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Abstract

TheKunene AMC@AnorthositeMangerite CharnockiteGranite) Complex locatedin the southernpart

of Angolaand northern part ofNamibia,is known a®ne ofthe mostextensive Proterozoianorthosite
complexesworldwide, with an extentof the areax My A and pokitiénedalongthe southwest
marginsof the Congo cratonThe mafieultramafic intrusions within thevicinity of the Kunene Complex

are mineralised with itkel, copper, and platinum group elemen{PGEs)The area has not been
extensively explored, and only minor exploration work has been conducted to search for magmatic
sulphide deposits, particularly nickel deposits. The PGE potential of the-uftgdimafic intrusions in the

area and their potential mieral system has naopreviously been extensively studie@he aailable
geochemical assay datd the Ombuku Northintrusionin northern Namibia was sourceidom African
NickelLimited (AN)Landwas usedn this study to assests PGE potential and to better understand its
potential mineral system. Petrographic work demonstrat®dbuku North intrusion wasommonly
associated with magmatic sulphides (pentlandite, pyrrhotite, chalcopyrite), formed from a Mono Sulphide
Solution, and magnetite. Samples were selected for further detailed platinum group mineral (PGM)
investigations on the basis of their PGE emts. Ombuku North is characterised &lightly anomalous

PGE values and the available thin sections from Ombuku Mattthcorrespondingbulk rock PGEvalues

of >80 parts per billionppb) were selected for the identification and characterisation of the PGMs, and
for detailed petrographic analyses.

In this studyPGMmineralanaly®s were done using Tescan Integrated Mineral Analyser (TIMA) which
isafully automatedinstrument, whereaspreviousmineral analysefor PGMsn Ombuku North angdome

of the othermafic-ultramafic intrusionsn this regionvere collectedusingScanning Electrollicroscopy
Energy Dispersive Xray Spectrosc@pizMED$ method, which isonly partially automated. TIMA&ould
identify the PGMin the selectedsamplesfrom Ombuku NorthTheidentified PGMsncludedsperrylite,
michenerite, stibiopalladiniteand vincentite, all associated with serpentiséd rocks The platinum
arsenides (sperrylite) are mainly hosted in magnetite and in pyrrhotite

The palladium bismuthotellurides (michenerite and vincentite) and platinum antimonide
(stibiopalladinite) are hosted in pentlandite. The origin of these PGMs can be associated with both
magmatic and hydrothermal processesl AY I G A O LINRPOS&daSa | NB LINARYI NRTf &
F2NXIFGA2Y | YRAONEDHENE & &l a Al NGTYGIKTSA O | AFyAINNZ2E 1A BB/ & X
YEIYFGAO adzZ LIKABESRNRBAKSONIF BSLINEOSaasSa I NB NBfIFGSR
GKSNE Tt dRRENOENOJzE KES NRPO]l € SFIRAYy3I (2 (GKS F2N)YI
aSNII3 ySs GFf O FyR GKISH KNBIEKSE (t NDWBOEISRRA@ YR SFNE | tf AR F 2
Ay U NXHudisisgugy anginly focused on Ombuku North intrusion due to the limited availability of assay

data We infer that amongst all the mineralised matfieramafic intrusionsrelated to the Kunene
Complexthe mostprospectivefor PGE anomalies are the altered ultramafic lithologie®mbukuNorth.
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CHAPTER INTRODUCTION

¢KS YdzySyS !ta/D /2YLESE o6Y/ 0 &0IVWMR#AES P2y3NRR2 il
O2YLX SES& 62NI R6ARSET &aAlddzZ G§SR Xya K2 dzl K SNI de! gYAER(GE
LRAAGAZ2YSR i GKS a2dziKgSadSNYy SRIS S SR I &/39y I2n
SG FiTPSKYhyy STaAilfftyr SHvSERZ ISt 1S WEdigllddd Wi H@2 S NEA
SEGSyaArdsS | NBI SHAXSRAY I yMmy ¢HBXRIBY MAdMNS I OKSE | LI
1Af2YSGSNE FNRY Vy2NIKSWIS b3 MO ISy Sytbidy 2PHENBKSE 2 7
| 2YLXBE2 6 Fig. ®PE KS Y/ LINAYFNRAE& O2YLINRA&ASA | y2NIK2aAl
02y OSYyidNIF SR | f 23 MIIND S508 At SNDX HEIENGE X W& H A H N

¢ K SYalSToki Qi NJoYal TAAYQl NHzaNB2 w2 4 6 G K ST 2 agMIK RS SIS NA LIKSNE 2 7
GKS Y/ X F2NNAYDBrippd & 1.32000 § RS Ig@BRASNHRA W3  S@EBA SKI Fi minf 4
HnWbo ¢ KS& ISNBST Q2yyaADNRKa2 aA (ST Il 06 NRXZ GINRR GREREESET LIS N
ala AYUNHZAA2Y & | NB #t2ALYESNWIGE MyadBR  NE dklaz i O3 & Ki B K 6 b &
OKNRB YA GA A OILING &SYNES NI SOWI f I0EF N md S RASY Siyli(iSaNy/2 4.3 NNETIA 2 Fil
AYONBI &aAy3 (KS Li2ii&BiNa I X y inessl SRINEEOHCEERDBofRAILEK AHRS &
6Stt | LANRAA G B A Ay R AKR2YA LIK 21didini 06 K /ICGK | NB | Ha Y D2V GBR 6 A
t N2 SNR @& DY ¥NARRFASINAS (D df (5d02S nim2n nLINR £ 2y HARWS I NB 7T
bl YAOAlI FyYyR !y3a2ftl 3 GKS FNBF Kla y2i 0688y SEGSyaa
FAYSR Fd RA&AO2OSNAY3I YI AVIMNGAK B¥AAKARISAZ A5 B 3 dxdR
I £ &30 ®KBA0ON S EILISINGz®D b X Y GA O & dz2 EIKISR & 2 A NSy & RISz 2 X
RAAO0O2OSNBR Ay wmdbddn Ay /Iyl RH{I &8 yIA GAST y AaTdx QBKYAIR SS B
GAGK |y ! abbf RNBWHHHIo6 | f ¢

Magmatic PGEoccurrencesare widespreadglobally but the deposits of economically viabRGEare
relatively scarceCountries like South Africa (Bushveld Complex) and Russia (Naditsih) contribute

over 90 % of the world's PGM productioAdditional economically viable deposibecurwithin layered
maficultramafic intrusions such as the Great Dyke in Zimbabwe, the Stillwater Complex in the United

Statesof America and the Sudbury Complex@anadgMudd et al., 2018

The platinum groupelementsare considered globally aeritical metals, because of their demand in
different industriesfor modern technological applicatiomand for the green economyrlhe need for

platinum has been increasing rapidly because of the automotive industry and the need for green energy
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as it is used as a catalytic converter in hydregewered fuel cell electric vehicles (FCEVHs study
focuses on characterising the spatial distributaffPGvisin the OmbukuNorthintrusionat the periphery

of the KCin northern Namibiao better understand the magmatic PGE potential of the intrugkig.1a).

wn

Fig.1: (a) Global location of layeremtrusionsand different PGE deposits in the worlByrlakovs et al., 2030The insert mapillustratesthe
annualPGBroduction fromthe leadingproducing countes(Chistyakova et al., 2019b) shows theypical anorthosite outcropf the Kunene
Complexffttps://cimera.co.za/kuneneomplex).

Thin sectionsvith assays showingnomalousPGE contents wergentified and usedor image analysis
utilising TIMA(Tescan Integrated Mineral Analysefhe aim was to determine the presence, distribution,
and composition of PGMs within these rocks. Additionally, samples containinghaedicterised sulphide

mineralisation were targeted, given the close association of PGMs with sulphide (and oxide)phase
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Identifying PGM types within the Ombuku North intrusion will provide insights into the nature and

characteristics of PGE minegalion in the area.

African Nickel Limited (AN, Gevale Industria Mineira Ldand AngleAmerican have been carrying out
exploration projects in the area sinteem dpcpn Qa ® ¢ KS I 002YLIX AAKSR 62 NJ
geophysical surveys, and drilling, followed by geochemical analyses of the drilled combtaiNeda
comprehensivédulk rock geochemical databgsmnsisting ofibout3 500analyses, amprisingof major,
trace, and PGEom variousbhoreholesamples at the periphery of the Kilg.2 showsthe geology of the
areain which ANL focused their exploratiand the locatiors of the MUM intrusionsdiscussed in this

report.

DRC
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Fig.2: Location and geology of thmafic-ultramafic intrusions peripheral to the Kunene Complean(Zyl 2022).

The MUM intrusionsthat are part of this study were analysed for PGE concentratipnfire assay
however, thePdand Ptdata are limited because of thererylow concentrationsof these elementsn six

of the MUM intrusions,with some concentrations being below the detection liffiablel).
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Tablel: Summanof the total numberof platinum and palladium analys@ssix of the mafialtramafic
intrusions at the margins of the Kunene Complex

Intrusion Total number of platinum analyseq Total number of palladium analyses

Ohamaremba 101 101
Oheuwa 244 244
Ombuku South 238 238
Ongoro 49 49
Onyokohe 139 94
Oncocua 0 6

ThePGEassaydatafrom the Ombuku North intrusion shothe highest conentrations of platinum and
palladium(e.g.,> 500 ppb. A previousstudyby Ntuli (2022)was carried othese MUMintrusions using
a scanning electron microscopjuipped with anenergy dispersive-ray system(SEMEDS. The study
focused orsamples from the Ombuku North intrusiarnth PGE values >80 pptharacterisedhe textural

setting of thePGMs, and suggestele processesesponsible for the mineralisation
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CHAPTER: REGIONAL GEOLOAND OVERVIEW OF TMEBFIGULTRAMAFIC
INTRUSIOSIAT THE MARGIN OF THE KUNENE AMCG COMPLEX

2.1. RegionalGeology

The KC extends from northwestrn Namibia into southwestrn Angola (Fig. 3). It intruded early
Proterozoic to late Archean rocks (granite basement rogkdpsupracrustal rockef Paleoproterozoic to
Mesoproterozoidn the Epupa Complexéhmann et al., 2030The complex is also largelyerlan by
Kalahari sedimentsReyMoral et al., 2022 It consists predominantly of anorthosite and is primarily
locatednear thesouthernboundaryof the Congo Cratoand wasemplaced during the Mesoproterozoic
era.(~ 1.4 Ga), anthe timing of the KC emplacement wasnerally concurrent witthe event ofKibaran
Orogeny Mayer et al., 2004Glei3ner et a] 2010 Bybee et al., 2019 ehmann et al., 202®ReyMoral et
al., 2022. In Angola, the Kidtruded the southerrboundaryof the Congo Crain (Menge et al., 1998
The anorthosite intrudedthe 1915 to 2149 Mametamorphosedrocks and supracrustal volcanic
sedimentry sequencesf the ChivandaGroup andgranitoids of Paleoproterozaiassociatedvith the
Eburnean Qrgeny(Jelsma et al., 20)8The tectonic setting of the Kunene Complex AMCG Complex is

controversial.
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Fig.3: Ageological map illustrating geologiaaits surroundingthe KuneneComplexandassociated orogenic belts as well as adjacent cratons
(from ReyMoral et al., 2022
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The Namibian section of the KC covers an area of about 4008aridris characterised by the occurrence
of interlayered rocks forming the Zebra leolfMaier et al., 2013 The Zebra Lobe is comprised of
alternating layers trending in an eastest direction (Fig. 4). These layers consistf highly altered

leuconorite andof palecolouredwhite anorthosite intruded by slightly altered anorthosite known as

"dark and old anorthosite,"” which includes leucogabbronorite and leucotroctilgamann et al., 2030

There are two distinct anorthosite suités the Zebra Lob€GleiRner et al., 2010GleiRner et al., 2001

The older suite is characterised by a whitish appearance and is predominantly compdseacbobrite

with leucogabbronorite also present. In contrast, the younger suite appears darker and mainly consists of
leucotroctolite Gleil3ner et al., 2001 The Namibian part of the KC intruded the Pelésoproterozoic
supracrustal rockef the EpupaComplex aier et al., 201R The Epupa Compldotoadlyincludespara

and orthogneiss rocks, metasedimentary rock, and volcanic rocks belonging to the Orud¢13&uMa)
Within the OrueGroup there is a predominance of migmatitic megagranitoids that intruded into a
volcanasedimentary successioGleil3ner et al., 2001 Following this intrusion, mafic dykes penetrated
both units and underwent subsequent metamorphism to form amphibolites and granulemdt,
2003. The volcanesedimentary unit primarily comprise$ migmatitic metagreywackestercalatedwith

mafic metavolcanic rockaong withdetrital sedimentary rocksuch asnetaquartzitesandmeta-arkoses
(GleiBner et al., 2000 Meanwhile, the Epempe unit is predominantly composed of alternating felsic and

mafic rocks Gleil3ner et al., 2001

The horizontal and undeformed Chela sedimentary sequethated at approximately 1800 MMECourt

et al., 2013isunderlain by the granitoids, comprising of granites, syenites, and syenodiorites (commonly
known as "Red granite"Thissedimentarysequence forms the Humpata Plateau located in the western
part of the KGGleiRner et al., 20x@ehmann et al., 2030Additionally, the KC contains MUM intrusions
primarily situated along its westerand southwestern boundarie@shwal and Twist, 199Druppel et

al., 2007 ReyMoral et al., 2022 In Angola, the KC is characted by northsouth elongated bodies of
anorthosite, separated by areas obevalgranitoids known as the "Red Granite Suife€hmann et al.,
2020. Additionally, there are MUM intrusions and small oxig# diorite mafic intrusions near the

southern boundary of the KGleil3ner et al., 201 @leil3ner et al., 2001
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Fig.4: The geological map illustrates the Mesoproterozainghe Complexalong with adjacengeological unitsn southwestern Angola and
northwestern Namibialt alsohighlights relatedgeological structures/olcanicrocksand the location of the intrusions discussed in this report
Geochronological data are provided, with argon dating ages displayed in grey boxesRimédés in white boxeand the black boxes show
published crystallisation age8dditionally, there is an inset map illustrating the location and size of the KC in the south Angola and north of
Namibia (adapted frorhehmann et al., 2090

2.2. Kunene Complexnafic-ultramafic intrusions

The study focusesn Ombuku North, and several otheraficultramaficintrusionsperipheral to the KC
are also discussdé.g., Oncocua, Ombuku South, Ohamarenizgeuwa, Onyokohe and Onggrélarge
geochemical dataset was generated bffidan Nickel Limitedand AngloAmerican Significantdatasets
generatedinclude regional stream geochemistry data, soil sampling, gossan mapping, geophysical

surveysdrilling, and borehole geochemical datvVan der Mescht, 2093

2.2.1. Oncocua

Oncocua is located on the westeboundaryof the KGn the southernpart of Angola$muts, 198). Itis

locatedapproximately30 km SW ofoncocua anépproximatelys55 km north othe Zbralobe (Fig.5).
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Fig.5: The geographical location of the Oncocua intrusion.

The intrusion appears adNW-SEelongatedbodyasshown on the geological map fig.6. The intrusion
is primarily hosted by massiveanorthosite The red line trending northwessoutheast indicates an
electromagnetic anomaly detected by the Dighem conductivity survey conducted in 1998 over the

Oncocua gossanS¢lfe,2003).
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Fig.6: A geological map of th@ncocuantrusion with the location of the boreholes and geochemical anométiestourlike lines) with Dighem
conductor lying 450 m to the east of thetrusion TheDighem represergta shallow (4660 mdeep conductivebody, perhapssulphidesrich
(Selfe,2003

Exploration by Anglo AmericarGroup Discovery andseosciencegpreviously called Anglo American
Prospecting Services Pty Lidgluded follow up workover the Oncocua intrusiorgbtaining grid soil

sampling, rock sampling, and geophysics survies's ground magnetic and electromagnetic over the
3234l yada OLRSYUGAFASR RdAZNAY3I mMppnQad NBO2yyl AaalyosS
(Smuts 1998 Additional samples were collected from the gossan during this exploration program and
analysed for copper, nickel, cobalt, gold, and palladium. Areas of mineralisation were identified from the
geophysical and geochemical work. Subsequently, a total ofeém boreholes were drilledand

geochemical analyses were completed for borehole ONCO1. Based on the geopbkgsigding and
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geochemical resultshe Oncocua intrusion was identified as a target of potential for discoveayNdCu-
PGE depos{Smuts, 1998

2.2.2. OmbukuNorth and South
Ombuku North and Ombuku South intrusions aitelated at the western margin of the Zebraobein

Namibia andare approximatelyl0 km apart.The location of the intrusions and boreholes drilled are

shown inFig.7a-b.
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Fig.7: Thegeographical location of the Ombuku Nor#) and Ombuku Soutib) intrusions and boreholes.

TheOmbukuintrusions are mainly composed of maiittramafic rocks They are relativelgmall bodies
with Ombuku North and Ombuku Soutltoveringan area of approximately 0.88Bm? and 28 ki
respectively(Maier et al., 2018 Ombuku North consists predominantly of altered ultramafic rocks and
these aremainly serpentinite (altered dunite), harzburgite orthopyroxenite, amdor mafic rocks such
asnorite websterite, gabbronorite and olivine-norite (Maier et al., 2013 Some mafiultramafic rocks
occur as interlayers within the gneissic hostkedVaier et al., 2018 The eastern portion of the intrusion

is in contact withanorthosite and leucotroctolitewhile the western portion isn contact withcountry
rocks of felsic and mafic orthogneiss of the EpGpanplex(Maier et al., 2013 Ombuku South ultramafic
rocksare foundmainly in the western portion of the intrusion, and these amedominantly dunite,
harzburgite, and orthopyroxenite with chromitite laygifdaier et al., 2013 The intrusion is hosted by

amphibolites and granites of the Epupa CompMaiér et al., 2013
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Numerous boreholes were drillédto the Ombukuintrusions by AlLin 2008 and some boreholes were

drilled by Anglo American, between 2012 and 2013. A totdifteien boreholes(KNBD001, KNBD002,
KNBDO003, KNBD004, KNBD0O05, KNBD006, KNBD007, KNBD008, KNBD009, KNBD010, KNRR2011, KNBD
KNBM13, KNBD014 and KNBDD#re drilledinto Ombuku North andwo boreholes(KNCDO001 and
KNCDO0O02vere drilledinto Ombuku SouthThe drillcoresamples underwent whotleock geochemical

analyses (major and trace elements, including PGE).

2.2.3. Ohamaremba

Ohamaremba intrusion is locatexpproximately 1 to 2t to the south ofthe Zbralobe, Maier et al.,

2013 andwas drilledby ANL(Fig.8).
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Fig.8: The geographical location of tlihamaremba intrusion and boreholes.
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The surface geologyf Ohamarembapredominantly comgrises foliated leucaroctolite, with minor

anorthosite and olivingabbronorite(Fig.9), (Maier et al., 2013
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A total offive boreholes were drillednto Ohamarembathree boreholes (HRDD1, HRDD2, and HRDD3)

drilled by ALin 2000 intersected disseminated nickel sulphideigier et al., 2013 Further drilling in

2008 (boreholes KNADOO0O1 and KNADOQO2) intersescte@i0O0 m thick zone of lovwgrade mineralisation
containing< 0.2% of nickelMaier et al., 2013 (Fig.10).
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Fig.10: A geological crossectionof Ohamaremband boreholes KNAD0OO1 and KNAD8Bawingzones ofsulphide mineralisationNaumov,
2010. The geochemical analyses from tirdicoresalsoincluded PGE (platinum and palladium), however the concentratom very low (Pd
Xmn LB FyR tid X pLILIBO®

2.2.4. Oheuwa

Oheuwa intrusion is locatedn the northwestern side of th&@ebral.obe ands comprised of dark leueo
troctolite (Maier et al., 2013 A total of four boreholes(KN\002, KNV003, KNV004 and KNV00&)e
drilled into this intrusion in 2013Fig.11). The drillcores were analysed foPGE&nd theconcentrations

are very low(PdX@ ppb and P¥R9 ppb).
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Fig.11: The geogaphical location of the Oheuwa intrusion and boreholes.

2.2.5. Onyokohe

Onyokohe intrusion is locatempproximately 6.Xm awayfrom the northwesternside of the Zebré&obe
(Fig.12). The intrusion comprises white anorthosite and déekcotroctolite and anorthositeMaier et
al., 2013. A total offour boreholeswere drilledinto the intrusion(boreholesKNDD001, KNV001, KNg0O0
KNVO0Q). The PGE values are very ldwt a few analyses reveal the presence ohnomalies withPt
concentrations ofl04ppbin borehole KNV007 anddconcentrations o7 10ppbin borehole KNDDOO1.
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Fig.12: Thegeographical location of the Onyokohe intrusion and boreholes.

2.2.6. Ongoro

Ongoro intrusion is located 9.5 km north of the Zebralobe(Fig.13). Two boreholes were drillethto

the intrusion(boreholes KNV0O08 and KNV0OR@nd it largely consists @northositic lithologies andark

leucotroctolite (Maier et al., 2013
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Fig.13: The geographical location of the Onyokohe intrusion and boreholes.

2.3 Thegenesis of NCuPGE magmatic sulphide deposit
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2.4 Distribution and composition of platinum group minerals in magmatic sulphide deposits
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Table2: Most common platinum and palladium minesgCabri, 1994

Platinum Minerals Formula Palladium Minerals Formula
Braggite (Pt,Pd) S Braggite (Pt,Pd) S
Cooperite PtS Cabriite PaSnCu
Isoferrplatinum Pt:Fe Isomertieite Pd11AsSh
Moncheite PtTe Kotulskite PdTe
Sperrylite PtAs Merenskyite PdTe
Michenerite PdBiTe
Plumbopalladinite Pd:Pb
Polarite Pd (Bi, Pb)
Stannopalladinite PdSnCu
Sudburyite PdShb
Taimyrite PdSnCu
Taimyrite PdS
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CHAPTER 3: METHEANDMATERIALS

3.1 Geochemical datasets

A large datasefor this study vascompiled from results of exploration projects conducted Afyican
Nickel Limited (ANLANL conducted exploratiam the maficultramafic around the margins of the Zebra
Lobefrom 2007 to2011(Horrnsey, 202(. The geochemical analyses of the drill core wemeductedby
GenalysisLaboratories from 2007 to 2011lusing two methods.The Aqua RegiaOptical Emission
SpectroscopyARO1OE$ methodwas used to analyser Co, Cu, Ni, @hereasPd, Pt and Au analyse
were performed usinghe Fire Assay Mass SpectrometBA25/MS method.Major and trace element
analysesvere conducted by ALS Chemex Laboratories from 2012 to Z0&BAulti Elementinductively
Coupled Plasma (MEEP41) method was used to analymead spectrum of elementfNaBa Be B,Ca
Mg, Al, P, SK S¢Ti, V, Cr, Fe Cq Ni, Qu, Zn Ga As Sr, Mo, Ag,Cd Sh W, Hg PbBi, Lg Th U). Au, Pd and
Pt were analysedising thePlatinum Group Mineral Inductively Coupled Plasma (PGRR3) method
(Hornsey, 202D The summary of thassay datasin the table below Table3).

Table3: Analysed majoandtrace elements, including PGlaalysed for each of the intrusions, associated
boreholes, and lithologies.

. Platinum group
. Intersected Major elements analyses
Intrusion . . Trace element analyses (ppm) |elements analyses
BoreholegLithologies (ppm)
(ppb)
KNCDOOYp jnite
KNCDO0O0] Harzburgite Li, B,Bi, S, Sc,Sr Cr, Co, Ni, Co,
Ombuku South Norite Fe,Ca,Na, Mg, Al, P, K, M{Ge, As, Se, Rb,Nb, Mo, Ag, Cd, |Pd, Pt
Serpentinite Sn, Sb, Ba, La, Hf, Au, Pb, .
Troctolite
Onc-1
Li,B, S, V, Sc, Cr, Co, Ni, Cu, Z
Anorthosite Ge, As, Se, Rb, Sr, Y, Zr, Nb, M
Oncocua Fe,Ca,Na, Mg, Al, P, K, M Ag, Cd, In, Sn, Sb, Te, Hf, Ta, W Pd
La, Th, U, Pb, Bi.
Pyroxenite
KNV008
Anorthosit . .
nortnostte Li, B, S, Sc, Cr, Co, Ni, Co, Ga,
Ongoro KNV009|Norite Fe,Ca,Na, Mg, Al, P, K, M{As, Se, Rb, Sr, Nb, Mo, Ag, Cd, I{Pd, Pt
Pyroxenite Sn, Sb, Ba, La, Hf, Au, Pb, Bi.
Troctolite
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: Intersected Major elements analyseyTraceelementanalyse Platinum group
Intrusion Boreholes ielegizs e ) elements
analyses (ppb)
HRDD1 Anorthosite
HRDD2 Pyroxenite B,BiS,Sn,Sr,Cd/,Ag,Cr
Ohamaremba |HRDD3 Serpentinite Na, Mg, Al, P, K, Ca, Ti, Mn,|Co,Ni,Cu,TeBa,La,Ta|Pd, Pt
KNADO0O1 Troctolite W, Au, Pb,Y,Zn Zr.
KNAD0O02
KNV002 Anorthosite
KNV003 Dunite
KNVO004 Gabbronorite Li, La,B, Sh,Sc,Se,Cr
KNVO005 Harzburgite Hf,Co, Ni, Cu, Ga, Ge
Oheuwa Norite Na, Mg, Al, P, K, Ca, Mn, Fe |As,, Rb,Sr,Nb, Mo, Ag|{Pd, Pt
Pyroxenite Cd,In, Sn,Ba,SAu, Pb
Serpentinite Bi.
Troctolite
Websterite
Anorthosite
Dunite
Gabbronorite Li, La,B, Sh,Sc,Se,Cr
Harzburgite Hf,Co, Ni, Cu, Ga, Ge
Ombuku Nortf KNBD001-KNBDO]Norite Na, Mg, Al, P, K, Ca, Mn, Fe |As,, Rb,Sr,Nb, Mo, Ag|{Pd, Pt
Peridotite Cd,In, Sn,Ba,SAu, Pb
Pyroxenite Bi.
Serpentinite
Troctolite
. Li, La,B, Sb,Sc,Se,Cr
KNDDO001 Harzburgite Hf.Co, Ni. Cu, Ga, Ge
Onyokohe KNVOO1 Norite Na, Mg, Al, P, K, Ca, Mn, Fe|As,, Rb,Sr,Nb, Mo, Ag|Pd, Pt
KNV006 Pyroxenite Cd,In, Sn,Ba,SAu, Pb
KNVO0O07 Troctolite Bi.

3.2. Petrographic analysis

Thin sections were selected from theamplecollection Twelve sampleswere selected based otheir

relatively high Pt and Pd concentrations from the historical PGE analyses. Thin section samples

correspondingto >80 ppb ofPt and Pd in whole rockwere selected for petrograpb analyss. The

petrographic examination was done Wlits Petrologyfacility usingan Olympus BX63nicroscopeand

photomicrographs were taken with a magnification of 10x and 4x. Scale bars in each photomicrograph are
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3.3. IoGAS data analysis and visusaliion

IoGAS IMDEX software was used for dasaalisationand interpretation of the geochemical datAn

excel sheet file containing thevailablegeochemicallata was imported into the software and saved as

an loGAS file which allows manipulation of the data without changing the imported data file. The imported
datasets underwent a series of cleansignd data validation by the software. All empty columns on the
datasets were automatically flagged by the software and were excluded from the datasets. The software
alsofilters out the nonnumeric vales (for example below detection limsitvere discarded and zero
values in the dataset. The missidgtatab wasused to remove columns with missing datar example
empty columns where analyses fdre elementswere notconducted Data doctor was used to filter out

data with issues such as null values. These values were replaced with the number which is an estimate of
the half value of the lowest estimated detection limithichis calculated by I0GAS. Different graphs of
various elements were plotted uginXY scatter plots and the downhole plots wereated for Ombuku

North, as the focus of this study because of its greater Pt and Pd concentrations.

3.4. Tescanintegrated Mineral Analger (TIMA)

The Tescan Integrated Mineral AnalyséariiA at the University ofthe Witwatersrand was used to
determine the presence d#GMsn the samples by scanning the thin sections. TIMA Vega3 unit combines
backscattered electron (BSE) images and energy dispersive spectroscopy (EDS) analyses to identify
minerals and create image$heBSEmages were processed tdentify and characterise theGMs The

identified potential PG werecharacterised by matching the mineral spectra wathonline database,
followed by quantifying the elements of the identifiedmaral toproduce quantitative weight percentage

compositions.

The advantage of TIMA is thiatis a fully automated highresolution mappingechniquewhere BSE and
EDS data are collected simultaneously during mapping, thisdthus reduce the amount of Xray
acquisition timewhichis dependent on the pixel size of the area of interest. The technique is equipped
with a comprehensive library of mineral spectra and allows quantifying mineral composition to get the
best match of the mineral speci@®m webmineral mineralogy databaskike other techniques, thEIMA
technigue depends on a sedf predetermined parameters. Théisadvantage is thathe sampleholder
needs a standard thin secti@rzefor TIMAand the majority of the samplassed for this study were too

small to fit in thesampleholder, resulting in some selected sanmpleeingexcluded for analysis
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3.4.1. Samplepreparationand instrument set up

The hgh-pressure nitrogen gas was usedctean the samples and to remove any dust particles and debris

on the sample prior to analyseBhereafter, the samples were placed in a sample holder ensuring the top

of the thin section is facing up for carbon coating. The purpose of carbon coating is to ensure the samples
do not contain charged surfaces and to boost the electrical conductivityeafample surfacelwo thin
sections were loaded in thEIMAsample holder at a time, however, due to the size of the thin sections,
foil paper was used to fihe sample in the holder which resulted in missing some part of the sample
edges (e.g., sample 4/4135). The machine calibrations were done before the measurements. These
calibrations are performed on a Faraday cup and a platinum standard in the systenthemedare
automated checks that are performed before each analffdistka et al., 2018 Theeafter, the samples

were focused on the beams. The electron beams operated at a voltage of 25.00 kilovolts.

3.4.2. Brightphase search

The first step of data acquisition was to search for brighdaseqi.e., high density mineralsyhichwould
be areas of interest to mam detailfor platinum group elementsThe bright phase search wasquired
with a pixel spacing of 1 micron, minimum brightness of 48, and maximum brightness of 100 under high
resolution mappingThis mode is optimised to search for phases with a specfic BSE signal and chemical

composition. The bright phase search veasnpleted acrgsthe whole thin section.

3.4.3. Mappingof Platinum Group Minerals

After the bright spots/phases were identified on the BSE image, the spots were then analysed with
liberationanalysisunderhighresolution mapping. The identified bright phases or points of measurement
were then delineated as regions of interest for each grain. The liberation asalere conducted under

set parameters of dmicron pixel spacing, minimum brightness of 10, and a maximum brightness of 100
under highresolution mappingThe PGMs were mapped using elemental map association for the PGMs

family.

3.4.4. BSHlata processing

The BSE images produced by TIMA were used for data processing to detémmicemposition of

magmatic sulphides/oxides/silicates associated with the PGMs using phase maps and elemental maps to
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identify the phtinum groupelements associatianThe identification of all unclassified minerals was
accomplished through spectral analysis, which involved the spectral data and quantification to determine
the elemental composition of each unclassified mineral. This elemental composition facilitated the
identification of the most closely matching mineral, and the corresponding mineral spectra were
subsequently incorporated into the mineral libra§ome of the minerals available in the mineral library
were not recognised by TIMA beagse of different chemistryin this case, any unknown spectra collected
was used to find the best arlosest match to the records in the database providing mineral phase
identification. The match is a combination of minemaime TIMA mineraklassificatiorrulesand this is

determined automatically from a standard spextr
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CHAPTER 4: RESULTS

4.1. Petrography

A total of 12 thin sections from Ombuku North intrusion were used for petrographic @dlie samples

used are summariseid Table4 below.

Table4: Summary othe thin sections that were studied using petrographic microscope.

Sample ID Borehole | Corresponding sampld Rock type Palladium (ppb) | Platinum
ID depth and whole rock (ppb)
sampleinterval (m)

4/2802 KNBDO002| 279.52 m to 282.98 m| Serpentinite 201 160
4/2833 KNBDO002| 279.52 m to 282.98 m| Serpentinite 201 160
4/2827 KNBDO002| 279.52 m ta282.98 m | Serpentinite 201 160
4/3426 KNBDO002| 341.93 m to 342.86 m| Harzburgite 239 166
4/4489 KNBDO002| 445.42 m to 449.33 m| Serpentinite 653 409
4/4135 KNDBO002| 413.29 m to 413.67 m| Serpentinite 362 250
4/4400 KNBDO002| 441.85 m to 440.26 m| Serpentinite 460 337
5/595 KNBDO004| 594.50 m to 595.00 m| Serpentinite 625 444
4/2360 KNBDO002| 234.99 m to 239.00 m| Serpentinite 306 253
KSAT280/159 KNBD003| 234.51 m to 236. 00 i Serpentinite 301 273
KSAT280/16( KNBD003| 236.00 m to 238.30 m| Serpentinite 399 340
KSAT/166 KNDBO0O1| 455.25 m to 458.49 m| Harzburgite 11 7

The numbeiafter the forwardslash forsamples 2802 to 4/2360 represent the sample depthdecimetres(e.g, 2802mm= 28.20m).

The Ombuku North intrusion is primarily composed of serpentinite (altered duniteharztburgite, with
smaller amounts of norite and orthopyroxeniti the selected thin sectionghe serpentinite contains
coarsegrainedalteredolivine crystals thaareanhedral andubhedral Secondarpxidesarealsopresent

within olivine. The process of serpentinisation creates a series of irregular veinlets that cut through the
sulphide mineral assemblagEig.24). In the serpentinite, most of the grains are fully altered, exhibiting

a relict mesh texture with irregular veins containing interstitialdesi €ig. 19). Few largerzircons
xenocrysts have been found in one sample and appear as dafgedralgrains associated with altered

olivine (Fig.25).
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The harzburgite displays an equigranular textuoensisting of45 vol % olivines, 40c45 vol %
orthopyroxeres, and a minorclinopyroxeres (15 vol %). The olivines are coargrined with alteration

phases and contains lesser magne(fig.18).

The Ombuku Nortintrusion is charactesed by altered rocks that generally retdhmeir primary sulphide
mineralogy These rocks are predominantly serpentinite, consisting of disseminateegfaieed blebby
inclusions opyrrhotite (Po) andoentlandite(Pn) Both fine and coarsgrainedPnand Poare commonly
found at the grain boundaries of silicates. Additionally, anhedral grains of bornite (Bpyesentin
serpentinite(Fig.20), occurring alongside irregularly shaped oxides. Magnetite (Mgt) appears as discrete,
irregularly shaped crystals and fhgeained veinlets within the silicatese®landiteand chalcopyrite (Ccp)

are charactesed by anhedral and subhedral crystal faces. Olivine eslaibitedral shapes with alteration

to serpentine alondractures Aggregates of Po, RmdCcpareanhedral to subhedral, witMgt primarily
observed as discrete grains within tiévine (Fig. 15 and Fig.16). The sulphide assemblage (Ccp, Po)

abundancds 10 vol %, while the oxide (Mgt) abundance is low, arounB% in the samples.

Sample 4/28020mbuku North Intrusiorfborehole KNBD002 core sample depth 279.52 m to 282.98 m),
serpentinite (altered dunite)Rd and Ptconcentrations of 201 ppb and 160 ppb, respectively.

(@)

Sulphideoxide »
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Sulphideoxide

Fig. 15: Photomicrographs of sample 4/280@) and (c) sulphide assemblage in a highly altered olivine megacryst (10X magnification, cross
polarisedlight), (b) and (d) Mgt replacing Pn and Po, with some secondary mineralisation of Ccp overprinting Pn (10X magnification, reflected
light), (e)and(f) discrete grains of sulphide and sulphideide intergrowthsMgt replacing sulphide, and occurring as veinlets. (10X magnification,
eis plane polarised light, arfds reflected light).
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Sample 4/283, Ombuku Northintrusion (borehole KNBD002 core sample depth 279.52 m to 282.98 m),
serpentinite (altered dunite)PdandPtconcentratiors of 201ppband 160 ppb respectively

Fig. 16: Photomicrographs of sample 4/283@) discrete grains of sulphidexide hosted by altered olivine graiftOx magnification, plane
polarised light)(b) rounded sulphideoxide assemblage, Pn and Po. Mgt osasrdiscrete grains, veinlets aledtallyreplacesPn.Somesulphides
predominantly Pnare disseminated. Mgtein cutting through sulphidesxides mineralisation, (10x magnification, reflected light)
predominant Mgt also filling interstitial spaces (10x magnification, reflected light)(drskcondary mineralisation of Ccp overprinting Po (4x
magpnification, reflected light).
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Sample 4/28270mbuku North IntrusiorfboreholeKNBDO002 core sample depth 279.52 m to 282.98 m),
serpentinite (altered dunite). Pd and Ptconcentratiors of 201 ppb 160 ppb respectively.

‘Sulphides ;%

[

Sulphides

B,
™

Fig.17: Photomicrographs of sample 4/283@) silicate (altered olivine) and sulphides assembléb@éx magnification, plane polarised light)) (
Ccp, Po aggregates. Late Ccp has developed inside Po togethétgtifhOx magnification reflected lightg) sulphide assemblage in silicates
(anhedral grains of olivine) (10x magnificatiorgsspolarised light), andd) Mgt replacing Pn and Po (10x magnification, reflected light).
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Sample 48426 OmbukuNorth intrusion(boreholeKNBD0O02 core sample de@h1.93m to 342.86 ),
altered harzburgitewith discrete grains of sulphidesd highlyaltered olivinesand orthopyroxenes. Pd
andPtconcentrationsof 239ppb and 166ppb respectively.

Fig.18: Photomicrographs of sample 4/3426) predominantly disseminated sulphides (4X magnification, plane polarised (Dhhterstitial

Mgt in planar veins (4X magnification, reflected ligli€), sulphide mineralisation at the grain boundaries of altered orthopyroxene (Opx).
Sulphides also occur as discrete grains (4X magnification, cross polarised ligkd), sasedndary mineralisation, Mgt replacing Pn and Po, also
as discrete grains (10X magnification, reflected light).
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Sample 4/4489 Ombuku North intrusioifborehole KNBD0OORore sample depth 445.42 m to 483m),
serpentinite (altered dunite)Pd and Ptconcentratiors of 653ppb and409 ppb respectively.

Serpvein

L o

Fig.19: Photomicrographs of sample 4/4488) and (b), blebs of sulphides (10X magnificati@ns planepolarised light and is cross polarised
light), (c) and (d) Mgt replaes sulphide Pn) irregular and tiny Mgt veinlets and serpentine veins crosscutting the sulphide assemblage (10x
magpnification reflectedlight).
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Sample 4/41350mbuku Northintrusion (boreholeKNBD0O02 core sample deptth3.29m to 413.67m),
serpentinte (altered dunite), Pd and Pt concentratiors of 362 ppb and250ppb respectively

.- TR

Fig.20: Photomicrographs of sample 4/4188) opaque minerals (appearing as black), predominantly Mgt replacing{emagnification, plane
polarised light)(b) and(d) zoned sulphide aggregate with (Ccp), (Pn), and Bn loadtse to the contact with Mgt. Secondary mineralisation of
cubanite (Cub) overprinting Pn (#agnification, reflected light), angt) sulphide assemblage in silicates (predominantly clinopyroxene (Cpx)
with serpentine alteration) (10x magpnification, cross polarised light).
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Sample 4/400, Ombuku North intrusioborehole KNBD002 core sample dep#f0£26m to 441.85m),
serpentinite(altered dunite). Pd and Ptconcentratiors of 460 ppb of 337 ppb respectively.

Sulphideoxide T , W Serpvei

N

o

Sulphid
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Fig.21: Photomicrographs of sample 4/4408) and (b) sulphide-oxide with serpentinevein (10x magnificatiora is plane polarised is cross
polarisedlight), (c)and(d) disseminated large anhedral grains of sulphi@elphideoxidemineralisation occurs together, with Mgt replacing the
sulphide assemblage. Some Pn replacing Po (10x magnificagioross polarised light is reflected light).
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Sample 4/5950mbuku North intrusior{borehole KNBD004 core sample depth 594.50 m to 595.00 m),
serpentinite (altered dunite). dand Ptconcentrationsof 625 ppb and 444 pplespectively.

200 ym

Sulphideoxide

Fig. 22: Photomicrographs of sample 5/59%a) sulphide-oxide assemblage (10x magnification, plane polarised ligh})sulphideoxide
mineralisation, Pn replaced by secondary mineralisation of Mgt, almost completely replacing the sulphide. Interstitiihiylgt finy veinlets

(10x magnification, reflected ligh{)g) sulphideoxide mineralisation hosted in highly altered olivine megacryst (10x magnification cross polarised
light) and(d) Mgt secondary mineralisation overprinting Po, Pn (10x magnification reflected light)
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Sample 4/23600mbuku Northintrusion poreholeKNBDO002 core sample de@84.99m to 239.00m),
serpentinite (altered dunite).dPand Pt concentrationsof 306 ppb and253 ppb respectively

Sulphideoxide

Fig. 23: Photomicrographs of sample 4/236@) sulphideoxide assemblage and serpentine (10x magnification, plane polarised light),
predominantly oxide, Mgt replacing Pn and Po, Mgt occurs as discrete grains and irregular veinlets (10x magnificateshligti¢t) and (d)
sulphideoxide mineralisation set in highly altered olivine, serpentine filling interstitial spaces (4x magnificaianoss polarised lighd is
reflected light).
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Sample KSAT280/15@mbuku North intrusionlborehole KNBD@core sample depti234.51m to
236.00m), serpentinite (altered dunite).dPand Ptconcentrationsof 301 ppb 273 ppb respectively.

(@) (b)

© (d)

Fig.24: Photomicrographs of sample KSAT280/{&Popaque minerals appearing as black spots (10x magnification, plane polarised(tiyht),
CcpPn assemblage and discrete M§i©x magnification reflected light)¢) and(d) subhedral MgteplaesPn crystal (10x magnificatiars cross
polarised light andl is reflected light).
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