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Abstract

The Nokeng Plattekop deposit forms part of the Paleoproterozoic Bushveld Complex and
it is located near Rust de Wintapproximatel\80 km northeast of Pretoria. This deposit belongs
to theVergenoeg Igneous Complex, which is associated with a violentagemirrich rhyolitic
eruption. The complex comprises the Vergenoeg discordant breccia pipepgratiastic rock
suite. Within the breccia pipe and associated pyroclastic rocks, rare earth element (REE)
mineralization is observed in minerals like allanite, apabigstnasitemonazite, and xenotime.

The Plattekop fluorite deposityhich lies1000 m south of the breccia pipe,psstulatedto
represent spHbver remnants of the Vergenoeg volcanic edifigdis study performed a
comprehensive petrographic and geochemical analysis of ore and pyroclastic breccia of the
NokengPlattekop depositjtilizing various analytical techniquesicluding optical microscopy,

XRF, ICRMS, and SEM. The aim is to characterise the style of accessory REE nzzigvaliat
Nokeng as provisional distal faciesf the Vergenoeg volcanic field.

Thefindings of this studpuggesthat theNokengPlattekop deposit comprises a hematite
fluorite unit overlying an ignimbrite unit. Hematitriorite ores of the upper uniesemblethe
Vergenoeg oreexhibiting elevated CaO concentrations and reduced &@tent attributed to
high fluorite and hematite proportions. Conversely, the ignimbrite unit displays reduced CaO and
elevated Si@concentrationscorresponding to lower fluoriteontentand higher rhyolitic lava
fragments The basal ignimbrite is proposed to have formed dutiegearly stages of rhyolitic
volcanism, while Nokeng and Vergenoeg ores formed during later stages dominatedaog Ca
F-rich ferruginous magma. Petrographic evidence suggests hematite pseudomorphs after
magnetite, indicating mineral assemblage evolution.

REE mineralization in the Plattekop fluorite deposit is representbdsipasitemonazite
and xenotime, mostlggssociated witlquartz,goethite,aegirine hematiteandfluorite. Thehighest

REE + Y content(~5 890ppm)is associated with Plattekop hemafitgorite ores. Comparative

analysis oREEdistribution patterns suggests similar styles of minzatibn between Vergenoeg
and Nokeng, indicating both deposits as potential sources of &Biyproduct
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Chapter 1: Introduction

1.1 Background

Rare earth elemen{REES) generally consist of 15 lanthanides together with chemically
similar scandium (Sc) and yttrium (Y) (Yang et al., 2019; Connelly, 2005). REEs are commonly
divided into two sukgroups, which include light rare earth elements (LREES) such as La,,Ce, Pr
Nd, Pm, Sm, Eu, and conventionally added&cwell as heavy rare earth elements (HREES),
which comprise Gd, Tb, Dy, Ho, EFm, Yb, Lu, and additional Y (Yanet al, 2019). The LREEs
possess atomic numbers ranging from 57 tonddle the HREEs have atomic numbers ranging
from 65 to 71 (Eterightkelegbe et al., 2021Yhese REEs are essential ingredients in a plethora
of current and emerging critical technologies, comprising catalysts, fuel cells, optical fibres, lasers,
high-strength alloys, speciality glass, higtiength magnetspptoelectronics and others
(Chakmouradian and Wall, 201Zritical and innovative technologigacluding cordless power
tools and cell phonesyould not exist without rare earth elem@ig€hakmouradian et al., 2012;
Massari et al., 2013; Gholz, 2014).

Rare earth elements are considered as critical raw materials by the European Commission.
According to the European Commission (2010), a critical raw material is a mineral/commodity
that is economically valuable, but, vulnerable to supply disruptions. TRE&s are highly
valuable as they facilitate the global energy transition, withidDy, Th, and SnfFigure )
being essential components in high strength magnets that are used in the wind energy and electric
vehicle technology (Hatch, 2012). Other REEs such as La, Ce, Eu (Fihuage3also in high
demand. China accounts for more than 70 % of waritte production of REEs and processes 90
% of the worlds REEs (Srinivasan et al, 2023). China has monopolized the global REE supply and,
therefore, induced a worldwide dependency on dbentry, which constitutes a supply risk
according to the EU document (2010his criticality of REEs, and the high demand for the

elements as energy transition commodities has resulted in a spike in their prices.
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Figure 1. Diagram showing the uses of REEs in various industries, including ceramic and glass;
magnetscatalyst and chemical processes; phosphors; and others (EURARE, 2022).

Among the rare earth elements, HREEs andar¥ particularly scarce and highly valuable
(Pingitore et al., 2018). The bulk HREEsare sourced from South China, hosted by ion
absorption clayswhile a smaller proportion of these elements occurs in four other rare earth
elementearing mineralsincluding monazitehastnasitexenotime, and apatite ores (Pingitore et
al., 2018) REEbearing mineralsan besourcedrom a number of deposit typeeluding, butnot
limited to carbonatits, iron-oxide-coppergold (I0OCG) peralkaline/alkaline volcasm, &arns
unconformites, (Spandler et al., 202@ndsilica saturatetb oversaturatefthyolites, granites and
granitic pegmatitesplacer heavy mineral sandad lateritegWeng et al., 2013)on absorption
clays together with monazite, bastnasite, xenotime and afBaitbde 1)account for 95% of all

global REE production (Gupta aKaishnamurthy, 2005; Mariano and Mariano Jr, 2012).



South Africa contributes less than 0.@3towards global REE production, with leading
countries being ChinaD(0 %) and the United States Aimerica 014.33%) (Statista, 2022).
Despite the low global contribution, South Africa encompasses wilats REE deposits such as
the Steenkampskraal Monazite Mine, which provides all 15 lanthanides (REESs), with resource
estimates of around 605 000 tons at a grade of %l Total Rare Earth Oxides (TREO)
(Steenkampskraal Holdings LTD, 2018). Mines such as Vergenoeg (fluorite mine) in the Bushveld
Complex of South Africa have also been recorddtb&iREES as accessory minerals, represented
by carbonatege.g., bastnasiteand synchysite) and phosphates (e.g., xenotime and monazite).
Previous studies (e.g., Crocker, 1985; Graupner et al., 2015) have suggested that the Nokeng
Fluorite Mine may bedistal facieof Vergenoeg due to similarities in geology and mineralization
style. Consequently, areas surrounding Nokeng, including the Plattekop, Outwash Fan, and Wiltin

deposits, may also hold potential for REiheralization(Nokeng Fluorspar Mine, 2019).

Table 1: REE-bearing minedils recorded within the Vergenoeg suitel their composition&off
et al., 2004, Birtel et al., 2015; Graupner et al., 2015; Brandt et al., 2019; Mutele and Hunt, 2022;
Crocker, 1985)

REE-bearing Minerals Composition
Bastnasite (La,Ce,Y)CQF
Synchysite Ca(Ce,La)(CQ)4
Xenotime YPOq
Monazite Ce,La,Nd,Th)(PGBiOs4

Allanite (Ce,Ca,Y)(Al,Fe?*,Fe*)3(SiOs)3(OH)
Fluorite (Ca,REE)F
Fluorapatite (Ca,Ce)(PQy)3F

The increased demand, high prices and geopolitical factors associated with REEs could
make it economic to extract them in the Plattekop and Vergenoeg depbsitsforeassessing
REE concentrations and occurrences in fluorite ayeshe Vergenoeg and Nokeng Plattekop



depositscould define a new ore type ahdlp reduce reliancen China for REESWhile several
researcherdg3off et al., 2004; Birtel et al., 201&raupner et al., 2015; Brandt et al., 2019; Mutele
and Hunt, 2022) have discussed tireurrenceof REEs within the Vergenoeg pipeonehave
focused on the geology of Nokeng (Plattekop depospptentialREESs occurrens This raises
the questiosaboutwhether Nokeng isndeeddistal facies of Vergenoeg aifdboth areasshare

similar REE mineralization

1.2 Aims and objectives.

The overarching aim of this study is to establish whether the Nokeng fluorite deposit is
distal facies of the Vergenoeg volcanic pipe. Investigations will be conducted to decipher whether
Nokeng is endowed with accessory rare earth minerals, similarig toroximal counterpart

(Vergenoeg fluorite deposit).

Objectives
1 Conduct a comparative analysis of the geological setting of Vergenoeg and that of Nokeng.
1 Determine the REE abundances in bulk rocks of the Nokeng Fluorite Mine
1 Define the major REE mineradsd their associations fluorite ores and volcanic rocks
1 Estimate REE deportment and provisionally discuss economic viability of REE extraction
at Vergenoeg and Nokeng.



1.3 Location

The Nokeng and Vergenoegne pits are located at coordinaté25°15'55.03"S,
28°34'48.58"End25°15'21.70"S, 28°34'54.76'Espectively, within the City of Tshwane
Metropolitan Municipality, Gauteng, South Africa (Fig@e
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Figure 2. Map showing a googleatelliteimageof Nokeng and Vergenoeg Minesith the
Plattekop and Vergenoepen pitamarked by a green and red star respectividlys Map was
generated using ArcGIS Pamd utilizes WGS 1984 coordinate system



Chapter 2: Geological Setting

2.1 Regionalgeology
2.1.1 KaapvaalCraton

The KaapvaalCraton of South Africa is an ancient and welteservedragmentof the
earth's crust, dating back to the Archean 8uaniby et al., 2012 It has an estimated areald?00
000 knt extending througliparts of South Africa, Botswana, and Mozambique (Cheh@96).
The KaapvaaCratonis composed of 3.6 to 2.7 Ga greenstone and grgnéess terraes, which
are capped/overlain byoungervolcanaesedimentary rock&osting intrusive suitesf different
ages (Zegers et al., 1998). The overlyiAgchean to Proterozoieolcanesedimentary sequences
include, from youngest to oldest, the Witwatersrand Supergtbeg?ongola Supergrouphe
Ventersdorp Supergroup, and the Transvaal Supergroup (Ozturk, 2018)afimeis bordered by
the Kheis Belt in the west, the Namaeatal Belt in the ast, and it is surrounded by the Limpopo
and Mozambique belts in the north (De Wit et al., 1992).

2.1.2 Transvaal Supergroup

The 2640 to 2060 Ma(Zeh et al., 2020Jransvaal Supergroup is characterized D18
000 m thick successior(Button, 1986) of partially metamorphosed sedimentary rocks deposited
in the northern and western portions of the Kaapvaal Craton (Eriksson et al., 1995; Barton and
Hallbauer, 1996; Frimmel and Mint&t002). It overlies flood basalts of the 2.75 Ga Vesterp
Supergroup (De Kock et al., 2012ndis overlain byvolcanic rocks othe Rooiberdsroupof the
Bushveld Complex (Zeh et al., 2020rhe Transvaal Supergrowgegquence®utcrop in two
sedimentary basins in South Africeamelythe Griqualand Wst and Transvaal basins; itakso
found in the FaiWest Kanye basin in Botswana (Zeh et al. 203@diments offte supergroup
weredeposited into a shallow epratonic sea, which coverednajorpartof the Kaapvaal Craton
(Els et al., 199b The stratigraphic units of the Transv&abpergroup in the NE of the Transvaal
Basin include the Wolkberg, ChuniespoandPretoriagroups(Figure 2).
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2.1.3 The Bushveld Igneous Complex

The Paleoproterozoic Bushveld Igneous Complex (Fighrevas emplaced intdhe
Kaapvaal Cratomround 2.06 billion years ago (Cawthorn, 20%coates et al., 2021t hasan
estimated area of ¢. 90 000 k(Kinnaird et al., 2017) and intrudes the sedimensagvolcanic
rocks of the Transvaal Supergraagpwell as Archean granigmeissegKinnaird et al., 2002). The
Bushveld Complex comprisdmsaltic tofelsic volcanicrocks of the Rooiberg Group dated at
2057+2.8 Ma Harmer and Armstrong, 20Q0he mafic/ultramafic Rustenburg Layered Suite
emplaced betwee2055 and 2060 Ma (Scoates et al., 20&#iBRashoop Granophyre Suite, dated
at 2061.84£5.5 MaHarmer and Armstrong, 2009nd lastlythe Lebowa Gnaite Suite, with an
age range fror2054+0.7 to 2056+0.®la (Skursch et al2022).
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Figure 4. Geological map displaying the Bushveld Igneous Complex and the various limbs,
lithologies, zones, characteristic mineral deposits, and the studyaéterd/{ljoen and
Schurmann1998taken fromTaylor et al., 2005).



2.1.4. Rooiberg Group

The Rooiberg Group is roughlyksn thick and has an estimated are®®D00 knf; it is
consideredas one of the world's largest pyroclastic proving¥sidovskaya et al., 2023Yhe
RooibergGr oup6s upper portion is dominated by rhy
with basal Rooiberg basalts and Bushveld malfiamafic counterpartsHarmer and Sharpe,

1985; Buchanan et al., 2004). Despite having locally transitional relationships with underlying
rocks of the Transvaal Supergroup sediments, it is petrogenetically associated with the Bushveld
magmatic event (Buchanan et al., 2004; VanTongeren et al., 2010).

The Rooiberg Group comprises the basal Dullstroom basaltic as well as the Damwal,
Kwaggesnek and Schrikkloof dacitic to rhyolitic formations (Fig@)e(Schweitzer, 1987;
Schweitzer et al., 1995). The Dullstroom Formation is made up of thick basaltic and dacitic lavas
with minor pyroclastic layers and intercalated sedimentary beds ((French and Twist, 1983; Harmer
and Von Gruenewaldt, 1991). It can beided into 6 types of lava, including: |eW basaltic
andesite, basal rhyolite, high basalt, highMg felsites, highFe-Ti-P andesite and low felsites
(Schweitzer et al., 1995; Jolayemi et al., 2020). In contrast, the Damwal Formation is not basaltic
and comprises dacites and rhyolites interbedded with sandstones and quartzites (Schweitzer et al.,
1995). The overlying Kwaggasnek Formation is dominated hyolites and minor shales,
guartzites and agglomerates derived from-Mg lava types (Schweitzer et al., 1995). Lastly, the
upper Shrikkloof Formation is composed of g rhyolites with minor quartzite (Schweitzer et
al., 1995).

Field observations and textures (porphyritic and glassy) allude to an explosive eruption and
subsequent emplacement of the Schrikkloof Formation (Chiya, 2023). These textures along with
geochemical data of the Schrikkloof Formation suggest that the Rgddyeup was emplaced
and deposited insubaeriaknvironmentn an intracratonic setting (Chiya, 2023). Thecurrence
of tuffaceous material within the group is attributed to the violent volcanic eruptions (at
temperatures > 1100) and rapid cooling on the surface (Chiya, 2023).

The vast bimodal volcanics of the Rooib&gupweresucceedetly theemplacement of
the Rustenburg Layered Suite (RL.@hich locally splits the Rooibergolcanic sequeceinto an
underlying basaltic floor andn overlying felsic roof(Harmer and Sharpe 198benhardt et al.,

2012. The intrusions of th&ustenburd.ayered Suite metamorphoseaks ofthe Dullstroonto



Damwal formationgYudovskaya et al., 2023\vhereasemplacement ofjranites otthe Lebowa
Suitelocally resulted in exogranitic hydrothermal mineralizatioradsiteriteand the formation

of tourmaline and carbonate especiallyin the Rooiberg Group's northwesth portions
(Buchanan, 2006Jhe Lebowa Granite Suite and its associated hydrotherowlrrencesare
dated at 1957 + 15 Ma, aadditionalevents occurred between 1790 + 114 Ma and 1604 £ 70 Ma,
which suggests that mineralization was periodic (Robb et al., 2000). Exogranitic ore deposits found
within the Rooiberg group typically comprises polymetallicF&sFREE (Robb et al., 2000;
Crocker et al., 2001)The mineralization styles are typically breccia pipes (e.g., Vergenoeg
FluorsparHematite pipe),stratabound tdrregular veins (e.g., Union Tin Mine), and contact
breccia porphyry (e.g., Zartkloof Fluorspar Mine). These mineralisation stylesedmminantly
confined to the Kwaggasnek and Schrikkloof Formati@chyveitzer et al., 1995b; Crocker et al.,
2001).

2.2 Local geologyof the VergenoegNokeng ore field

TheVergenoegNokeng bcal geology is represented by an irregular vertical volcanic pipe,
pyroclastics, and sedimentary rocks (FeuR000). These rocks are known informally as the
VergenoegRock Suite, restricted to the farms Naauwpoort 208 JR and Kromdraai 207 JR
(Crocker, 1985). This Vergenoeg Suite is encompassed within the Seilers Formation
(Crocker, 1985)which was later renamed and subdivided into the Kwaggasnek and Schrikkloof
formations of the Rooiberg Group (Groenewald and Groenewald, .ZDHd3uite is made up of
five stratigraphic units, including a sedimentary unématite fluorite and hematite unidreccia
agglomerate unitignimbrite unit; and lastly, the Vergenoeglcanicpipe (Crocker,1985Table
2).
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2.2.1The Sedimentary unit

The Vergenoeg sedimentary unit comprises stratiferruginous cherts (banded iron
formations- BIF), associated conglomerates dfepoorershales found in the farm Naauwpoort
(Fourie, 2000). The unit is interpreted as a sedimentary outwash fan that formed through the
erosion of pyroclastic rocks (Crocker, 198B)e alluvial unit represents the terminal phase of the
Vergenoeg Suite, and it is cappedtbgbanded iron formatio(Crocker, 1985). Thibandedron
formation (BIF) formed in shallow water andcemposed o€hert and thin interbedded hematite,
showing ripple marks, dewatering slump structures and nenossbeddingCrocker, 1985). The
unit also includes minor isdled pockets and layers of ferruginous sandstone and conglomerates,

overlying portions of massive hematite bodies near and in the Vergpipee@-ourie, 2000).
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Table2: lllustration of all the stratigraphic units within the Vergenoeg Suite, their thickness,
constituent rock types, structural and textural propenexl{fied afterCrocker,1985).

Stratigraphic Ma}X|mum Constituent rock | Structural textural
units thickness type roperties
(metres) yp brop
Wilgerivier Sandstone and Once covered the | Waterberg
Formation Conglomerate Vergenoeg suite Group
Rounded hematite,
Ferruginous felsitic and fluorite
Sedimentary unit conglomerates, | clasts inferruginous
y 10 grits, banded iron matrix, cross
formation and | bedding ripple marks
chert. and mud cracks in <
places CD
Conformably Hematite and —
stratlflegl hematite 20 fluorite (Q
fluorite and CD
hematite units =
Predominantly O
Breccia 40 felsic and rhyolitic| Fines enriched and
agglomerate unit pyroclasts in fines depleted facies CD
hematite matrix. «©
Predominanty | white, blackand | (/)
o felsic tuffs, .
Ignimbrites 60 f : : multi coloured
erruginous in | ff (-
places glassy tuffs =1
Discordant Depper Hematlj[efluon_te, I-_lorlzontally_ zor_led, (‘D
L Magnetitefluorite, | including siderite,
volcanic pipe than 650 . : " "
. Magnetitefayalite, | fluoritic and pyritic
(Vergenoeg pipe)| meter. :
and fayalite zones zones
Schrikkloofand 3000 to Felsites Massive and flow Rooiberg
Kwaggasnek 5000 banded Group
Formatiors
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2.2.2TheHematite and hematiiuorite units

The Vergenoeg hematite and the hemdliterite units comprise a 20meterthick
succession undsgtihg the 'Vergenoeg sedimentary unit' (TaB)e The hematite unitsonsist of
small concordantmassive greyish hematitand specularitic fragments interlayered with felsite
and hematitdluorite bodies within a stratified pyroclastic sequenoecontrast the hematite
fluorite units are smallerrregular concordant hematitBuorite sheets dispersed around the
Vergenoeg pipe (Fourie, 2000). Heaunits arebelievedto be spillover remnants of lava and
pyroclastics (Fourie, 2000hmong these spHbvers, he most prominent is the Plattekop deposit,
located1000 m south of the discordant Vergenoeg volcanic. pipsoves an estimated area of
800m?, with a thickness of 20 m, and dips 10° southeast (Fourie, 2000).

The Plattekop hematiiuorite unitexhibits ahighly variablecomposition consisting of
fragments ranging fromrey to reddisfmassive hematit@terspersedith fluorite crysals, clasts
and aggregates (Fourie, 2000). Angular crystal faces of the flgorteibute toa fragmental or
breccia texturavithin the rockgFourie, 2000)On average hte Plattekop deposit contain$0 %
iron oxides(predominantlyhematit®, 40 % fluorite,and10 % quartz (Fourie, 2000). Bedding is
observablan certain sectionsf the sequencealthoughlava and volcanic structurese sparse
(Fourie, 2000)Adjacent to the volcanic pipboreholesevealinterlayering between the hematite
fluorite unit and felsitewhile in other boreholes, the hematftaorite lithology alternateswith
massive hematite (Fourie, 2000). This conformable hematitic lense is roughgtdi@thick near
the pipe and shows a decrease in thickness tet8ramoughly 750 netersaway from the pipe
(Borrok et al., 1998). However, Fourie (200@¢edthin hematite layers in boreholes close to the
Vergenoeg pipecontrasting with earlier observations

According toCrocker(1985),the Plattekogluorite deposit forms part of theoncordant
intrapyroclastic orebodies found within thematitefluorite unit of thevVergenoedsuite andefers
to it as the frotHflow channel laglithology. The fluoriterich bodyis undelain by the fines
depletedagglomerateshownby theopentriangle inFigure5. There is evidence of both normal
and invers-graded bedding, where &xsegrainsaresandwiched/constraindsktweerfiner grains
at the base and top (Crock&®85). This is attributed tanternal shear forcemfluencing the
viscous frothflow ore, composed dfalogenrich (CaR) andoxidizedsideritemagnetiteenriched
tuff (Crocker, 1985)There is also evidence ¢hin (<1 m) interbedded tuff horizonkcated
towards the base of tlmeebody (Crocker, 1985)
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Figure 5. Geologicalsection and plawiew of the Plattekop deposiT.he sectiondisplaysthe
location of theboreholeghat weredrilled (After Crocker, 1985)

2.2.3 Thebrecciaagglomerate unit

The extrusive breccia agglomerate unitmginly foundon the higher hillsnear the
Vergenoeg pipelt corsists oflayers of breccia and agglomeratéxed with tuff (Fourie, 2000).
Initially, Crocker (1985)uggestedhat this unit forms the top of the Volcanogenic Pyroclastic
Suite However, Fourie (2000) disputed thsuggestinghat it actually predates the hematite
fluorite and hematite unitVithin thesebreccias and agglomerataefelsic clastsranging from
angular to welrounded surrounded by a fingrained matrix of hematite and ferruginous tuff
(Fourie, 2000).
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2.2.4 The ignimbrite units

Crocker (1985)xategorizedhe basal ignimbritegto several unitsFirstly, thereis the
finesdepleted lag agglomerateharacterized by silicach welded lag agglomerates transitioning
into ash fall tuff near the vent. It contains angular cherty quatizfragments within a reddish
chertdominated matrix, witlpetrographyrevealing crystallized and welded devitrified glass and
quartz after tridymiteThis agglomerate forms from rapidly agglutinated hypocrystalline perlitic
rich in tridymite tuff fragments, creating fused clasts in a weldednatirix (Crocker, 1985)
Secondly, the finesenriched astfall tuff, consideed a distal facies equivalent of the fines
depleted lag agglomerate, consists of fines;fakhvitric, and lapilli tuff. It exhibits a multi
coloured appearance and is dominated by tridymite quartz shards, perlitic spheroidal, and glassy
clasts, surrouretl by cryptecrystalline glass to crystalline quartZrocker (1985also references
the frothflow channel lag deposits and finesriched black grass tuff units, detailed in chapter
2.2.2 (Hematite and hematitieiorite units).

2.2.5Discordant Vergenoeg Pipe

The Vergenoeg ore field lies within a volcanic plige body (900m x 600m) that is oval
shaped in plan view (Figu®. This volcanic pipe was a conduit of a violent-gapour volcanic
eruption and referred to as the Vergenoeg discordant volcanic pipe. The pipe intrudes the upper
unit of the Rooiberg Groumrimarily consisting ofrhyolites fom the Schrikkloof Formation
(Hatton and Schweitzer, 1995). The Vergenoeg pipe is encircled by sedimentary rocks and
pyroclastics, comprising agglomerates, BlRd agnimbrites (Crocker, 1985 and Borrok et al.,
1998). The Vergenoeg deposiixhibits vertical zoning, characterized by distinct mineral
assemblagesvhich can be categorized into four units (Goff et al., 2004), includemgatité
fluorite, magnetitéfluorite, magnetitéfayalite, andfayalite units listed from the togo the base
(Brandt et al.,, 2019). Magnetifayalite, magnetitdluorite, and hematitéluorite units

collectively constitute oved0 % of themineralized body at Vergenoégourie, 2000).
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2.3.Mineralizationof the Vergenoegre field

Data on mineralization of the Nokeng depaslimited in literature, therefore, the typical
characteristicsf the Vergenoeg mineralization are given below with an aim of further comparison.

Over 40 minerals have been found within the ore faddoshg with major fluorite andon
oxides. Accessory mineralizatiomccurs in the form ofapatite, monazite, xenotim&EE-F
carbonatesandFe-Cu sulphide minerals (Fourie, 2000joreover, @tchy limoniticmaterial(i.e.,
goethite)havealsobeenfound close to the water table (Fourie, 20@®@cording to Fourie (2000),
fluorite with a purple colour and elevated phosphate content indicatesi¢h®inclusionsof
xenotime, monazite and fluoceritbatare accompanied by U, Th and R&tomalies. In contrast,
CuandAu concentrations within the Vergenoeg ore field are conspicuously low (Fourie, 2000).

Mineralization within the Vergenoeg deposit comprises distinct primary and secondary
mineral assemblages. Tipeimary assemblage predominantly constitutes ilmenite, fayalite and
fluorite, along with accessory allanite and apdierrok et al., 1998; Schutte, 2005 and Graupner
et al., 2015). Hydrothermal alteration of the primary assemblages resulted in the formation of an
early secondary mineral assemblage (T296)0 which consists of magnetite,
ferroactinolite/grunerite, and subordinate quartz (Borrok et al., 1998). The alteration also formed
a late secondary mineral assemblage (T<®D)Q which comprises siderite, hematite, quartz,
pyrite, subordinate fluorite, apatite, and RE€aring minerals (Borrok et al., 1998 he zored
distribution of these assemblagesittributed to variable degrees of hydrothermal overpritite
indistinct to gradationdboundaries between the zor{Bsandt et al., 2019). According Fourie
(2000), the primary assemblage is prevalent in the lower portions of the pipe, whereas the

secondary assemblage dominates the upper parts of the pipe.
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Figure 6. Diagram showing the Vergenoeg Igneous Complex, clearly illustrating the Vergenoeg
pipe and the Plattekop deposit. The crssstion on the left displays the Vergenoeg pipe and
associated lithological unitsaken fromGraupner et al., 201%who modifiedit after Goff et al.,
2004).

2.4 Petrogenesief the Vergenoeg orieeld

There are arious modelsuggestedor the formation of the Vergenoeg ore fieRbrrok
et al. (1998) proposed that the fluorite and magnetite within the ore field precipitated from
hydrothermal fluids exsolved from the Lebogranite. Tte aforementionethodel wasupported
by Kinnaird et al. (2004) and lat&raupner et al. (2015) wharguedhat a Lebowadype granitic
magma was the source of high field strengkBments (HFS§, which encompasgare earth

elementsY and Nb. Borrok et al. (1998) and Graupner et al. (20b%) postulatedamagmatic
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formation for the fluid and fluorspar generatias) based on the identicdNd valuesfor the
Vergenoeg fluorspar and Lebowa granitetiereas the Rooiberg rhyolitefiow reducedNd

values. Other modeiaclude that oiCrocker (1985), who suggtdthat Vergenoeg ore formed
when an immiscible iron oxide magma was separated from a parental felsic magma. Lastly, Hou
et al. (2017)supported the latter view by thexperiments, which showed that the bulk
compositions of the Vergenoegckscould be formed asrasult of immiscibility betweequartz
saturatedhyolitic meltand aniron-rich melt crystalizing fluoritefayaliteandprimary magnetite.

The Ferich conjugate melt dissolves to6 wt.% F that is yet not sufficient to explain the high
fluorite content of Vergenoeg ores suggesting some input of F with hydrothermal fluid (Hou et al.,
2017)
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Chapter 3: Materials and Methods

3.1 Sampling

Sampleswvere selecteéfom boththe Nokeng Fluorite Mine (NK1, NK2, NK3 and NK4)
and the Vergenoeg Fluorite Mine (VGtb) investigatethe hypothesis that Nokeng is the distal
facies of Vergenoeg. These samples wabtained fromthe University of the Witwatsrand
collection Sampling was focused onmineralized units witha higher potential for hosting
accessory mineralization such as monazite, xenotime, allanite, and &iagtethe pegmatoidal
and heterogeneous nature of the Nokeng and Vergenoeg mines, large seefgulésHigure?7)

were collected to adequatelyapture mineralogical variationswithin the rocks. Detailed

petrographic descriptiarof the samples used in this study are providedigpendix A.

Figure 7. Typical textures of Nokeng and Vergenoeg ores. a) Rock sample NK4 from the Nokeng
open pit mine, displaying a brecciated texture that comprises fragments of rhyolite in fluorspar
hematite matrix. b) Rock sample VG1 of fluorsp@matitemagnetite breccia from the
Vergenoeg open pit.
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3.2 Sample preparation

Five rock samples were cut to generate 15 smaller rock samples, designated as NK1A,
NK2A, NK2B, NK3A, NK3B, NK3C, NK4A, NK4B, NK4C, NK4D, VG1A, VG1B, VGI1C,
VGI1D, VG1E(Table 3. The offcuts produced during thgreparatiorof thin sections were taken
for milling at the University of Witwatersranthe EarthLab, to produce powders for XRF and
ICP-MS analysis. Each sample underwent timminutemilling cycle using acarbonsted swing
mill (Figure8a) to ensure a very fine consistency (ranging betweebB0Lthicrons), after which
they were divided into 15 individual sample bags. For samples that were too large for the milling
dish (as depicted in FiguBb), alabjaw crushefrom the EarthLabwas used to reduce their size.

To uphold quality assurance and control and prevent sample contamination, the milling dish was
meticulously cleaned after each cycle by milling quartz silica. Further cleaning was carried out

using ethanol, an apressure gu, and issue paper.

12

Figure 8. a) Carbonsteel swing milused to ground the rock samples into powder for geochemical
analysis. b) Photograph showing the milling diséit hold the sample material
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3.3 Optical mineralogy
3.3.1 Transmittetight microscopy.

Fifteen rock samples were mounted and cut with a wzteled saw to produce 3flicron
rock slices. These slisaverethenplaced between two glass slides and held together with epoxy
to create polished thin sectiomeasuringd0 mm x 25mm at the Wits Earth LalSubsequently,
the fifteen polished thin sections were studied using transmitted and reflected light microscopy at
the University of the Witwatersrand (WIM Lab). An Olympus BX41 light microscope was used
to analyze these thin sections at different magnifications (x4 x200and x40). Higtresolution
photomicrographs of all the thin sections were captured using azatt@ched to the Olympus
BX41 microscopeproviding visual representations of the mineralogy present in each sample
Detailed petrographic descriptions of individual samples were conducted, focustagtune,
grain sizes, zoning, and alteratidrne primary objective of these descriptions was to investigate
similarities and variations between the Vergenoeg and Nokeng samples and to identify any
accessory rare earth element (REE) mineralization, such as xenotime, monazite, allanite, and

apatite

3.3.2Scanning Electron Microscopy and Automated Mineralogy

In this study, the mineralogical phases of the hem#titeite ore, eruptive breccia and
magnetitefluorite ores were characterised usiigMA with VegaTCx64tungsten hardware and
TIMA software version 2.9.at the School of Geosciencéliversity of the Witwatersrandlhe
TIMA is an automated scanning electroitroscope (AutoSEMgapable of rapidly analysing the
mineralogicalphases ofamples. This system utilizeésthenergy dispesive X-ray spectrometry
(EDS) and Backscattered electron (BSE) signals to ideatify compositionally imageainerals.
The TIMA analysis was conducted after petrographic warld the results fromboth mineral
analysis methods were comparé&tie TIMA liberation analysis methodgasemployedon two
polished thin sectionsiamelyNK1A (hematitefluorite ore) and VG1Amagnetitefluorite ore).
For each sample, an initial rough run (liberation analysis) was conducted to deduce where the REE
mineralization is concentrated in the thin sections. Then, two areas in each thin (sections

A and B which showed an enrichment in REEs were chosen for a moreeddibération
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analysisThese two sections chosen for analysis arededihed in Figures 16a andPhase maps,
elemental maps, elemental deportment, mineral locking, and other output data were collected for
each section.

Prior to data acquisitionf[IMA was carefullycalibrated to ensure accurate and reliable
measurementsind the samples were carbon coatedring quantitative analyseshe beam
conditions on the ¥gaTCx64vereset a25 kV for the electron beam, with a beam current of 4.2
nA, a beam intensity ofl.7.3N/cn?, a spot sizeof 533.62nanam, while maintaining a working
distance of 15nm. The measurement parameters on the TIMA software including the acquisition
mode, analyses type and pixel spacing were defined using liberation analyses and both dot and
high-resolution mapping with pixel spacing set at 1 um and 3 um respectively. The maxinal
the minimum BSE intensities were set at ¥9@nd 10 % respectively, withray counts at 1000
per pixel and the dot spacing was adjusted ta@@ons BSE imaging speed was configured to 4
/s.

The mineralogical characteristics of samples NK2A and NK4B \atge investigated
using a TESCAN Vega SEM. The instrument is ho
Biology building and operates under the Microscopy and Microanalysis Unit (MMU). The
TESCAN Vega SEM, utilizes a tungsten filament, which serves as a pivotal analytical tool for the
examination of the samples. Prior to SEM analysis, a sample preparation pracetiudes
carbon coating to minimize charging effects. Subsequently, the prepared samples underwent SEM
examination, operating under optimal cdiwhs including a 10 kV accelerating voltage and a
beam current of 2 pA to ensure higésolution imaging and elemental detection capabilities.
Detailed microstructural features such as grain morphology, texture, and mineral assemblages
were examined andocumented through higlesolution SEM images generated by the TESCAN
Vega SEM. EDS analysis facilitated the elemental characterization of mineral phases present

within the samples, providing semiquantitative estimates of the element concentrations.
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3.4 Geochemical analysis

3.4.1 Xray Fluorescence analysis

X-ray fluorescence (XRF) analysis was utilized to obtain the chemical composition of the
Nokeng and Vergenoeg samplésifle B.1 Appendix B) The chemical analysis of these samples
was conducted at the University of the Witwatersrand (Earth Lab). The first step involved
measuring the loss of ignition (LOI) by heating 1g of milled sample at XD&8y 40 minutes and
recording the weight change. Secondly, a LiBlOx (1.75g) was added to platinum crucibles and
heated for 40 minutes at 1020. Lastly, ignited flux was mixed with 0.34 g of pignited sample
and heated to 10AC for 50 minutes (Figur8b). The resultant molten material was then poured
into a disk and pressed into a solid form, which was then analyzed using a PANalytical WDXRF
equipped with a Rh tube. The PANanalytical WDXRF possesses a detection limit of around 0.01
wt.% for major elemes with an analytical uncertainty better than 1 rel.% basedthe
measurements of the international standards (RINNIM-D, W2, NIM-S, GSP2, BCR2, NIM
N, NIM-G, PCC1, BHVO2, AGV2, G2, DTS1)

The major elements analysis was used for correlation analysis between the Nokeng and
Vergenoeg samples. Major elements are also vital in outlining the degrees of alteration and
weathering. Thenajorelement analysis dateasfurtherutilized to create discrimination plots and

diagrams to deduce the rock provenacmeelations between the rock suites.
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Figure 9. a) Oven used to dry the samples at various temperab)réarnace used to heat XRF
mixtures to 1020C.

3.4.2 Inductively Coupled Plasma Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry {M®) analysis wasconducted to
supplement the XRF and provide a wider range of elements, most importantly REEs. Only samples
VglA, NK1A, NK2A, NK3A, and NK4A were submitted for ICMS analysis at the Earth Lab,
University of the Witwatersrandréble B.2,Appendix B) A Perkin Elmer Elan DRC ICIRIS
machine, with a standard crossflow nebulizer, was used to analyze the samples. This machine
provides detection limits of better th@r0(b-0.01 ppm. A 50 mg saphe of powdered rock was
first dissolved in a solution of 6.1 mL of hydrofluoric acid and nitric acid at a 2:1 ratio. The solution
was then heated to 190 and allowed to settle for 55 minutes. The solution was rinsed with 10%
NHOs3, and a hotplate was used to dry it to°C0 There were two more additions ofrfe. NHOs,
which were dried to 60C over 24 hours and then to 70. The solution was removed from the
hotplate, and a final addition of 300 INHOs was made. This method precisely determines
concentrations of elements such.asRb, Cs Sr, Ba, Zr, Hf, Nb, Ta, Y, Sc Th, along with all the
REEs (La, Ce, Pr, Nd, Pm, Sm, EGd, Tb, Dy, Ho, ErTm, Yb, Lu). Certified standard reference
materials (BCRL, BHVO-2 and BIR1) were digested and analyzed as unknowns returning <10

rel.% deviation
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Table 3: Lists all samples analysed in this study along with their corresponding lithological units
and the type oénalysis performed on each sample.

Samples | Lithological Unit XRF Microscopy | ICP-MS TIMA SEM
NK1A Hematitefluorite X X X X
NK2A Hematitefluorite X X X X
NK2B Hematitefluorite X X
NK3A Hematitefluorite X X X
NK3B Hematitefluorite X X
NK3C Hematitefluorite X X
NK4A | Breccia X X X
agglomerate
Nk4p | Breccia X X X
agglomerate
NKAC Breccia X X
agglomerate
NKAD Breccia X X
agglomerate
VG1A Magnetitefluorite X X X X
VG1B Magnetitefluorite X X
VG1C Magnetitefluorite X X
VG1D Magnetitefluorite X X
VG1E Magnetitefluorite X X
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Chapter 4: Petrography

Macroscopic and microscopic examinations of hand specimens and thin sections were
conducted tanalysethe mineralogical] mineral association, grain sizes, textural attributes, and
otherkey features oNokeng and Vergenoeg rock sampl€bese examinations aid in deducing
the origin of the rocksand depositional environment$-urthermore, the petrographic analysis
helpsin investigaing the geological processes that influenced the rocks after their formation, such
as hydrothermal alteration, metamorphism, and weathering.

Several samples from the hemafitgorite unit wereselectedfor petrographic analysis
including two hand specimens (NK1A and NK2A) and four gentiondNK1A, NK2A, NK3A,
and NK3Q. Four representative samples from thgolitic brecciawere also chosen, including 2
handspecimens (NK4A and NK4C) and 2 thsections which are NK4A and NK4B. Lastly,
Vergenoeg fluorite ores were analysed, represented by two hand specimens (VG1A and VG1B)
and three thin sections (VG1A, VG1E and VG1C). pe&ographiaesultsof rock samplege.g.,

NK2B, NK4C, and etchot included in this secticarefound in Appendix A

4.1 Rock andpetrographic descriptions
4.1.1 Hematitdluorite unit

The macroscopic analysis conducted on MKftom this unit reveals that it is composed
predominantlyof hematite and fluoritealong with rhyolitic clastic material paatly replaced by
disperse hematitd-igure 10a). Hematite displays a reddish colour, leaving a red mark oma str
plate. Blackish specularitic hematite is unevenly distributed throughout the whole sample
enriching some fragmentgiQure 10a). Hematite evidently forms a matrix that supports fluorite
grains. These fluorite grains are coarse grained, ramgsigefrom 2mm to 4mm,resulting in a
slightly inequigranulatexture The fluorite possesses a whitish to grey colour, and the overall
texture inFigure 10aresembles porphyritic or clastidexturein the breccidike rock. FigurelOb
also represents the hematiiigeorite unit; however, it differs fronfrigure 10a in that it displays a
phaneritic texture with interstitial fluorite graittsatattain sizes betweenmimand 2 mm.

The microscopic analysisf the hematitdluorite samplesvas conducted at the lowest
magnification (4x) owing to the generally large grain sizes observed in the unit. Figudepicts
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interstitial quartz grains positioned between fluorite and hematite. These quartz grains exhibit a
low birefringenceandhave sizes rarigg from 66 um to 166 pum. The fluorite grainskigurel10c

vary in size, ranging from33 um to ~1000 um The smaller fluorite grains iFgure10c, together

with hematite, form a matrix surrounding the larger fluorite grains and interstitial quartz. Figure
10d shows a massive magnetite graidd00 pm) that has been replaced by reddish hematite, with
minor black traces indicating resorption. This hematite pseudomorph after magnetite is enclosed
by a coarsgrained brownish fluorite aggregates with some fluorite grains containing hematite
inclusions.

Replacement and resorption phenomena are also evid&gure 10e, where hematite
replaces silicates located within cavities in fluorite. The fluarystalitself is coarsegrained and
exhibits subhedral to euhedral shapes with perfect octahedral cleavage planes that intersect at
roughly £120 degreesLastly, Figure 10f demonstrates interstitial hematite filling the space
between fluorite grains. The fluorite grains display anhedral shapes and variable sizes, ranging
from 33 um to 1500 pum. Widespread hematite replacement of rock fragments, former magnetite

clasts and fingrained clastic tuffaceous matrix resulted in a brelik@texture of the ore.
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Figure 10. Photographs ohand samples and thgection micrograph®f hematitefluorite
breccialike ore a)Hand sample dNK1A. b) Hand sample oRK2A. c) PPL mage ofNK1A. d)
PPL image oNK3A. e) PPL image oNK2A. f) PPL image oNK3C. Abbr.: flu-fluorite; hem

hematite; sHsilicates; gtzquartz

28




4.1.2 Nokengrhyolitic breccia

The Nok e rriiyolitdd erapéve brecciarepresented bthe NK4 samplewas also
analysed using both macroscopic and microscopic analytical methods. Figigieolvs gart of
alarge rhyolite clast, which is rough80 mm in size Therhyolite clasthas a brownish reaolour,
andit is cut byapervasive specularitic hematitein (as seemn the top lefihand siden the Fig.
10a)with a thickness of roughly @m. Theinternal part of the rhyoliticlast containsinterstitial
specularitic hematite. Thrhyolite fragments supported by a matrigomposed ofluorite and
specularitic hematite. The specularitic hematite surroundséggiigranularfluorite grains of
variable sizesfrom grains that ar& mm to those that arel mm in size. The fluoriteisplaysa
pinkish and greyish colour. The overall texturé&igure 1la isbrecce-like with porphyritichabit
of fluorite grains A clear cut/sharp boundafynarked in redn the Fig. 1) separatethe fluorite
aggregatend the specularitibematitefluorite matrix. Figure 1b showssimilar mineralogy and
texture tothose in the igure 1la, with the fluoritehematite matrix being more definéthis type
of breccia can be defined as lithic lag breccia, which forms synchronously with ignimbrite but
representgaciesproximal to the centre of the eruption.

The microscopic examination of theeccia revealgreatvariations inmineral assemblages
and textureslue to compositionally contrasting clasigurellc exhibitsa quartzgrain with a
massivecentral coresurrounded byibrousspherulitic rimindicating recrystallisation of volcanic
glassaround either quartz shard or phenocrysie quartzaggregates commonhave interstitial
hematite filling in the spaces between ghains Notably, Figure 11d illustratethe acicular quartz
texture Interstitial hematite and subhedflalorite separag pseudomorphs fromecrystalizedine-
grained quartz devoid of needike featuresFigurelle showcases a massive fluorite grairth
subhedral hematite inclusignghich, in turn, areharbouringsilicate mineralskigure 11f exhibits

distinct quartafter tridymitewith acicular textures on their peripheries.
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Figure 11. Photographs of hand samples and-s$eotion micrographs @ruptivebrecciaa) Hand
sample NKIA with rhyolite clasts in hematiech matrix with minor fluoriteb) Hand sample
NK4C with rhyolite clasts in fluoritdhematite matrixc) PPL image of NKA d) PPL image of
NK4A. e) PPL image of NKA. f) PPL image of NKB. Abbr.: flu-fluorite; hemhematite;rhy-
rhyolite; gtzquartz
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4.1.3 Magnetitefluorite unit

Thisunitis represented e rocksample collected from the Vergenoeg oppit fluorite
mine, namely VG1The hand sample iRigure 12a displays massive, vuggy magnetite, with a
greyishblack colour. The magnetitgrains argoughly 20mm in size whereaghe cavities/holes
rangebetween-1 mmand4 mmin size Minor hematitereplacesnagnetitethat isdistinguished
by a reddistoxidation colour. The magnetitegrainssharea clearly defined/sharp contact with
coarse graineeéuhedralfluorite crystals that are highly fracturdéfigure Pa). Thesefluorite
grains have a milky tgreyishcolour and vary in size from approximat@yo 13 mm. Figurel2b
shows a fragment of théG1 sample thats composegredominantly of magnetiteMagnetite in
Figure 12b is similar tothe magnetite in lgure 12a as itis also massivegreyishblack in colour
and hasavuggy textureThe space between massive aggregatesaghetitds filled by medium
grainedfluorite grainswith a sizerangingbetween~1 mmto 4 mm (Figure 2b). The fluoritein
this samplenas a pinkish coloudue to disperse iron oxide admixtuaed possess phaneritic
texture.

Microscopic analysis of the VG1 fluorite samples reveals several key features. All samples
(VG1A to E) exhibit massive fluorite grains, typically subhedoaéuhedrabnd displayingdull
pinkish grey color. These fluorite graingy bebrecciatedvith crosscuttingreinlets of hematite
and magnetiterigure 2a showspervasive maroon hematite viats and disseminated subhedral
magnetite veilets traversing theluorite aggregatesSimilar magnetitevein-like aggregatesre
observed inhefluorite in Figure 12d, wherefluorite is surroundedy massive magnetitdlotably,
Figure 12e displays collomorphic hematite rims surroundanyd replacingnagnetite, with both
mineralsengulfing fluorite grainskigure Re exhibits hematite lamellaasidefluorite grainsthat
wasnot observed in the other samplekssive magnetite surrounding the fluorite wigmatite

lamellaeis itself entrappedby larger fluorite grains.

31



Figure 12. Photographs of hand samples and-dection micrographs of thmagnetitefluorite
unit. a) Hand sample &fG1A. b) Hand sample d0f¥G1B. c) PPL image o¥G1A. d) PPL image
of VG1A. e) PPL image o/ G1E. f) PPL image oW G1C. Abbr.: magmagnetite

flu-fluorite; hemhematite
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The observations show that (i) quaidzmostly associated with clasts of rhyolites and is
subordinate to accessory in hematiterite ore (ii) thespherulitic texture is common in rhyolite
clasts and was not observed in the matrix of all stuchells (iii) the stratified texture of the
Nokeng NK2sampleindicates flowage control of clast distribution whereas all other samples
demonstrate irregular arrangement of clasts; (iv) relics of primary magnetite are abent in
Nokeng hematitdluorite ore whereas they are obvious the Vergenoegnagnetitefluorite ore;

(v) thevariable textures of fluorite indicate its primary origin although clgsteenanceof some
fluorite grains in the Nokengpckscannot be excluded
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Chapter 5: Whole Rock Geochemistry

The geochemical analysis of major and trace elements irhahmtitefluorite ores
eruptive brecciaandmagnetitefluorite oresprovides insight into the compositiorgimilarities
and variaions between these thrdighologies The nmajor element analysis provides essential
information for classifying rocks into different typbased on their chemical compositidrne
major oxides are the constituents of minerals that make up raoks ores, therefore, their
proportions controthe proportions ofminerals For the purpose of this studye trace elements
have been groupeadto large ionlithophile elements (LILE), high field strength elements (HFSES)
and lastly EEESs.

The category of "largeon lithophile elements" encompasses K, Rb, Sr, Cs, Ba, Pb, and
EW* (Gast, 1972; Saunders et al., 1980; Rudnick, 1998), which are characterized tgrgeeir
ionic radii andrelativelylow charge (Saunders et al., 1980ementssuch aRkb, Sr and Bavere
discused in this chapter becausehe character of these elements altofer elucidation of
fundamental geochemical processes.
The highfield strength elements constitute a cluster of incompatible elements, each characterized
by relatively small ionic radii aridr high charge (such as Th, U, Ce,*PHr, Hf, Ti, Nb, Ta).
These elements serve as valuable indicators for discerning the tectonic environments in which
rocks originate (Pearce et al., 1984). Typically, they are deemed incompatible as they tend to
remain within the melt and do not readéiyterinto primary rockforming minerals(White, 2001).
Severaliscriminant plots willalsobe created usinthese HISEs.

Lastly, the REE, whichincludelLa, Ce,Pr, Nd, Pm, Sm, E&d, Tb, Dy, Ho, Er, Y Tm,
and Lu, were analysedtogether withthe chemically similary and Sc These elements are
imperative to this study and thenalysis aligns with key objectives of the research. However,
only REEs with distinguished or elevatatbncentrations compared to the other RR#thin the
deposit were analysed in detaillhis includes, Ce, La, Y and Ndvhich revealed high
concentration following the IGRIS analysisREE chondte normalized plots and other plase

created to better decipher the geochemical character of the4REE
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5.1 Major elementgeochemistry

The geochemical analgsconducted on the Nokengmatitefluorite, Nokeng rhyolitic
breccia andnagnetitefluorite units revealsignificant variability in silica conter{Figure13ad).
The Nokeng hematite fluorite unit has a range io8itent from 0.32 wt % to 32 wt%; this unit
possesses relatively low silica contentoverall Silica contentwithin the Nokengbreccia is
relatively higher withits content ranging fron26.1wt.% to 57 wt.%. The hematitéluorite unit
displays asmallervariation in SiQ content betweeimdividual samples1.24wt.%to 1.9wt.%),
compared to Nokeng hematiieorite and the Nokeng breccia. The magnétliterite orepossess
the lowest average Si@ontent, whereas the Nokeng breccia has the highest averagm&i€nt.
The Nokeng breccia displays low CaO content compared to the other units, whereas the Nokeng
hematite-fluorite and Vergenoeghagnetitefluorite orespossess moderate to high concentrations
of CaO (Figurel3g. There is also a wide vation in CaO content of individual samples within
the same units (e.gVG1C has aCaO contenbf 45.2 wt.%whereasvG1B has a value &7.4

wt.%). Figure Bashows a relative decrease in CaO with increasing &6tent.

The iron content is relatively balanced between the different units (Figbyehbwever, there is
a notable disparity in the Fé@ontent between samples of the same unit (Blg§4B has a
concentration of 44.9 wt.% Fé@hereas NK4A register a lower value at®@@t.% Fed). The
hematite fluorite unit has the highest average concentrati®QOsffollowed by theVergeneog
magnetite fluorite unit, and lastly the Nokeng breccia (Fig@®.IThe TiQ content is variable
across all units, with Figure8d displaying a positive correlation between fa@d TiQ. Notably,
the hematitdluorite sampleNK2 displays the highest TiOcontent, whereas NK3 shows the
lowest concentration of TigEXFigure Bd). The Nokeng ématitefluorite unit Nokeng rhyolitic
breccia andnagnetitefluorite unitpossess relatively lo#l .0z andMnO, MgO contentompared
to average crustabundanceshe units also show losv concentrations of YO and NaO.
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Figure 13. Harker plots showing the relationship between silic dioxideand major element
oxides for the differentock types in the Nokeng and Vergenoeg Miflee black lines show the
trend of the data.
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5.2 Trace elementgeochemistry.

5.2.1Largelon LithophileElements

The hematitefluorite ore displays distinct variations in Rb, Sr, and Ba concentrations
acrosgshesamples. NK1Aevealdower concentration§2.48 ppmRb, 549 ppmSr, 30.5 ppnBa)
compared taNK2A, which shows significanenrichment (72 ppm Rb, 61 ppm Sr, 129.6ppm
Ba). NK3A bridges the gap with intermediate values (2.83 Riin31.6 ppmSr, 385 ppm Ba).
Notably, Cs conteraf 1.96 ppmin NK3A surpassethat of NK2A despite generally lower LE
concentrations. Moreove&r contentin NK3A is lower thanin NK1A. The eruptive breccia
samplg(NK4A) shows moderate enrichments in Rb (3.55 p@s)(0.87 ppm)andSr (238 ppm)
compared toores ofthe hematitefluorite unit. Notably, the Ba concentration40 ppm) is
significantly higherthan that of NK1A and NK3AIn contrastpres ofthe magnetitefluorite unit
(VG1A) havesignificantlylower Rb (1.30 ppm)Cs (0.08 ppm)andSr (24.8 ppmEontentsbut,
like NK4A, aredistinguished byigher Ba (37.1 ppngompared to NK1A and NK3A.

Three binarnplots(Rb vs Sr, Rb vs Ba and Ba vs $m@recreatedo deduce geochemical
trends within thestudiedNokengVergenoeg samplet.is evident fromFigure 14a-c thatNK2A
hematitefluorite orepossesses the highest Sr,a8@ Rb content compared to all the samples that
were analysed\K1A is also distinguished by elevat8dcontentwith respect tahe other samples
(Figuresldaandc). Notably, in the Rb vs Ba pldFigure 1b), all the samplesxcept foiNK2A,
show asimilar geachemical compositiorMoreover,VG1A, NK3A, and NK4A show relatively

similar trends in all the plotg-iguresl4a-c).
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Figure 14.Binary plots of large ion lithophile elements (LILE) found in rocks from Nokeng and
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5.2.2High Field StrengtlElements

The analysis of key trace elements (Ta, Zr, Nb, Ti, Hf) revealed distinct geochemical
signatures across the three units. Within ieenatitefluorite unit, NK1A exhibits the lowest
concentrations, with 0.95 ppifg, 13.9 ppmZr, 311 ppm Nb, 1110 ppm Ti and 0.44 ppnHf.
Notably, NK2A shows a contrasting pattewith higher concentrations of Zr (32ppm), Ti (2172
ppm) and Hf (181 ppm), while Ta (0.47 ppm) and Nb (14®m) contentremairs moderate.
Interestingly, NK3A presents an intermediate signature, with valuedbp@mZr and 534 ppm
Nb falling betweerthose folNK1A and NK2A Thehighest Ta (1.55 ppm) and subsequently the
lowest Ti (370ppm) and Hf (0.34 ppmamongall hematitefluorite ore samples are found in
NK3A. Theeruptive rhyoliticoreccia(NK4A) displays low Ta (0.33 ppm) and Nb (32.6 ppm) but
significantly elevatedZr (243 ppm), Ti (1256 ppmandHf (4.67 ppm)compared to other rocks in
the NokengVergenoeg arealLastly, the Vergenoeg ragnetitefluorite ore (VG1A) exhibits
moderate concentrations of alcompatibleelements, with 838 ppm Ta, 7.8 ppmZr, 314ppm
Nb, 514 ppm Ti and 032 ppm Hf falling within the moderate ranges comparedtte other
samples.

5.2.3Rare Earth Elements

5.23.1Hematitefluorite unit

A considerable enrichment in REEs compareth&oPrimitive Mantlevalues(Hoffman,
1988)is apparent imocks and ores dhe Nokenghematitefluorite unit (Figure 15. The LREEs
within the unit are more enriched compared to the HREEgUre 19 and the LREE/HREE
fractionation increases with the increasing total REE abundaNt€kA is the mostLREE
enrichedsample within thdhematitefluorite unitwith 1191ppmLa, 1842ppm Ce at over 5300
ppm total REE NK2A also displayshigh LREE enrichment at3221 ppm totaREE content
whereadNK3A is the least REE-enriched sampleith the total REEEonteniof 2800 ppmHREE
show relatively flatten unfractionated Primitive Mantle normalised patteitis a slightly
negativeslope for NK2A and NK3A and positiveslope for NK1A Figure 15. Notably, NK3A
shows the highegnrichment irHREEwith 629 ppm Dyand 54.9pmYb. NK3 has the second
highest HREE contentyith, NK2 beingthe leasenriched in HREE All the Nokengsampleghat
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werecollected(NK1A, NK2A, NK3A) and analysed for REEShow & impressivenegative Eu
anomaly Figure 15. The averageslopes of thePM-normalisedpatternsare within 4.515.5
[La/Gd]n for the LREEs an@®.8-1.2[Tb/Lu] n for the HREES. The significantly enriche®REEs
in Nokengoresproduce aasymmetridi s e a BMrrodmalisedpattern(Figure 15. Furthermore,
Y concentration in the sampleshigh with 1805ppmY in NK1A, 1517 ppmY in NK3A and
with 641 ppmY in NK2A.

5.2.3.2Nokeng rhyolitic breccia

Theeruptivebreccia represented by NK&is relativelydepleted irREEs compared tahe
Nokenghematitefluorite ore The brecciaeveals a relativenrichmentin LREEscomparedo
HREEs, with Ceshowingthe highestoncentratiorat 432 ppm, followed by La at 347 ppnihe
HREE content isvithin a range fron0.9 ppm Lu to 103 ppmDy. The PMnormalised pattern
shows ahigh degree of LREE fractionatipmith unfractionated flatteed HREE distribution
(Figure 15. The slopes of the REEM-normalised pattercorrespond t@®9 [La/Gd]n for the
LREEs andl.1 [Tb/Lu] n for the HREEs.The sample displaysnaunremarkablenegativeEu
anomalyin (Figure 15. The samplalso possessa relatively lowY content at 18 ppmY.

5.2.3.3Magnetitefluorite unit

The Vergenoegnagnetitefluorite orein Figure 15is distinguished Y lower REE content
with respect to the Nokeng ore samplésnverselythe Vergenoegreis highin Y, recordinga
valueof 1729ppmY, which is higher thasome of the NokengamplesThe samplés also more
enriched iLREEscompared to HREEsmilar towhat is seen in the Nokeng oréseVergenoeg
magnetitefluorite ore containd 15 ppmLa, 239 ppm Ceand50 ppm Gd. A slope of theLREE
PM-normalised pattern sightly negative witHLa/Gd|n of 2.3. The unithas dow HREE content
with 51.7ppm Dyand50.0ppmYb. The lowest HREE valuef 6.8 ppmis recorded folTm. The
PM-normalised plofor the magnetite fluorite (VG1Apredisplays asymmetricalseagullpattern
with the midsection defined by aegativeEu anomaly(Figure 15.
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Figure 15. Primitive Mantle normalised REE plot for the Nokeng and Vergenoeg rock samples.
Thenormalizationvalues are fronHoffman (1983).
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5.2.3.4Total REE+ Y contentof theNokeng and/ergenoeg rocks

It is evident fromTable4 thatNK1A, which represents thdokenghematitefluorite unit,
possessethe highest REE Y contentof 5890 ppm The second highest REE + Y content is
recordedor the hematitefluorite unit sampleNK3A, which isfollowed by NK2A with REE+Y
corcentrationof 3408ppm and3083 ppmrespectively The magnetite fluorite uniMG1A) also
has a significantoncentrationof REE+Y, with a value 0f2519 ppm Lastly, the breccia
agglomerateinit, represented by NK4/Ahows the lowest concentration of REE ;H&corded at

a value ofL107 ppm

Table 4: Summaryof thetotal REE+Y content imocks fromvarious units including the hematite
fluorite unit, thebrecciaunit, and the magnetitBuorite unitaccording to the ICIMS datain the
TableB.2, AppendixB.

Sample REE +Y ppm)
NK1A (hematitefluorite unit) 5890
NK2A (hematitefluorite unit) 3089
NK3A (hematitefluorite unit) 3408
NK4A (brecciaagglomerateinit) 1107
VG1A (magnetitefluorite unit) 2519
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Chapter 6: Automated Mineralogy

A TESCAN integrated mineral analyser (TIMA) andBSCANVega SEMwere used to
search for accessory minerals @etiquantitivelyevaluatehe mineralogical composition of the
Nokenghematitefluorite, brecciaand Vergenoeg magnettiiorite units. The SEM and TIMA
have advanced capabilities for mineral identification, elemental analysis, chemical and mineral
mapping and providing high resolution imaging. The TINerationanalysis wasonducted for
the hematitdluorite unt and the Vergenoeg magnetfteorite unit, which possesslevated
concentrationof target REE$Figure B). TheTIMA Liberation analysis is an analysis type within
the TIMA with acquisitionmodes that allow foproduction ofhigh-resolutionphase mapand
providesinformation on the modal mineralogyof samplesThe libeation analysis alsaids in
identifying the hostof specific elements through elemendaiportmentLastly, the Vega SEM
analysis was utilized to study the mineralogical composition and take BSE images of textural

relationships in rocks of the hematite fluorite ahgolitic breccia.

6.1 TESCAN Integrated Mineral Analyser
6.1.1 Mineralproportions inthe Nokeng fematitefluorite ore

Maps displaying thenineralphasedound in the Nokengpematitefluorite rocksand their
respectiveproportionsare shown in Figire 17a andb. It is evidentthat theNokeng hematite
fluorite rocks are largely composedftforite, quartz,iron oxides,andaegirine(Figures 18a and
b). Additionally, REE bearingmineralsare present in small proportioms Figure I7a including
0.72%bastnasite0.05%monazite, an®.02%xenotime, along with 0.05%nclassified minerals
Lastly, Figure 17b reveals REBbearingmineral concentrations d3.26 % bastnasite0.18 %
monazite 0.03% xenotime and 0.07%6 unidentified phases

It is important to note thahe TIMA software is unable to differentiate between hematite
and magnetite as they share similar atomic numbers and characternaticspectrgPires et al.,
2019) As aresult, in this study, it was decided to characterise phases containing hematite and
magnetite, along with goethit@on hydroxide)as iron oxides. Similarly, points that did not
present a spectrum similar to any of the reference spectra in the databasategoezeds

unidentifiedmineralphass, which accounted for3%b across all analysed sample
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NKLA ¢ Thin section E SectionA: - VG1Ag Thin section

SectionA

Section B

Section B

Primary phases Primary phases
M Bastnasite 100.000 Xenotime-(Y) 100.000

Figure 16. BSE images with RERhases obastnasite angenotime highlightedThese images alsshowsectiongareason the thin
sections that were chosen for Hrealysis represented by the blue boxayThis shows bastnasiteineralizationn sample NK1Ab)
This shows xenotime mineralizatiomsample VG1A
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Mineral grouping
Fluorite. 48.25 M Iron Oxides 34.21 W Quartz 13.85 B Aegirine 2.75 M Bastnasite 0.72
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Figure 17. Mineral maps generated usifigMA , showingdistribution ofvarious mineralsnd
their proportiongphase?o) including quartz, fluorite, iron oxides, aegirif@stnasitemonazite
and xenotimea) SectionA in NK1A as depicted in figure 16&8)SectionB in NK1A as depicted

in figure 16
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ﬂ Bar graph showing the mineral distribution in Section A
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Bar graph showing the mineral distribution in Section B
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Figure 18. Bar graphshowingthe mineralproportions(phase%) within theNokenghematite
fluoriteu n i t 0 ssanibl€ This data was sourced from the TIMA analyg)§ection Aof
NKZ1A . b) Section Bof NK1A.
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6.12. REEminerakin Nokeng hematitéluorite ore

Bastnasite

Mineral maps showing the distribution ledistnasiten NK1A are depicted in Figure®a
andb. Figure 22adisplaysan enrichment ibastnasite which is concentrated in arAm wide
guartzhematite fragment between the fluorite graiBastnasitds largely disseminated in both
mineralmaps, with varying grain sizes not exceeding 30 pm. The grains are subhedral to anhedral
in shape, and are locked within various minerals including aegirine, goethite, hematite, quartz,
fluorite, although some are not lockédiajority of the bastnasite is locked within goethite, fluorite
and hematitgTabel C.1,Appendix C).Figures 19a and,lalsoshow thatbastnasite is largely

associated with quartgpethite aegirine andhematite

Bastnasite- Mineral Association
in Section A of NK1A

Bastnasite- Mineral Association

in Section B of NK1A
11% 1% 1% 3%4% 1094

1%

10%

0
23% 4%

48% ‘\_“,« 69%
B Quartz u Monazite H Monazite u Aegirine
u Aegirine Goethite u Goethite Hematite/magnetite
m Hematite/magnetitem Fluorite ® Quartz u Fluorite

Figure 19. Pie chartsshowing the mineral association of bastnasiithin the Nokeng hematite

fluorite
NK1A. b) Section Bof NK1A.

u n i .tThisdatdNwas source@d frop lthe TIMA analysisSection Aof
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Monazite

There ismoderate concentrations of monaaité¢he hematitdluorite unit(Figuresl?7, 22c
and20d). The nonazitegrains aralisseminated and evidently concentrated in the quigtizparts
of NK1A, especially ifFigure22d. Themonazitegrainsgenerally possessibhedral to anhedral
shapegqFigure 22c and d)and are locked within various minerals such as goethite, hematite,
quartz, fluorite(Table C.2, Appendix C) Mineral association data for the Nokeng hematite
fluorite ore shows that majority of monaziis associated with quartz, aegirine, goethite,

hematitesnagnetiteand bastnasite (Figug®a and h.

Monazite - Mineral Association Monazite - Mineral Association
in Section A of NK1A in Section B of NK1A

292% 5%50

Y
13% ’

‘25%
25%
st%

12% 84%
H Quartz u Aegirine H Bastnasite u Aegirine
H Bastnasite Goethite u Goethite Hematite/magnetite
® Hematite/magnetite B Quartz u Fluorite

Figure 20. Pie charts showing the mineral association of monazite within the Nokeng hematite
fluorite unitdés NKILIA sampl e. Thi @) Secaoh Ain was S
NK1A. b) Section Bin NK1A.

48



Xenotime

Figures 22e and fdisplay a relatively low abundanceof xenotime withinthe hematite
fluorite unit Xenotimegrains aralisseminated and spread acrossstmaple The xenotime grains
showsubhedral to anhedral shapes. The TIMA mineral locking analysis shows that xeisotime
variably locked within goethite and quayrtaematite,and fluorite(Table C.3,Appendix C) The
mineral association daghows thakenotimeis predominantlyassociated witlgquartz,goethite
hematiteandaegirine (Figur&la and h

A B
Xenotime- Mineral Xenotime- Mineral Association
Association in Section A o in Section B of NK1A
NK1A 17% 16%

17%

33%

17%
H Aegirine u Goethite

33%

m Hematite/magnetitem Quartz
E Quartz mAegirine m Goethite ® Fluorite

Figure 21. Pie charts showing the mineral association of xenotime within the Nokeng hematite

fluorite unitds NK1A sampl e. Thi g Settoon Ab) was s c
Section B
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M Bastnasite

B Bastnasite : :

Figure 22. Mineralmaps generated usitige TIMA machine, showing the distribution of various REE minesakch adastnasitébst),
monazite (nen) and xenotime (xen). &ection A distributionmapof bst b) Section Bdistributionmap of bstc) Section A distribution
map of non. d) Section B distributionmap ofmon €) Section A distributionmap of xerf) Section B phase map ofen
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6.1.3 Elementdistribution napsfor NK1A hematitefluorite ore

Following the identification of REbearingminerak within the hematitdluorite unit,
element maps were creatednestigatevherespecifickey trace elementontained within those
mineralphases plobnthe mapsResults reveal thahé REE bearingnineralphases are variably
enriched in REEelementsBastnasit§Ce,La,Y)CQF is mainly enriched in lanthanum, cerium,
and yttrium.Monazite (Ce,La,Nd,Th)(P£5i0s), which is an REE riciphosphates particularly
enriched in cerium, lanthanum, neodymium, and thorium. Lastly, xenotimes¥iRiich is also
a phosphate is particularly rich in yttrium.

This section of the study only focusses on the distributiadheimajorREEs associated
with the REEbearingminerals. Firstly, the Y element mapkigure23a s hows a -ser |

spotso, which indicate a high c o eengnineralt i on

in Section Aof NK1A. Yttrium tends to concentrate in tRenotimerich portions of the map. An
elemental deportment analysis shows that 100% of yttrium is contained within xenétome (
23b). Tiny spots of the high Ce concentrations are also recorded within the same area @gure 2
on the left side of the maéction A. Deportment results reveal that 94 néssf Ceis contained
within bastnasite, wherea96 is found in monazite (Figuresa).

Other REE elements of interest include La and Nd. FigdmesBows high La enrichments
in the triangular hematitquartz fragment on the lefftand side of the majséction A, which is
rich in bastnasit€Figures Ya and22a). An elemental deportment analysis shows that 97 mass%
of the element is contained within bastnasite, whereas 3 % is found in moRagite (b).
Elevated amounts of Narealso confined to the same fragment on theHaftd side of the element
map (Figure 2c) although some rare hspots of La and Nd are also visible in the hemaitieer
matrix on the right. Fluorite grains agesentially free of REE hot spots. The elemental deportment

pie chart in Figure4d shows that 100 % of Nd found $ection Ais associated with monazite.
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) /Bastnaesite

Xenotime
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Section A- Elemental Deportment °|  Section A Elemental Deportment
(Yttrium) (Cerium)

6%

94%

100%
m Xenotime

H Bastnasite m Monazite

Figure 23. Elementmaps generated using 3VIA, showingthe distribution ofvariouselements including yttrium and ceriuffhe
figure also displays an elemental deportment analysis for each elean€htsis an element map of yttrium f&ection A b) Elemental
deportment analysis for yttrium Bection A ¢) Thisis an element map of cerium f8ection A d) Elemental deportment analysis for

yttrium in Section A
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Bastnasite

Section A Elemental deportment Section A Elemental Deportment

(Lanthanum) (Neodynium)
3%

97% 100%

H Bastnasite ® Monazite H Monazite

Figure 24. Elementmaps generateloy TIMA, showingthe distribution of La and Nd'he figure also shows an elemental deportment
analysis for each element) Lanthanum distribution map f@ection A b) Elemental deportment analysis for LaSaction A c)
Neodymium distribution map fd@ection A d) Elemental deportment analysis for NdSiection A
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6.14. Mineral proportions in Vergenoeg agnetitefluorite ore

The TIMA analysisrevealed the presence of several minerals, including fluorite, iron
oxides and hydroxides (magnetite, hematite and goethite), quartz, aegirkenatichein sample
VG1A (Figures 25a and bl is evident hatiron oxidesand fluoriteaccount fotthe largestmass
% in the sample (Figure$a and b).

Xenotime is sparsely distributed in the phase maps, with a higher abundance being
recorded insection Aat 0.09 %. Converselygection Bdisplays lower abundance of xenotime
accounting for 0.02 % of the totphase %in the areaThere are abou?2.99% and 0.08% of

unclassified minerals iBections A and Brespectivey.
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Section A

1mm

Mineral groupin
W Tron Oxides 68.91 Fluorite. 13.82 W Quartz 6.83 B Aegirine 1.02
Xenotime-(Y) 0.09 M [Unclassified] 2.99 Holes 6.32

2mm
Mineral grouping
Fluorite. 54.71 B Iron Oxides 41.34 W Quartz 1.36 W Aegirine 0.45
Xenotime-(Y) 0.02 M [Unclassified] 0.80 Holes 1.31

Figure 25. Mineral maps generated using TIMA, showing distribution of quartz, fluorite, iron
oxides, aegirine and xenotim&) Section A of VG1A as depicted Fgure 16b b) Section A of
VG1A as depicted ifrigure 16b
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ﬂ Bar graph showing the mineral distribution in Section A
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Bar graph showing the mineral distribution in Section B
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Figure 26. Bar graphshowingthe mineral proportionfphase) within the Vergenoeg
magnetite f | uor i.fTEsdatawas souscedrGn the THVA aralyaks.
Section Aof sample VG1ADb) Section Bof sample VG1A



6.1.5. REE minerals in Vergenoetagnetitefluorite ore

Bastnasite

The REE mineraimapsdisplaysmall grains obastnasitenot exceeding 10 microns in size
(Figure Da and b)Foursmallbastnasitgrainsare evidentn Figure Da andonesmall graincan
be seenn Figure @a. The locations of theastnasitegrains in the twanineralmaps are marked

with a blue circle.

Monazite

The monazite content iBections AandB is negligible. Only two microisized monazite
grains were found in the mineral maped these grains are marked with blue circles in Figéoe 2

andD. Thismineralis 100 % assoated withhematiteshagnetite (Figur@?).

Monazite - Mineral Association in Section

A
0%

100%
H Hematite/magnetite

Figure 27. Pie charts showing the mineral associatiomohazitewithin theVergenoeg magnetite
f 1 uor i YGAA samplet This datepresents sectioh of VG1A.

Xenotime
Xenotime reachesa maximum o0f0.09 phaséo in VG1A and it is represented by
disseminated grag©®  Prfin size(Figure 29e). Thexenotime grain$iave generallysubhedral

to anhedral shapedhe highest content of xenotime found in section A locked within
hematite/magnetite, goethite, and flugrisgth xenotimemasspercentages of 50 %, 30 %, 10 %
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locked within these minerals respectivélyable C.3, AppendixC). Xenotime inSection Bis
equally locked within hematite/magnetite and fluorite withasspercentage of 33% locked in
each mineral. The balance (38nass%) is attributed to other minerals, which were unidentified
by the TIMA analysisFigure 28a and bshow that xenotime is associated with goethite and

hematitesnagnetite.
A B
Xenotime- Mineral Xenotime- Mineral
Association in Section A Association in Section B

40%

60%

m Hematite/magnetite m Goethite B Goethite ® Hematite/magnetite

Figure 28. Pie charts showing the mineral association of xenotime withiviehgenoeg magnetite
fluorteuni t s NK1A sampl e. Thi s dnalyss.a) Seaton Ao ur ced
VG1A. b) Section Bof VG1A.
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M Bastnasite } : b

M Bastnasite

Figure 29. Mineralmaps generated usitige TIMA machine, showing the distribution of various REE rich mireesath advastnasite
(bst), monazite (lmn) and xenotime (xen). &ection A, distribution map of bst b) Section B distribution of bst. C)Section A
distributionmap of non. D) Section B distributionmap ofmon E) Section A distributionmap of xen Fection B distributionmap

of xen




6.16. Elementdistribution napsfor theVergenoeg ragnetitefluorite ore

Element maps were also created to elucidate the distribution of keyiRRtBE magnetite
fluorite ore. The element maps show reldinew abundancesf Ce, La and Néssociated with
the occurrences dfastnasiteand monazite. Conversely, the element map in FigQaedisplays
high Y peaks, which are associated with xenotime (QJPTheY element is defined by a reddish
to yellowish colour;andits hotspots are disseminated and unevatistributedthroughout he
element mp. An elemental deportment analysis suggests that 100 mass% of the element is locked
within xenotime (Figur&0b). An element map of cerium (Figuséc) was also created to deduce
how much of the element is contained $ection A Results indicate significantly low
concentrations of Ce with a single fsgot highlighted by the blue circle in FiguBéc. An
elemental deportment analysis rewdhht 51 mass% of Ce is contained within monazite, whereas

49 mass% is found ibastnasite
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Figure 30. Elementmaps generated usingTdMA showingthe distribution of Y and CeTlhe figure also presents results of
elemental deportment analysis for each elemanElement map of lanthanum f&ection A b) Elemental deportment results f
lanthanum inSection A c) Element map of neodymium f8ection A d) Elemental deportment results for neodymiuréction

A.
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6.2. Scanning electron microscope (SEM)

6.2.1 Hematitefluorite unit

The TESCAN Vega SEMwas used to analyse polished sectio(NK2A) of Nokeng
hematitefluorite ore through backscattered electron imaging and eftksggrsive analysis. This
machine was utilized for identifying accessory Rialeralizationin the sample. Results reveal
the presence of several accessory minerals including monazite and cassiterit@leiglisplays
veinlets of BSEbright monazite among coargeained fluorite. The fluorite grains are massive
and possess a subhedral shape. Hematite and quartz occur as interstitial minerals filling the gaps
between the largdluorite grains and as veinlets along fractures in fluoktgure 3b displays
cassiterite inclusions < 10 microns in size within anhedral hematite grain. The cassiterite is also
anhedral and can be distinguished by the brightest BSE contrast. The hematite grain is surrounded
by a matrix of quartz with uneven corroded bdares At the contact between quartz and
hematite, anhedral to amorphous or colloform monazite oemdispersd grainsthat area few
microns in size.

A zoned zircon grain slightly bigger than2® in size with a distinct and roughly euhedral
shape is shown ifrigure 3. The zircon is distinguished from other minerals by its crystal
morphology and BS#bright-whitish colour. It is surrounded by BStarker hematite and quartz,
which occur as interstitial minerals, between large fluorite grains with an intermediate BSE col
Fluorite and quartz display subhedral to anhedral shapes and occur in variable sizes whereas
hematite forms thin speculadineedles and coarser platelétigjure 3T also includeananhedral
grain of monazite around 20 pim size. The BSkbrightest porous monazite is locked between
guartz grains and hematite. Lastligure 34 depicts inclusions of monazite surrounded by
sericite. The monazite grains around 10iprsize are characterised by a BSE bright colour and a
subhedral to anhedral morphology. Sericite is BaEcandfil Is interstitial space between fluorite
and hematite. The hematite and fluorite form larger 88ty and BSHight-grey crystals over
150 um.
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Figure 31. BSE images of hematite fluorite ore (NK2A). apMin veinsamongst lu, hemand
gtz. b) MonandCassitwithin gtz, goethite andém c) Zrn and nonamongsitz, hemand fu. d)
Monin sericite ketweerflu and frem Abbr.: flu-fluorite; hemhematite; mormonazite; qtzmjuartz;
cassitcassiterite; zrizircon.
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6.22. Nokeng rhyolitic breccia

The SEM was also used to better understand the mineralogioglosition of the breccia
unit. A polishedthin sectionof sampleNK4B was selected as a representative saraplthe
rhyolitic breccia. Figure32a displays several monazite crystals distinguished from the other
minerals by their BSbright colour. The size of the crystals ranges from 10 to 30 um. Monazite
mostly occurs in spaces between the fluorite and hematite grains, however there are some grains
that occur intermittentlyas inclusion in fluorite and hematitéonazite grains are also observed
surrounded completely by quartz, which is generally pervasive and surrounds all the grains in the
area (Figure82a). Larger porous monazite grains can be observétjure32b, where they are
overgrown by hematite graissirrounded by massive @iz grains. The monazite again possesses
a BSEbright colour, with grain sizeranging between 10 um and 40 pm.

The volcanic nature of the fragments in the breccia unit is well depicEgdures32c and
32d. Quartz needles up to 5800 um longoccur as discrete crystal and their aggregates (Figure
32c) Interstitial hematite fills the spaces between the quartz nedidkdg replacing thematrix of
devitrified glass. Quartz is characterised by a Bk colour whereas hematite shows a BSE
grey colour. Figur&2d alsodisplayschloritepseudomorphs after feldspar phenocrysts, which had
a morphology of elongated laths up to 400 um long. The chlorite grains display-greggh
colour, and they are surrounded by BSMitish-grey hematite, which likely replaced volcanic

glass.
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Figure 32. BSE images of rhyolitic breccia (NK4B). a)aiamong lem flu and dz. b) Mon in
Hem amagst gtz. ¢) Qtz needlesfter tridymitewith interstitialhem d) chlorite pseudomorphs
afterfs amonghem Abbr.: flu-fluorite; hemhematite; mormonazite; gtajuartz; fsfeldspar.
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