxene oikocrysts. Its hanging wall consists of
orthopyroxenite, which in turn is topped by a melanorite. The MG2 consists of three
chromitites all of which are void of oikocryst3he MG2a has gradationalower and
sharp upper contacthe contacts of MG2b and MG2c are sharp. fidueging wall of the

MG2 consists oBnorthosite Immediately above the MG2 is a portiohanorthosite that

contains disseminated chromite.

In a drill core from Thorncliffe thepper contact of the MG1 is characterisedHtigly
interlayered chromitite and orthopyroxen The MG2 is composed of three chromitite
layers. The MG2a chromitite has agradationallower and a sharp upper contact. It
contains some stringers and inclusions of anorthosite and leuconorite. No oikocrysts have
been observed in this layer. Some areas do, however, covedinisible interstitial
plagioclase. The hanging wall consistdeaiconorite and has three chromitite stringers
close tahe MG2achromitite Bothcontacts of thtMG2b chromititeare sharp. The layer

contains both orthopyroxene and plagioclase oikocrysts, but most of the oikocrysts are
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Figure 30: A comparison of MG chromitites in drill cores from Thorncliffe, Magareng and Helena, Eastern
Lobe (E6, E7 and ES8 respectively in Fig3). The MG1 chromitite contains orthopyroxene oikocrysts at all three
locations. The MG2 does not contain any oikocists. However, a leuconorite layer was found in the MG2 at
Thorncliffe. The MG3 contains both plagioclase and orthopyroxene oikocrysts. The MG4 contains some
anorthosite inclusions.

plagioclase. A few lgconorite inclusions are present. The hanging ea@ilgsts of

leuconorite and contains some chromitite stringers halfway between the MG2b and MG2c
chromitites. The lower contact of the MG2c chromitite is gradational with thinly
interlayered chromitite anéuconorite The lower half of the MG2c chromitite contains
both orthopyroxene and plagioclase oikocrysts, as welllascanorite inclusion. It is
topped by &alf centimetrehick leuconorite layer. The upper halitbeMG2cchromitite
contains no oi&crysts. It does however have areas with interstitial plagioclase, jingt as
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MG2a chromitite The upper MG2c contact is shaffhe hanging wall of the MG2c
chromitite layer consists of anorthosite.

The MG3 consists of two chromitite layetee MG3aand MG3b The MG3achromitite

is only 0.1 m thick and has sharp contacts. Its hanging wall consists of leucoiitwte.
MG3b chromitite layerhas a sharp lower contact. It contains oikocrysts of both
orthopyroxene and plagioclassnd a few pegmatoids rumrough it Furthermore,
numerous orthopyroxene and plagioclase primocrgstpresent in the layer. Their
abundance increases upwards to cause a gradational eathabeleuconoriic hanging

wall.

The MG4 package contains two chromitites (M@#hd MG4b). The MG4a chromitite
has sharp contacts. It contains some anorthosite inclusions and no oikocrysts. The MG4
chromitite has a gradational lower contact and a sharp upper contact. It consists of

massive chromitite. The host rock to both layers is lroite

Thedrill cores from Thorncliffe, Magareng and Helena all exhabdiorrelation between
the petrology of th&1G chromititesand the petrology of thelrost rocksWherever the
footwall and hanging wall of a MG chromitite layer are different, a petrological
correlation exists between the chromitite and its hanging imahese cores, the base of
the MG1 chromitites were rarely drilled but the chromitites were ydvearerlain by an
orthopyroxenitichanging wall (Fig. 3A). In all of these drill cores the MG1 chromitites

contain orthopyroxene oikocrysts throughout.

The MG2 chromitite package consists of three separate chromitite layers referred to as
the MG2a, MG2band MG2c. These are all separated by melanooitdsuconorites
whereasthe ultimate hanging wall is an anorthosite. In some cores, no oikocrysts are
contained in MG2 chromitites. Whereikocrysts appear, both plagioclase and
orthopyroxene oikocrysts emobserved inside the MG2a and MG2b chromitigésswell

as the lower half of the MG2c chromititBhe lower half of the MG2c chromitite is then
truncated by a thin leuconorite layém.contrast, the upper half of the MG2c chromitite

is devoid of any oikorysts in all analysed corg&ig. 31B). Thus the only MG2
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chromitite layers that contain both plagioclase and orthopyroxene oikocrysts are those

overlain by melanorite or leuconorite.

The MG3chromitite packageonsists of two chromitites at Thorncliffe and of a single
chromitite layer at Magareng. The drill core from Helewoashot reach it. The MG3
chromitites are either void of oikocrysts or contain both plagioclase and orthopyroxene
oikocrysts. These oikogysts correlate to the leuconoritic hanging wall of the MG3
chromitites(Fig. 31LC).

{*{ Orthopyroxenite Anorthosite 5 'l B Melanorite
& hanging wall | hanging wall g B hanging wall

| &5

MG2._

just dust

in superfidial
pore spacgs

Figure 31: Summary of the drill core observations from Thorncliffe, Magareng and Helena, Eastern Bushveld.
The hanging wall to the MG1chromitite is orthopyroxenitic and the MG1 chromitite contains orthopyroxene
oikocrysts. B) The hanging wall to MG2 chromitite is anorthositic; the MG2 chromitite contains no oikocrysts.
There is some dust stuck in the superficial pores. C) The hanging w&b the MG3 chromitite is melanoritic; the
MG3 chromitite contains both orthopyroxene and plagioclase oikocrysts.
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3.3.4 Drill cores fromWaterval ancKroondal
In the core yarof Glencore Western Operatigreores fromVaterval androondal have

beenlogged They intersect both LG and MG chromitites

Core WVL043 was taken at Watervé27°15'53"E 25°414'S) and intersects the
sequence from LG5 to MG4. The LG5 i8 nthick, consists of massive chromitite and
appears in orthopyroxenite host rock. dintains a few orthopyroxerakocrysts (Fig.

32A). Four chromitite stringers appear between the LG5 and LG6 chromitites.

The LG6 chromitite has a sharp lower contact and a gradational upper contact. It contains
orthopyroxene oikocrysts in its lower h@fig. 32B) and is voidof orthopyroxene in its

upper half. The orthopyroxene oikocrysts might express sublayering similar to that
observed at Jagdlust, only less well develodéa: LG6a chromitite has sharp contacts

and the upper contact is overlain byaaea of chromite dissemination. The LG6a contains

a few orthopyroxene oikocrysts. The hanging wall is orthopyroxenite, which grades
upwards into melanorite close to the MG1. A few chromitite stringers appear between
LG6 and MG1.

The MG1chromitite layercontains orthopyroxenakocrysts (Fig.32C). Both contacts

of the MG1 chromitite are sharp; the hanging wall consists of melanorite. The MG2 is
expressed as a single chromitite layer of about 0.3 m thickness. Both of its contacts are
shap. The chromitite layer contains sparse orthopyroxene oikocrysts3#y. The
hanging wall consists of interlayered spotted and mottled anorthosite.

The lower MG3 contact seems to be gradational, however a fracture in the core makes
the contact diffialt to observe. There are some orthopyroxenite inclusions in this
chromitite (Fig.32E). The immediat@anging wall consists of melanorite, which grades

into leuconorite close to the MG4.
The MG4 consists of three chromitite layers, all of which have@eagional lower contact

and a sharp upper contact. The lower layer & @.thick. It consists of massive

chromitite. A few chromitite stringers appear in its hanging wall. The middle layer
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contains sparse orthopyroxene oikocrysts. The upper chromitit&ies plagioclase

oikocrysts at its veryop (Fig.32F).

Figure 32: Details of drill core WVL043 taken at Waterval, Western Lobe (W2 in Fig.3). The LG5 through
MG4 chromitites are intersected. The LG5, LG6, MG1 and MG2 chromities contain orthopyroxene oikocrysts
(A, B, C and D). The MG3 contains no oikocrysts (E) and the MG4 contains plagioclase oikocrysts (F).
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