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Abstract

Chromitite bifurcations hosted within, but dmhited to,the Upper Groupl (UG1)chromitite
layerin the Critical Zone of the Bushveld Complase one of the most enigmatic geological
features encountereBeveralresearcherbaveattempted talevelopmodels explainindiow
these bifurcations could have befenmed Most of these studies were heavily based on field
observation with little to no geochemical data to supf@ir findings.In this study samples

of anexposure othromitite bifurcationgrom theUG1 chromitite at Shaft No.11 of Impala
Platinum Limited in the Western Limb of the Bushveld Complexe utilised to perform
petrographic and geochemisabrk including Sr-isotopic determinations on plagioclasehe
geochemicatlatacollected along with field observationsvere used taevelop a conceptual

modelexplaining the development of théurcations.

Foursample cuts (D, C, B, and Arross the anorthositic footwall the UG1 chromitite, each
with a width of 10cm and varyindengths were sampled from the study area using a diamond
saw Thesample cutsepresentertical transects across a set of bifurcating chromitite layers,
taken approximately mapart,on the northern side of the approximately 40 m seclibinty-

four polishedthin sections were made representing all the sample Thés polished thin
sections were studieghetrographicallywith an Olympus BX51 microscopeElectron
microprobe analyss were carried oub obtainthe compositions athromite and plagioclase
crystals from the sampleand Laser AblatiorMulti-Collector Inductively Coupled Mass

Spectromel was used to obtaiim-situ isotopic compositions of the plagioclase crystals.

Plagioclasean the anorthosite layerexhibits very little variationin An% with averagevalues

of 75.10 £ 327,74.26+ 1.93, 7510 + 327and73.85 + 189for sanple cutD to A, respectively.
Plagioclase inthe chromitite layers reveals muahore significantvariation in An%with
average values af0.69 *+ 14.1578.16 + 15.26, 56.49 £+ 33.13 and 55.50 = 36@&ample

cuts D to A, respectivelylhe insitu plagioclase isotopicompositionreveas thatthe initial
87SrPeSr ratios of plagioclase in anorthosite show very littégiation both vertically and
laterally through sample cuts A to D, with an average value of 0.706thdnedual layers

that are generally within error compared to adjacent layers. Most chrdaygts also display
87SrfSsr ratiosthat are comparable to those observed in the anorthosite, although some of the



thicker layers returnedalues that are more radiogenécg.,the bottomthick layer in sample
cut A, which returned values on the ordefaf09i 0.710.

Taking into account the field relations along with the petrograpid/geochemistry othe
studyarea it is envisaged that thehromitite bifurcations in the study area were formed in the
following stages:

(1) Development of anirregular floor through the thermachemical erosion of the
underlying anorthosite footwall.

(2) The ntrusion of chromitgich slurry (mass balance requiremenf a basal flow
resulted in thick chromitite layer deposition anuneven surface

(3) Developmentof cyclic anorthosite and chromitite forming bifurcation®essure
fluctuations (magma influxes, roof rupturing events, shock wapegshittedrapid
transitiors betweenthe system's chromitite amuagioclag stability fields A large
reservoir of meltikely buffered compositional and isotopic changes.

(4) The ntrusion ofa chromiterich slurryled to renewecerosionand formation othe
thick upper chromitite layemith the thin chromitite layers now appearing as offshoots
from the base dahis layer.

(5) Downward intrusion of slurry into rheologically weak zotexsto the development of

additional bifurcations.
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1. Introduction

The Bushveld ComplefBC) has been the focal point for many researcheisarily because

of its platinum group element (PGE) mineralisation and for many ethigmaticfeatures
observed within the complex over the past years. Onkeomost enigmatic features of the
Bushveld Complexand the focus of humerous investigatiaesghe chromitite bifurcations,

the splitting and merging of chromitite layers observed in (but not limited to) the Upper Group
1 (UGD chromitite layer(Nicholson, 2020; Nex, 2004Yhe focus of this study will be the
UG1 chromititelayerat Shaft No.11 of Impala Platinum Limited in the Western Limb of the
Bushveld CompleXFigure 1), which exposes intricate chromitite bifurcations separated by

anorthosite.

Although numerous studies have been made on the formation of chromitite bifurcati@es by
(1981), Cawthorn (2002015, Nex (2004), Voordouwet al.(2009), Mukherjeet d. (2017),
Pebane & Latypov (2017), Nicholson (2028nd MaghdouMashhour & Hayes (2021here

remains a lack of consensuslamw these enigmatic structures came to be

This study aims to contribute to our understanding of how chromitite bifurcations were formed.
The objectives of this studwere achieved throughin-situ analysis of the Sisotopic
compositions ofn situ plagioclase in order to test for the involvement of isotopically distinct
magmas in the genesis of bifurcating chromitites of the UG1 at Sbdfof Impala Platinum
Limited. The samples for the present investigation originate from the work of Nicholson
(2020), who conducted a geochemical and petradbdgassessment of the bifurcated
chromitites. The Sr-isotopic resultsverecomplemented by detailed petrographic studies on the
chromitites and intervening anorthosites and the determination of mineral chemical variations

across the interval in question.

1.1 Geology of the Bushveld Complex

TheBC hoststhe most extensive known layered intrustorEarthand was emplaced into the
rocks of the Transvaal Supergroup between 2058.9 and 2054(ZéW&t al., 2015) The
complex containgore than 70% dfinownglobal PGEZChitiyo et al.,2008; Liet al.,2004)
andconsists of the mafialtramafic rocks of the Rustenburg Layered S(RES) at the base



and the sheeted granitic rocks of B@shoop Granophyre Suite and tedowa Granite Suite
above it(Figure 1) (. Nex, 2004; Voordouvet al.,2009; Zehet al.,2015)
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Figurel: Geographical location of the Bushveld Complex and the location of the study area along with that of
the Dwars River Localitymodified from Nicholson2020)

TheRLS intruded the sedimentary rocks of the Transvaal Supergfbemtrusion wadikely
precededby the eruption of the Rooiberyolcanic Sequenceand succeededy the
emplacement of the Rashoop Granophyre Suite and.¢bewa Granite Suit€Eales &
Cawthorn, 1996Zehet al, 2015) The RLScovers a area ofapproximately 6900 knt and
has a maximum thickness of approximatél9 km. It occurshorizontallywithin five limbs,
viz.the Northern, Eastern, WesteRar Western, and Soutkastern limbs. The Soutastern

Limb does not outcrogsit is overlain by youngesedimentsbut its presencand approximate
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extent areknown from geophysical data and drill core materidle RLS has been further
divided vertically into five zones extending laterally throughout the Bushveld Complex
(Figure 2), viz. the Marginal (MZ), Lower (LZ), Critical (CZ), Main (MZ), and Uppeones

(UZ), based on the petrological, mineralogical, and geochemical variations occurring vertically
within the suitg(Eales & Cawthorn, 1996/oordouwet al, 2009; Scoort al, 2017; Yacet

al., 202).

The Marginal Zongwhich occurs intermittently throughout the B&nstituteghe lowermost
portion of the RLS and has a thickness of up-800 m and consists primarily of finéo
mediumgrained norite, peridotite, and pyroxenf@awthorn & Walraven, 1998; Yaet al,
2021)

The Lower Zone has a thickness of approximately-B&00 m and typically contains rocks
such as dunite, harzburgite and pyroxenite. @is&ibution and thickness of this zone is
typicaly controlledby the floor topography and structuvéth the thickest sectiodeveloped
within the Olifants RiverTrough in the Eastern Limbwhere the stratigraphy is made up of a
basalfeldspathic pyroxenite with minor harzburgiteverlainin turn by alower pyroxenite,a
harzburgitesubzoneandanupper pyroxenite(Cameron, 1978; Kiefer & Viljoen, 2006)

The Critical Zone is approximately 130A800 mthick and is subdivided into the Lower and
Upper Critical Zone. The Lower Critical Zone (LCZ) has a thickness ofi7800 m and
consists primarily obrthgpyroxenite. The LCZ hosts an average of 9 substantial chromitite
layers, the Lower Group (LGILG7) and the Middle Group (MGMG2) chromitite layers.
The Upper Critical Zone (UCZ) typically has a thickness of-5200 m and is distinguished

by the presencef cyclic units and copious cumulus plagioclades latterwhich appears
between the MG2 and MG3 chroitet layersat the base adin anorthosite laye The cyclic
units consist of ultramafic rocks (chromitite, and/or harzburgite, and/or pyroxenite) overlain
by increasingly feldspathic rocks, beginning with norite followed by anorth@ddesr et al.,
2013; Voordouwvet al, 2009; Eales & Cawthorn, 199 he UCZ contains approximately five
significant chromitite layers, The Middle Group (M®B54) and the Upper Group (UG1
UG3) chromitite layers, with the UG3 occurring only in the Eastern Limb of the Bushveld
Complex (Eales & Cawthorn, 1996)The UCZ is also welknown for its Platinum Group

Element (PGE) mineralisation which occurs mainly in the economically significant Merensky



Reef and UG2 chromitite, as well as in the -egbnomicPseudo Reetharzburgite) and

Bastard Reefgyroxenite) (Kiefer & Viljoen, 2006; Maieret al, 2013)
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Figure2: a) Generalized stratigraphy of the RLS with the different zones including the main thickness
average depth of each divisidy).Stratigraphy of theipper portion of th&CZ showingthe position of the UC
in relation to the UG2, Merensky, and BastRekfs in the Western Limb of the Bushveld Complex (rigkex,

2004; Smithet al.,2004; Clarkeet al, 2009; Maieret al.,2013).
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The Main Zonas the thickest of all the zones, wighthickness of 2000 3000 m and occurs
above the Bastard cyclic unit. It is composaginly ofmassive norite and gabbronoriidaier
et al, 2013; Eales & Cawthorn, 19p&ayering within the Main Zone is not as wdkveloped
as in the Criticakoneandit is alsocharacterised bthe absence of chromigad olivine The
Main Zonecan be further divided into the Upper and Lower Main Zone (UMZ and L.ift)
the boundary definelly an ~3 m thick orthopyroxenitkayer, the sacalled Pyroxenite Marker,
which records aignificant reversal in initial Sr isotopic ratigsolyneux, 1974; Mitchell,
1990; Nexet al, 1998; Yacet al, 2021; Magsoet al, 2023.

The base of the 10e@000 m thick Upper Zone of the RLS is markedthg appearance of
cumulus magnetiteThe zone hostseveralmagnetititelayers,up to 26 in the Western and
Easternimbs and 16 in the Northern Lin{Maier et al, 2013) The UZ has been divided into
three subzones based on the cumutaiteeral phases in this zorf€awthorn & Walraven,
1998; Maieret al, 2013; Eales & Cawthorn, 1996l he first subzone, As characteged by
the presence otumulus plagioclase, low Qayroxene, and magnetite. Subzone B is
recognisable by the emergence of olivine as a cumulus,Easg with cumulus plagioclase,
low Capyroxene, and magnetitéastly, subzone C is characterised by dppearancef

cumulusapatite along with various large countck xenolithgMaier et al,, 2013)

1.1.1 The Upper Group thromititelayer (UG1)

The UG1chromitite layer is thedurth significant chromitite layeabovethe base of the UCZ
(Figure 2). The UG1 typically comprisesseveral chromitite layers interwoven with
anorthositebutit is also known t@ccur as a single layer in some areas. The chromite crystals
encountered within the UG1 chromitite layer typically occur enclosed by oikocrystic
plagioclase and orthopyroxe(éex, 2004) The size of the chromite crystals varies depending
on the abundance of interstitial silicates; crystals enclosed by silicates are offe? uh in

size. Chromitite crystals, where interstitial silicates are less, can be up to 2 mm(iNesize
2004)

The hanging walto the UG1 chromitite layeconsists of homogeneous pyroxenite with
subsidiary interstitial feldspar. Towards the hanging wall's base, there are often euhedral
clinopyroxene oikocrystsLayered anorthosite and noriteith subsidiary pyroxeniteand
grading upward into a mottled anorthositeeke up the immediate footwall of the UG1

chromitite layer. The mottled anorthositeostsclinopyroxene oikocrysts, which commonly
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contain cores of remnant cumulus orthopyroxene with a corona of oikocrystic clinopyroxene
to form the mottled appearanfdex, 2004)

The UG1 chromitite layer ahe Dwars River Locality (DRL) on the Eastern Limb of the BC
(Figure 1), hosts one of the most striking exposures of bifurcating chromitite layers persisting
for 10 s of meters along strike (Voordoetval.,2009; Pebane & Latypov, 2017). Unlike most
underground exposures$ the UG1 chromitite layer, at DRLcan be studied in-8imensions
(Pebane & Latypov, 2017). For these reasons the DRL has received attention from numerous
researchers (e.g. Cawthorn, 2003; Nex, 2004; Voordawak,2009; Cawthorn, 2015; Pebane

& Latypov, 2017). Pebane & Latypov (2017) documented tleabifurcating chromitite layers

at DRL are characterised by the splitting of one chromitite layer into two or more layers. These
thinner layers typically converge after a few centimetres to meters along strike forming
anorthosite lenses. The complexity thie bifurcations varies from those made of 2B
chromitite layers to those made up of up to 10 layers of chromitite (Voordbaly, 2009).

The chromitite layer from which these thinner layers emerge from or converge into has the
same thickness to that the combined thinner layers (Nex, 2004; Voordoetnal., 2009;
Pebane & Latypov, 2017).

1.2 Previous Studies

The origin of chromitite bifurcationeas been studied by numerous researchers (Lee, 1981,
Cawthorn, 2003; Nex, 2004; Voordowetal.,2009; Cawthorn, 2015; Mukherje¢ al.,2017,
Pebanek Latypov, 2017; Nicholson, 2020aghdourMashhour& Hayes, 202), andlittle

consensus regarding their formation curreeists.

The first known study on chromitite bifurcations was published by Sam{@€8®?) who
suggested that a residual melt, with a composition similar to that of chromite, intruded into
weak points in the underlying anorthositic footw@ebane & Latypov, 2017).ee (1981)
argued a different mode of formati@uggesting that the density contrast betwaesverlying
chromiterich mush and underlying anorthosite was responsible for-degxisitional
deformation in the anorthosi{&igure 3ab). The chromiterich mushis envisaged tdave
collapsed andb havefilled pre-existing fractures in the anorthosite, which solidified laterally
within those fractures resulting in the formation of chromitite bifurcatigngure 3c-d)
(Pebane & Latypov, 2017)
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Anorthosite Fractures developed in Anorthosite

Anorthosite
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Figure3: Intrusive model for the development of chromitite bifurcations developed by Lee (888igr Pebane
& Latypov (2017).From Nicholson (2020).

Cawthorn (2003subsequently argudtiat contrary tavhat Sampson (1932) and Lee (1981)
suggestedchromitite bifurcations were formed in five stages: firstly, thin chromitite layers
were formed above the anorthositic footw@igure 4a-b). Secondly, an incomplete silicate
layer formed over the chromitite layer due to in situ growth or descending convective cells,
forming growth bulges and discontinuous silicate pat¢Rigire 4¢). Thirdly, the formation

of another thirchromitite layer terminated the formation of these growth bulges and silicate
patches, enclosing them as anorthosite lenses between two chromititgFayers 4d). In

the fourth stagamore anorthosite patches/bulges are forateml/e the second chromitite layer.
Lastly, the processes are repeated until a network of bifurcating chromitite layers has been
formed(Cawthorn, 2003)
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Figure4: Depositional model for the developmentobfromitite bifurcations developed by Cawthorn (20G®)
per Pebane & Latypov (201Hrom Nicholson (2020).

Nex (2004) proposed that the origin of chromitite bifurcations could be explained by comparing
their formation with that of sand volcanoes associated with seismic activity. This hypothesis
suggests thdateral chromitite layers formedle to the influx of crustatontaminated magma

in the magma chamber. This influx was accompanied by substantial seismic activity, which led
to the liquefaction of the underlying anorthosite, resulting in a plagiedesenush(Figure

5ab). The mush extruded through theedlying chromitite layer to form anorthositic lenses,
which were subsequently buried Hurther chromitite layes, resulting in chromitite
bifurcations(Figure 5¢-d).
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Figure5: Depositional model for the development of chromitite bifurcations developed by Nex ,(28049r
Pebane & Latypov (2017From Nicholson (2020).

Voordouwet al.,(2009) suggested thehromitite bifurcations observed in the UG1 and UG2
were a result of chromite crystal slurries intruding into anorthosite. He proposed that the
chromiterich slurries accumulated in a structural tradterwards,they were mobilised
upwards through the Bushveld conduits and emplaced laterally along lithological contacts and

structural weaknesses in the R(E3gure 6).
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Figure®: Intrusive model for the development of chromitite bifurcations developed by Voorebal(2009)
as per Pebane & Latypov (201From Nicholson (2020).

Cawthorn (2015)presented an alternative explanation for the genesishobmitite
bifurcations proposingthat seismic activity was responsible for the nucleation of chromite
grains in the magma chamber. The accumulation of chromite on the chamber floor led to thin
chromitite layers(Figure 7ab), and plagioclase grains accumulated above this due to
inconsistent lateral flow rates in a plagiockesgen suspension. A second thin chromitite layer

was formed due to repeated seismic activity (second shdcdked chromite). This led to the
formation of anorthosite lenses and chromitite bifurcatidiigure 7c-d). Cawthorn (2015)
surmised discontinuous anorthosite lenses were formed as a result of hdyizitmiahg
plagioclase suspensions and the continuous chromitite layers accumulated due to seismic

activity.
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Figure7: Depositional model for the development of chromitite bifurcations developed by Cawthorn, @015)
per Pebane & Latypov (201Hrom Nicholson (2020)

The model formulated by Mukherjest al., (2017) is among the most recent models that
attempt to explain the formation of chromitite bifurcations. However, the model was mainly
intended to illustrate the formation of massive chromitite layers and not chromitite bifurcations.
Mukherjeeet al.,(2017) conducted detailed field and petrographic studies on a UG1 chromitite
occurrencehat extends into the anorthositic footwall from a chromitite pothole. The model
argues that the magma chamber was filled with superheated melt, which was superheated by
rapid adiabatic ascent. The subsequent cooling of the superheated melt resulted in chromite
being saturated in the melt. It is speculated that the superheated melt might have caused thermo
chemical erosion of the floor cumulates resulting in the formatfopotholes. Pebane &
Latypov (2017) agreewith this model becauséhe chromitite layers intruded into the
anorthositic footwall, which they claim supports field observations they made. The model
suggests that the chromisaturated melt percolated alongakepoints (preexisting fractures)

into the anorthosite lay€Figure 8ab). In situ chromite crystallisation then proceeded to take
place in the eroded fractures from the continued flowing iff@ure 8c-d) (Pebane &
Latypov, 2017).
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Figure8: Intrusive model for the development of chromitite bifurcations developed by Mukletrg&2017)
as per Pebane & Latypov (201From Nicholson 2020).

The modebf Pebane & Latypov (2017), clasthat magmatic erosion played a significant role

in forming chromitite bifurcations. This model suggests #tzsal flow of dense superheated
magma was emplaced in the magma chamber above anorthosite. The underlying anorthosite
underwent therma@hemical erosion due to the superheated magma. The magma then cooled
to crystalise a chromitite layer above the irregular erosional surface until it was saturated in
plagioclase(Figure 9a) The magma then crysligsed a continuousumulate layer of
plagioclase and chromit@-igure 9b). A new superheated basal magma was subsequently
emplaced, resulting in therrathnemical erosion of the cumulates. The erosion was terminated
at the underlying chromitite layer, and upon cooling, another chromitite layer was crystallised
from the magma abevthe remaining anorthosite lenses and the underlying chromitite layer
(Figure 9¢-d). This process resulted in the formation of chromitite bifurcatithesplains the
formation of the morthosite lengs andthe combined thickness of two bifurcating chromitite
layers is equal to that of the chromitite layer into which they conv@tgbane & Latypov,

2017)
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Figure9: Erosional model for thedevelopment of chromitite bifurcations developed by Pebane & Latypov (2017).
From Nicholson (2020).

Nicholson (2020) claimed that the models discussed abovetypécally, almost exclusively
basedon field observations and did noely sufficiently onpetrological and geochemical
investigationgo explainthe enigma which is chromitite bifurcations. Motivated by this fact,
the study by Nicholson (2020)contains extensive field, petrological, and geochemical
investigations to test the validity of the previously proposed models. Field investigations
conductedprovided evidence for thermahemical erosion in support of the erosional model.
Petrographic investigations did not provisigbstantiainformation to support or refid the
proposed models but revealed that fluids might have been present during crystallisation.
However, the geochemical data collected did not favour any of the proposed models but
indicated that severalprocesses may have been involved in the formation of chromitite
bifurcations.Nicholson (2020roncluded that more detailed geochemical investigations could
provide more insight into the processes involved in the petrogenesis of chromitite bifurcations.

The most recentpublication on thebifurcating nature of the UG1 chromitites was by
MaghdoufMashhour and Hayes (202They developed a model whiphoposes that theGlL
chromitite layers were formaghen afixed volume plagioclase slurry currettiat was denser
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than theresidentmagma in the developinghambey was injected as a basal flowhe
plagioclase laths that were entrained in this cusetitedat the basef the slurry, forming the
anorthosiic footwall. The remaining melurbulently outran the deposited plagioclase slurry
As the current circulatednixing of the resident magma and tinental margins of the upper
layer of the currertccurredandgenerated auperheatedhromum-saturatedhybrid melt The
hybrid melt wasnjected backnto the propagating current, resulting in the developmant
plume structures with rising buoyaplagioclase and descending packets of orthopyroxene
crystals in the back of the curreiitie chromitite bifurcations observed in the UGdcurred
when the chromite precipitated from tbaoling hybrid meltto form slurries that flowed and
were caused tbifurcate by circulation of cells argtanular vortices in thikead of the current

along with the developing plume structures at the back of the current
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2 Methodology

The samples used in this study were collected and prepared by Nicholson (2020). The samples
were collected from aaxposed anorthositic footwall of the UG1, Footwall 16 at Impala No.

11 Shaft near Rustenburg. The anorthositic footwall covers an area of approximatel§; 195 m
This area was chosen because the anorthositic footwall displayed chromitite bifurcations that
were different and much more complex than those at the DwarsIRigality (DRL) (Figure

1). The anorthositic footwall also had reasonably thick chromitite bifurcations, which were

critical for sampling.

The strategies behind the sample spacing ankbiegths were as follows:

(1) A single chromitite layer needed to be sampled separately from the two bifurcating
chromitite layers. The sampling had to be done in this manner so that it would be possible
to determine whether there are any differences in petrograbigynistry,and isotopic
signatures between the two layers.

(2) The brittle nature of the footwall determined the cut lengths and how the samples would

break if a cut wremade at a particular area

2.1 Samplingandsamplepreparation

Four sample cuts ({3, each with a width of 10 cm and varying lengths, were sampled from
the study area using a diamond g@igures 10 and 11) Thirty-four polished thin sections
(Figure 12)were prepared biMicholson (2020), byttaching the samples to microscope glass
slides with a 1:10 mixture of petropoxy 154 resin and 154 curing adgeikswing lapping,

the sections were polished usiBgim diamond paste at approximately 300 rpm for about 5

minutes, and this was repeated using 1 um diamond paste.

2.2 Petrography

Thirty-four thin sections were studied with the aid of an Olympus BX51 microscope, under
both planepolarised light (ppl) and crospolarised light (xpl), to obtain petrographic data on
the samplesTheAltra 20 soft imaging system with Analysis Imager software, weresedilio
obtain photomicrographs of the thin sections studied under the microscope
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2.3 Electron Microprobe Analysis

The CAMECA SX100 Microprobe, equipped with four wavelength dispersive spectrometers
(WDS) fitted with gas flow detectors, at the University of Johannesknag used to obtain

the mineral chemistry of samples in the polished thin sections. The samples wesedandly

the Electron Microprobe EMPA) at 20 kV accelerating voltage and 20 and 40 nA electron
beam current for thanalysis ofplagioclase and chromite, respectively. All the asady

elementgTable )wer e anal ys-lmes. on their KU

Tablel: Elements analysed by EMPA in plagioclase and chromite crystals across the samples and the standards
used for each element.

Plagioclase Chromite
Elements Analysed Standard* Elements Analysed Standard*
Na Jadeite Zn ZnS
Mg Olivine Mg MgO
Al Almandine Al Almandine
Si Diopside Si Diopside
K Orthoclase \Y \Y
Ca Wollastonite Ca Wollastonite
Ti TiO2 Ti TiO2
Cr Cnr0Os Cr Cnr0Os
Mn Rhodonite Mn Rhodonite
Fe Hematite Fe Hematite
Ni NiO Ni NiO

*All the reference materials (standards) weatural substances apart from MgO, 7i®, CrOs, NiO, and ZnS,
which are synthetic.

To determine the plagioclase composition in the samples, tApparently cumulus
(plagioclase in anorthosite layeraipd intercumulugplagioclase(plagioclase in chromitite
layers)crystalswere each identified for analysisall the thin sectionsl'he plagioclase crystals
chosen for EMPA wereisually unaltered and individual crystals analysed were seldoted
ensure coverage of analyses across the thin se¢imures 13A and B) In some of th¢hin

sectiors, where onlyone, either an anorthosite or chromitite layer and not both, was
representedhree to four plagioclase crystals were chosen for analysis.-Gotessed light

(xpl) and backscattered electron (BSE) images were obtained for the analysed cumulus and

intercumulus plagioclasarystals(Figures 13C and D)

For chromite mingal chemistry a single chromite crystal, per thin section, situated proximal
to one of the cumulus plagioclase crystals were identified and anghigede 13C). One to
three chromite crystals, within a chromitite bearthgh section occurring proximal to the

identified intercumulus plagioclase crystals were analyseglre 13D). For each chromite
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grain, only one spot was analysed. Backscattered electron images for all the analysed chromite

grains were obtained

Intercum
plag

\ ’“‘" S W R ) ” 2

Figure13: A-B) Flatbed scan images of thin sections with marks on the identified cumulus and inter
plagioclase crystals to be analysed. C) Xpl image of cumulus plagioclase crystal and chromite grain wit
marking the spots that were analysed. D) B®Ege of intercumulus plagioclase crystals and chromite ¢

with red dots indicating the spots that were analysed. plag = plagioclase, Chr = Chromite

&

3.1 Laser AblatiorMulti i Collectorinductively Coupled Plasma Mass Spectrometry
In-situ Srisotopic analyses were carried out using the Nu Plasma HIGRBAS with 16
Faraday detectors and 5 ion counting detectors at the Spectrum Analytical Facility in the
Geology Department at the University of Johannesburg. The instrument utili88san ArF
RESOIution SE excimer laser to ablate samples.

The analyses were executed by means of spot ablation on the 34 thin sections prepared by
Nicholson (2020) on the same cumulus and intercumulus plagioclase crystals that EMPA was
carried out on(Figure 13A-B). An average ofthree spots were ablated on the cumulus
plagioclase crystals, and one spot was ablated on the intercumulus plagioclase Thestals.

plagioclase crystals were analysed $8rf°Sr and®’RbFeSr. Initial ’SrFeSrisotopicvalues
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were calculated using an age of 205¥14 (Zehet al., 2015 with a decay constant of 1.39 x
1011yt (Nebelet al, 2011) The standard errors f8fSrf°Sr werepropagated and multiplied
by 2 to get the -3tandard error (2SE}Jhe general conditions at which the instrument operated
during the analyses are tabulated be{@able 2).

Table2: Conditions at which the Nu PlasmaMIC-ICPMS operated during sample analysis

Plasma RF Power 1300 W
Coolant gas flow 13 L/min
Auxiliary gas flow 0.80 L/min
Nebuliser gas flow 0.9 L/min
Laser He carrier gas flow 0.31 L/min

The plagioclase crystals were ablated for 60 seconds with spot sizes ranging betivié@ 80
pm for cumulus plagioclase crystals andi6000 pm for intercumulus plagioclase crystals.
The spot sizes differed depending on the surface area available isagaple. The settings

used to obtain thBrisotopicmeasurements are in the table be(@able 3):

Table3: Laser ablation settings utilised when obitiagnSr-isotopicmeasurements

Beam Beam Repetition On-sample Integration
Energy Attenuation Rate Fluence Time
6 mJ 50 % 6 Hz 3.5 J/cm 0.2sec

A blank signal was measured for 20 seconds on peak positions before ablation of the sample
was initiated; the blank signal was subtracted from the ablation signal btagkicorrected

intensities.

The®Srf8Srratio of 0.1194vas used for mass bias correction, to calculate and correct Sr mass
fractionation®’Rb was calculated froffRb after the mass bias correction, and to ol5t&n
the®Rb was subtracted from the total signal at mass 87. Reference glass BHEIDA@ et

al., 2005) was regularly analysed to correct Rb mass fractionation through the regular
adjustment of the Sr correction factor. BHVOZ&SrfSr ~ 0.7034) and an irhouse
plagioclase glass standafdiqrf°sr ~ 0.7072) were used as secondary standards to evaluate
the accuracy of the measurements, by ablating them after every1B0measurements
(Appendix D: Table D-3 Figure D1 & 2). The standards were ablated using the same setting
as the samplgdable 2), except the spot size was fixed to 100 um. The subtractffiKioand

88K r from 84Sr and®®Sr was used to correct for Kr interference duringalaek correction.
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3 Results

3.1 Field Observations

The study area displays a complex network of bifurcating chromitite layers with anorthosite in
between(Figure 10). At the base there is a thickevenanorthosite layethatis capped with

a relatively continuous chromitite layer, with both having varying thicknesses laterally. The
basalchromitite layer alsdhas a substantidhicknessard is relatively discontinuous and
appears to be penetratedally by the underlying layer of anorthosifethick upper chromitite

layer that is connected to the basal layer by what appears to be several offshoots is developed
at the top of the studied exposiffegure 10). The areabetween these two thick chromitite
layersdoes not only exhibit bifurcating chromitite lagebut it also has other interesting
features such as, anorthosite inclusions within chromitite laffégaire 14), potholelike

chromitite structure@~igure 15), along with faults anglastically deformed chromitite layers.

The anastomosing chromitite layers forming the bifurcations appear to merge with the
chromitite layer at the top of the study area and the layer above the base anorthosite layer
(Figure 10d). There are several chroitétlayers that are thicker than the bifurcatliagers,

which run diagonally and connect the uppermost and lowermost chromitite layers in the study
area. The study area commonly exhibits chrivenlidyers proximal to each othdsifurcating

in different directiongFigure 10a) In areas wherévo chromitite layers bifurcate from a
single chromitite layer, their combined thicknesses are equal to that of the single merged layer
(Figure 10a) In some instances, where the bifurcations are more complex and there are
multiple bifurcating layers (which also merge with other bifurcating layers) merging into a
single chromitite layer, the combined thickness of the individual layers do not comdespon

that of the merged chromitite lay@éfigure 10e) There are also very thin chromitite layers
between tk two thick chromitite layarat the base and the top of the study area. Omottileern

side of the study area tteearethin concordanthromitite layers that can lmbservedFigure

10h).

Circular and elongated anorthosite inclusions of varying sizes occur within some of the
chromitite layergFigure 10 & 14). These inclusionbcally disturb the chromitite layers by
causing them to bulge and therefore increase the thickness of the layer where they occur
(Figure 14a & b). In other cases, the inclusions do not cause much disturbance in the host

chromitite layer, and the thickness of the layer is virtually unaffq€iedire 14c).
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~ R . L
Figure 14: a) Elongatedanorthosite inclusion disturbing the host chromitite layer. (b) Circular anort
inclusion causing disturbance to the host chromitite. (c) Elongated anorthosite inclusion in an un
chromitite layer(from Nicholson, 2020)
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There are certain partén the study intervalthat have experienced brittle and ductile
deformation. The evidence of brittle deformation can be observed in the presence of normal
(Figure 10g) and reverséFigure 10h) faults within the study area. Where there are faults,
displaced chromitite layers are overlain by uninterrupted layers of chromitite. Ductile
deformation is evident in plastically deformed and partly split chromitite Igi7égsre 10b

& f).

There are two potholkke structures within the study area, both of which emeomitite
depressionsthe first structure has a semaictangular form(Figure 10c), while the second
structure has a serircular form(Figure 10g and Figurel5). What might be an angiothole

can also be observed where an anorthosite mound stands above the normal level of a chromitite

layer (Figure 10b).

ng tough and displacing the chromiti

Figure15: Semicircular potholelike structure and eeversefault goi
anorthosite layerérom Nicholson,2020)

Some of the thin chromitite layers have been obsemitdupwards curving structures in the
same lateral position in the study arieat at various stratigraphic heigl{iggure 10h; green
box). In some instances, instead of cunasne of thechromititelayersform bulges among

the layers forming curved structur@sgure 10h; blue boxes)

3.2 Petrography

The results obtained from the petrographic analysis of the 34 thin sections are presented below
for the whole group of thin sections and not as individual sections to prevent redurasty;

of the thin sections are primarily simijas they contain the same lithologies (anorthosite and

chromitite). The captiorbelow each of the figuresontains the thin section numkbegter the
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descriptionfor all the thin sectionpresented belowl.he modal mineralogy for the individual

thin sections is provided iippendix A.

3.2.1 Anorthositic host rock

The anorthositic host rock in the study contams average, less than 80% plagioclase and
should therefore be strictly termed leucogabldeg;onorites oleucogabbronorites depending
on the ratio of clineto orthopyroxeneHowever, due to historical usage, in this sttiyse

rockswill still be referred to as anorthossteCumulus plagioclase (~ 78%) constitutes most of

the anorthositic host rock throughout sample cuts A, B, C, and D.

Figure 16: Photomicrographs of anorthositaken undercross polarized light. A) Bent and wedgeape
deformationtwinsin plagioclase with a vein cutting through plagioclase and chromite crystals within plag
and between plagioclase boundaries (B7). B) Thin chromitite layer cutting through an anorthosite laye
crystal (B12). C) Vein cutting though an opx dafsawith narrowly spaced exsolution lamellae of cpx (A3)
Chromite crystals interspersed with mica (A8hr = chromite.
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The anorthosite also contains clinopyroxene @o)2mica (~4%6), chromite (~%b),
orthopyroxene (~%) and some subsidiary quarizhe plagioclase crystals are predominantly
subhedral to euhedral, with varyiogystalsizes across all the samples. The plagioclase crystals
exhibit mainly threevariationsof lamellar twinningviz. bent twins, wedgshaped deformation
twinning, andnormallamellar twinning(Figure 16A). Some of the plagioclase crystals also

exhibit undulatory extinction.

Clinopyroxene occurs primarily as anhedral crystald as interganula crystalsbetween
plagioclase crystal@igure 16B). Orthopyroxene is encountered acrossstuely intervalas
subhedral to anhedral, meditgrainedcrystals. It occurs interstitial to plagioclase and often
exhibitsnarrowly space@xsolution lamella®f clinopyroxeng(Figure 16C). Mica mineras
observed throughout the sampba® phlogopite, which occurs interspersed throughout the
anorthosite, showing reddidgitown pleochroisniFigure 16B & D). Chromitecrystak occur

in a few different ways throughout the anorthositic samples, as dispersed roigstal at
boundaries of plagioclase grains or enclosed within plagioaladasometimesrthopyroxene
crystals clustered together, or as thin lay@fggures 16A-D). The grouped chromiterystals
and thin chromite layers are closely associated with clusters or large phlogysites
(Figures 16B & D).

Features such as veins and fractures can be obsarseahe anorthositic samples. These veins
and fractures are always filled with massive or polycrystalline epidote, and sometimes both.
The veins appear to cut through both single and multiple plagiooigsials Theveinshave

also been observemlitting through orthopyroxen&igures 16A & C).

3.2.2 Anorthositechromititecontacts

At the anorthositehromitite contacts plagioclase often has a fractured appearance. The
contacts between the anorthosite and chromitite layers are typically gradational as the cumulus
plagioclase, and chromite crystals overlap at the cor(faigisre 17A-D). The chromite varies

in crystal size, with a higher concentration of smatlgistalsizes observed near the contact.

The concentration of larger crystal sizes increases further from the contact towards the

chromitite layer.

Locally, phlogopite that igncountered at the contact occurs as interstitial minerals between

chromite crystalgFigures 17AB). Some of the cumulus plagioclase crystals occurring at the
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contacts have been altered and fractured, especially those in proximity to the veins; the
intercumulus plagioclase also exhibits alteration. At some of the contacts, veins can be

observed. The veins either run parallel or perpendicular to the contact, some of them do not

. SR AN o | | A T o
Figure17: Photomicrographs of anorthositromitite contactsA) Gradational contact; mica interstitial to
chromite crystals and intercumulus plagioclase crystader cross polarized liglhl). B) Gradational conta
with a vein cutting through multiple minerals and fractured minerals near theivear cross polarized lic
(B6). C) Vein running parallel to the contact and elongated chromite crystals under cross polarized li
D) Veins perpendicular to the contact and elongated chromite crystals unaepglarized light (B4). Chr
chromite

enter the chromitite layer and others terminate withinctivemitite layer but close to the

contact.The chromite crystals that are in close proximity to the veins have been elgngated
while the plagioclaserystab have been severely altered and fractured compartdtbse

further from the veingFigure 17C-D)

3.3 Chromitite layers
Chromitite occurs aeelatively thickmassive layers and as smaller layers that occur within the

anorthosite layers. Thehromitite layers are predominantly composed of chromite (~60%),
along with plagioclase (~25%), phlogopite (~10%), clinopyroxene (~3%), and orthopyroxene

(~2%), which mainly occur interstitially to the chromite crystals. The chromite appears as
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subhedral to euhedral cumulus crystadarying in crystal size throughout thehromitite

bearing sample@-igure 18A-D).

Fine crystalline plagioclase occurs throughout the chromitite dayetween the chromite
intersticegFigure 18A & C) . Phlogopite crystals occur sporadically throughout the chromitite
host rock showing reddigtrown pleochroism(Figure 18A-D). Pyroxenes alsamccur
intermittently as finggrained crystals within théine mass of intercumulus plagioclase.
Sometimes, veins can be observed intersecting perpendicularly with smaller chromitite layers,
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Figure 18: Photomicrographs of chromitite occurring in the different samples. A) Chromitite with inte
plagioclase; and phlogopite occurring between chromite crystalsrcross polarised lightC2). B) Phlogopit
interspersed with chromite crystaisplanepolarised lightB12). C) Chromitecrystalsat a gradational cont:
between a chromitite and an anorthosite lageading from smaller to larger crystals; and a large phloc
crystal near the contaanhdercross polarized lighfC3). D) Thin chromitite layer within anorthositeder cros
polarized light(C6).

which occur within the anorthositic host rocks. These micro veins do not cahithenitite

layers completely buerminatenear the contag¢Figures 17B & 18).
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3.4 Mineralchemistry

3.4.1 Plagioclase

Plagioclase occurs in both the anorthositic host rocks and the chromitite layers; in the latter, it
occurs as an intercumulus mineral and in the former as the primary mineral phase. For the
analysis of plagioclase, the following elemental oxides were s@@dlySiQ, TiO2, Al2Og,

Cr203, FeQrota), MNO, MgO, CaO, NiO, N#&, and KO. The results are graphically presented

in the AnAb-Or ternary diagranfFigures 19& 20), in depth profilegFigure 21-24), to show

how the An% andnajor element oxides vary across the chromitite bifurcatmasn binary
variation diagrams to illustrate the variation in major element oxides with @&n§are 25).
Plagioclase compositional data are presented in Appendix B, Tables B1 and B2. The anorthite

content was calculated using: An% = 100 x molar Ca / (Ca + Na + K).

The analyses of cumulus plagioclase crystals revealed that the composition of An ranges
between 62171 83,92%, Ab between 8,757 34,45%, and Or between,I2 1 1,70%. Most
cumulus plagioclase crystals fall within the bytownite range, while a few are in the labradorite
range(Figure 19). The intercumulus plagioclase analysed yielded results with compositions of
An between 261 98,58%, Ab betweerl, 417 97,69%, and Or between,@Li 0,53%. The
majority of the intercumulus plagioclase is in the bytownite range. A substantial amount of the
intercumulusplagioclasealsooccurs in the oligoclase range (sample cuts A and B), followed

by lesse numbersn the labradorite range (sample cuts A, B, C, and D), and the least in the
anorthite range (sample cuts A, B, and(Eigure 20). Table 4 below contains the averages

and standard deviations for An% in the cumulus and intercumulus plagioclase for each sample

cut.

Table4: Average An%and rangesf cumulus and intercumulus plagioclase in sample ctils Aincertainty in
average An% values expressed as 1 standard deviations

Sample A B C D
cuts

Cumulus Plagioclase
Average 73,85+ 1,89 74,32+1,44 74,26+1,93 75,10 + 3,27
Range 64,211 78,98 71,841 81,85 69,261 80,68 69,801 83,92
Intercumulus Plagioclase

Average 5,40+ 80,55+ 79,16+ 9,32+ I 80,64+ 1 73,63+
2,96 7,13 7,48 4,28 7,10 3,09

Range 2,261 66,121 3,031 66,141 6,27 66,441 8,77 68,111
10,26 90,13 16,81 98,58 92,05 81,33
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Figure19: Ternary diagranshowingcumulus plagioclaseompositiondor sample cut®-A.
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The awimulus plagioclase crystagncountered in the sampleave considerably higher2R
contents than the intercumulus plagioclase crygiEdble 5, Figures 21A and 25a). The
FeQuot) content for both cumulus and intercumulus plagioclase falls within similar ramigfes
the cumulus plagioclasealues becoming slightly elevatedoving from sample cut D to A
whencompared to the intercumulus plagiocléEable 5, Figures 21B & 25b).

Table5: Average major element compositions of cumulusiatetcumulus plagioclase as determined by EMPA.
Uncertainties expressed as 1 standard deviations.

Major element oxides Cumulus plagioclase Intercumulus plagioclase
TiO2 0,02 £ 0,01 0,01 +0,01
Al203 31,45+0,43 29,92 + 4,87
Cr203 0,005 £ 0,01 0,11 + 0,06
SiO2 48,98 £ 0,59 51,71 £7,73

FeOtot) 0,17 + 0,03 0,14 + 0,04
MnO 0,004 £ 0,01 0,004 +0,006
MgO 0,02 £ 0,01 0,02 £ 0,02
CaO 15,48 + 0,42 13,37 + 6,04
NiO 0,004 £ 0,01 0,01 +£0,01
Na2O 2,87 £0,23 4,20 + 3,52
K20 0,15 + 0,03 0,03 £ 0,02

The AbOsz and CaO contents in the cumulus and intercumulus plagioclase crystals have a
directly proportional relationship with the AnY%fFigures 21C, 22A & 25c-d). The
concentrationgor Al.Oz and CaO ircumulusplagioclase lie roughly in the same rangeéna
theintercumulus plagioclasélowever,there are a fewntercumulus plagioclase crystals that
have lower An%n comparison t@ther plagioclase crystals and therefa@ntainlessCaO

and AbOa.

The CpOs content varies significantly eoween thetwo plagioclase gpulations with
intercumulus plagioclase crystals exhibitiagstly higher concentrations than the cumulus
plagioclase crystaldable 5, Figures 2B & 25e).

The SiQ and NaO in both cumulus and intercumulus plagioclase crystals exhibit an inversely
proportional relationship with An%Table 5, Figures 22C, 23A & 25f-g). The SiO;
concentrations for cumulus and intercumulus plagioclasedaghly within a similar range,
however, intercumulus plagioclase crystals with lower Andibit highelSiO, concentrations

(Figure 25f). The NaO concentrations follow the same trend asSt@ (Figure 25g).
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@® Cumulus plagioclase @ Intercumulus plagioclase

Figure21: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of majoxideswihtdepth for sample cuts-
A. A) K20 (wt.%), B) FeO (wt.%), and C) ADs (wt.%).
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Figure22: Plagioclase mineral chemistry depth diagrams displaying variations ¢atmglus and intercumulus phases of major element oxides with depth for sample
A. A) CaO (wt.%), B) C#Oz (wt.%), and C) Si@(wt.%).
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@® Cumulus plagioclase @ Intercumulus plagioclase

Figure23: Plagioclasemineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major element oxigts farthaseple cuts {
A. A) Na;O (wt.%), B) MgO (wt.%), and C) MnQwt.%).
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Figure24: Plagioclase mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of majaxidtnvétit depth for sample cuts
A. A) NiO (wt.%), B) TiG, (wt.%), and C) An%
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The MgO, MnO, NiO, and Ti®contents all exhibit similar patterns in the two plagioclase
populations. The concentration of each is similar for both cumulus and intercumulus
plagioclase crystalgigures 23B-C. 24A-B & 25h-k). These major element oxides display no
regular relationshigvith variations in An%Figure 24C).

3.4.2 Chromite

Chromite is encountered as the main compongithin the chromitite layers and as
disseminateccrystak in the anorthosite. In this section, the chromite encountered in the
chromitite layers will be referred to as massive chromite, and those occurring in the anorthosite
layerswill be referred to as disseminated chromite. For the analysis of the chiwystak,

the following oxides were analysed:28k, CaO, CtOs3, FeQrota), MgO, MnO, NiO, SiQ,

TiO2, V203, and ZnO. The FeO analysed in the chromite minerals represents the total FeO
content (FeQuoy). The data are presented depth and(Figures 261 29) binary variation
diagramgFigure 30)to illustrate the changes in major element oxides with Mg# and how the
major element oxides differ with depth in massive and disseminated chromite crystals for each
sample cut. The microprobe data for all the analysed chromite crystals are presented in
Appendix C: TablesC1 and C2. The magnesium number was calculated using Mg# = molar
MgO / (FeQwot) + MgO).

The analysed chromite crystaés/eal that the Fefay concentrationin disseminated chromite
crystalsaretypically higher than that in massive chromite crysfglgures 26A, 30a & Table

6). The Al2Os concentration in the massive and disseminated chromite is directly proportional
to the Mg#(Figure 30b). Figure B and Table 6 show that the 283 content of the massive

chromite is higher than in disseminated chromite.

The CpOs content of the disseminated chromite ranges 85811 50,47%, and that of the
massive chromite lies betwedf,20i 47,15%. Although there is a higher degree of variation
in the disseminated chromite, the average values for t#@; Content in both the chromite

types fall within a similar rang@-igures 26C & 30c).
The MgO concentration in massive chromite crystals is much higher than in disseminated
chromite crystalgFigures 27A & 30d); this can also be observed from the average values in

Table 6. Although MnO occurgh minor concentrations, disseminated chromite crystals
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contain more MnO than massive chromite cryst@igures 27B & 30e). The CaO
concentration is mostly similar when observing the binary variation dia(figore 30f) with
a few of the disseminated chromite crystals exhibiting higher concentrations than the other

crystals.

The concentratiorof TiO2, V203, andZnO are low, but the variation in the concentration
between the disseminated and massive chromitetswvorthy as the disseminated chromite
tend to contain higher concentrations than the massive chr{ffgres 28A-C & 30g-i).
NiO and SiQ content in both massive and disseminated chromite is mostly sifi¢ares

29 A-B, 30j & k) and this caralsobe observed in the average valueS able 6

Table6: Average major element compositions and Mg# of massive and disseminated chromite as determined by
EMPA. The uncertainties are expressed as 1 standard deviations.

Major element oxides and Mg# In Chromitite Layers In Anorthosite Layers
Al203 14,46 + 2,93 8,61+1,82
CaO 0,027 + 0,055 0,01 £ 0,02
Cr20s3 45,36 £ 1,34 4473 £ 4,51
FeOo) 30,06 +4,27 39,03 £ 5,99
MgO 7,58 £2,04 3,74 £ 1,45
MnO 0,27 £ 0,05 0,36 + 0,07
NiO 0,14 + 0,02 0,15+ 0,03
SiO2 0,01+£0,01 0,02 £ 0,05
TiO2 1,06 £ 0,19 1,60 £+ 0,66
V203 0,50 £ 0,05 0,57 £ 0,06
ZnO 0,11 £ 0,02 0,13+ 0,02
Mg# 0,34 £ 0,05 0,16 + 0,07
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@ Disseminated chromite & Masswe chromite

Figure26. Chromite mineral chemistry depth diagrams displaying variations in the cumulus and intercumulus phases of major elemesithaképth for sample cuts [
A. A) FeQo (Wt.%), B) AlLOs (wt.%), and C) GIOs (wt.%).
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Figure27: Chromite mineral chemistry depth diagrams displaying variations in the disseminated and massive chromite phaseseofenajoxides witllepth for samp
cuts DA. A) MgO (wt.%), B) MnO (wt.%), and C) CaO(wt.%).
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A) TiO2

B) V203

C) ZnO

Figure28: Chromite mineral chemistry depth diagrams displaying variations idistseminated and massive chromite phases of major element oxides with depth for

cuts DA. A) TiO2 (wt.%), B) Vo0s (Wt.%), and C) Zn@wt.%).
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