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Abstract

The northern limb of the Bushveld Compfexms part of ondargest repositories of P@&-Cuin the
world in the world The limb hasistoricallyreceived significantly lssattentionwhen compared to
the eastern and western limbs of the Bushve#hd until more recentlyhas beenleft largely
underexplored.The discovery of thenow worldrenowned Platreef sparkedan increasein the
economic potential of the areawith the heightenedexplorationfocuson the limb resulting in the
identification of a diverse array ofineralisation types and stylesot accounted for in the Platreef
definition (ss) This includes the AurarandWaterbergdepositslocated further to the north of the
observed Platreef extensioithe Twespalk propertyis situatedtowardsthe middle of the northern
limb, within a ~10 km section betweethe Witrivier and Nonnenwerth propertiesThis section is
notably depleted with regards to PGE or-Bu sulphide mineralisatiowhen compared to thehigh
grades seen throughout the Platreef to the sopdls wellin both the Aurora and Watedyg projects
further north. This study has showithat the magmaticstratigraphy at Tweespabiorrelates withthe
conventional northern limb stratigraphgnd is representative of both Upper and Main Zanes
However, thepresenceof the local granite gneisbasement high that risesorthwards, forms the
northern edge of thebasinand has resultedn the impeded development of the full Bushveld
stratigraphy at TweespalkThe successiorshows @& observed but discretetransition from
predominantly M4ithologies through to more felsic and magnetitieh UZ lithologies, with th&)Z
MZ boundary being placeat a depth 0666.1m, whichis~24.9 m below the first cumulus magnetite
bearing unit No specifianarker horizon (troctolite or pyroxenitmarkerg was observed within the
~182.2 m MZ at Tweespalkkuggesting that thenagmatic stratigraphy in the are@mprises a small
portion of upper MZ and a thick UZ portion abolreterms of mineralisation within the stratigraphy,
the study highlights the absence dfvo major processeghat typically enhance the likelihoodf
mineralisation within the stratigraphyThe first is the lack of contamination of the intruding magma
asa result oflimited interaction with the relativelympermeable Archaean granite gnelsssement.

In contrast tonorthern limb stratigraphies that are undain by various Transvaal Supergroup
basement rocks which contributed significantly towards the development of economic
mineralisation.The seconds the lack of evidence to support mixing between the new UZ magma
influx and residual magma in the chamiglrring formation The study concludes that the Tweespalk
stratigraphycompares with thaypicalgeology of the northern limb as well as the rest of the Bushveld
Complex Thedevelopment of the full MZ and underlyirgLShowever,was inhibitedby the local
granite gneiss basement highhich in turn led tolack ofany significanteconomic mineralisation

within the area.
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Chapter 1: Introduction

ChapterOne

Introduction

1.1. Preamble

TheBushveld Igneou€omplex(Figure 1.1)s the largestand most welknown mafic to ultramafic

layered intrusion oriarth and is the principal repository of platinugroup element (PGE) resources

within the B NIi KQa ONMza i 206 & SNIWSR 199 Kimdairetal, 2005 $cSates | Y R/
and Friedman, 2008ylcDonald and Holwell, 2011%ituatedin northern South Africa, thatrusion

spansapproximately600 km by400 km anctrosses into three different provinces within the country.

I
26
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Figure 11. A smplified geological map ofhe Bushveld Complex, highlighting the locations of the various limbs and
lithological exposures (Adapted from Eales and Cawthorn, 1996).

The Bushveld @aplex and itssurrounding aureolas hostto a multitude of worldclass magmatic
mineral depositgKinnairdet al., 2002; Scoateand Friedman, 2008yicDonaldet al., 2017) The
/ 2YLX SE &aSNWSa a GKS LINABROWhIGIoup BBmdat RGHER NB 2 F

magmaticore depositsand theLarge Igneous Province (Li@stherefore been extensivelgxplored,




Chapter 1: Introduction

studiedand mined sincehe discovery of platinunin 1924 with exploration and miningocussing
specificallyon PGEsCr,Cu, Ni and s commoaodities of interegivan Der Merwe, 1976Zawthornet
al., 2006;McDonaldet al., 2017).

The PGE mineralisation occurs predominantly within the stratiform-tygef depcsits of the
Merensky Reef as well as in the Upper Group 2 (UG2) chromitite layer in the Critical Zone of the
eastern and western limbs of the main Bushveld Comptexiso occurs within the Platreef of the
northern limb as a Merensky Restlyle mineralisdaon hosted within pyroxenites anldarzburgites, as
massive sulphide bodies at the base or in marginal/contact disseminated hybrid @akshoOrn,
1999;Kinnaird 2005 McDonald and Holwell)n 2011, geophysical and drilling exploration carried out
by Platinum Group Metals (PTMgrth of theHout River Shear ZorfeIRSZ)esulted inthe discovery

of one of the most globally significant aadierl classifiedalladiumdepositcovered by Waterbrg
sedimenary rockghat layto the north ofthe exposed areaf the northern limb(Kinnairdet al., 2012;
McCreesh 2016;Kinnairdet al., 2017 Huthmannet al., 2018. Thisextendedexplorationled to the
discovery of numerous intervals of continuedbaomic mineralisation to the north of the exposed
northern limb. Furthermore, the mineralisation occurred in parts of thegmaticstratigraphy that

had not previously been regarded as having potential for mineralisg@ilomairdet al., 2017).

Thenorthern limb is one of the most significant mineral provinces of the Bushveld Complex, and has
more recently received increased interest, study and exploration for PGEs andhbtalesulphides
(BMS) Thenorthern limb is host to the world renowned Platregvhich is a 10 m to 400 m thick
package of largely pyroxenites and gabbros that are@@iEhed (Kinnaird, 2005)hePlatreefof the
northern limb was subdivided on the basis of observed footwall lithology, following therk of
Merensky (1925¥; into three geographicakectors by Kinnairet al. (2005), namelythe southern,
central andnorthern sectors.The majority of early exploration work was carried out on what was
thought to be the thickest section of the Platreef, the central sector (Mererid®5; Kinnaircet al.,
2005). As a result of this focussedploration and active mining, scientific literature of the Platreef
waslargelyfounded on this central sectormuch of which may not be applicable to sections of the
Platreef both to the south athnorth as a result of varying footwall compositions (Kinnairal., 2005
McDonald and Holwell, 20).1

Thedefinition of thePlatreef aswill be discussed in greateetail inChapter3, isa broadly accepted
characterisation of a lithologically variableontaminated and frequently xenolthigch unit of mafic

to ultramafic rocksthat contains irregular mineralisation of PGE andCNibasemetal sulphides
(Kinnairdet al., 2005; Kinnaird ahMcDorald, 2005;Armitage, 2011McDonaldand Holwell, 2011).

The Aurora Projectdeposit of which mineralisation was first observed framtial Cu and Ni soil
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geochemical anomalies recognised during exploration between 1974 and w88z onsideretb be

a representation of the northernontactfacies of the Platreef and therefore an extension of both the
Platreef and thenorthern limb (Maieret al., 2008; VenmysRand, 2010; McDonalket al., 2017). This
description of the deposit as Platreahd thereby ensued suggestion Blatreef strikeextensionby
both Naldrett (2005) andMaier et al. (2008)¢ on the basis of bottpetrological and geochemical
differences observed when compared with ty@l PlatreeSectionsg has subsequently been disputed
and deemedunlikely and largely untenable based on a number of factbtsDonald and Harmer,
2010;McDonaldet al., 2017)

1.2. Scope of the Research

The Tweespalk Projestudy area is locatedn the Tweespalk 77BRproperty, whichis situated in

the northern limb of the Bushveld Complexjthin the Limpopo Province of South Afrigiéigurel.2)

(PTM Annual Report 2012he Tweespalk propentiyhich covers 2177 ha in extent and is surrounded
by the Atlatsa Resourcekwanda North and Central Block project propertiess approximately 55

km to the north of the town of Mokopane (formerly Potgietersrus) and is centred on the coordinates
of 2342Q 6 { Uep A(B@TMiAnnual Report, 200Burness, 2004)

In terms of the scope and context of this research, a great deal is known and understood with regards
to the Platreef in the northern limlas a result of numerous studies well as ongoingxploration

and mining in the arealhere isalsoa fair amount of literature on the Aurond Waterberg projects
located further north towards the northermost extent of the northern limb (Huthmaret al., 2016;
Harmeret al., 2017; McDonalét al., 2017; Kinnairét al., 2017) Howeve, little scientific interest has

been shown inthe short ~10 knstrike length uppermiddlesectionof the northern limb betweenhe

farms of Witrivier and Nonnenwerth, where the Upper Zone thassgressed through the Main Zone

and lies directly on the basement granitic gneiss of the intrusion (Mgiel, 2007). This is primarily

a result of the disappearance of Platreef and the lack of any significant economic mineralisation within
this setion of observed transgressioithe Tweespalkarm is the focus area of this study, withe
research centredon the comparison of the geologgt Tweespalk with therest of the geology

elsewhere in thanorthern limh
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Figure 12. Location of the Tweespalk farm propewithin the northern limb of the Bushveld Complex, with the farea
highlighted in redAfter Ashwalet al., 2005)

The premiseof this thesisis to understand thenature, origin, and development of the relatively
unknown and understudied Tweespalk magmatic sequenaod to compare the local geology with
the geology ofest of the northern limbAn essentialquestionisthe position of the Main Zon&Jpper

Zone boundary within thetsatigraphy andan attempt has been maddéo understandthe factors
behind the development of this largely unmineralized section within a limb that contains extensive
economic mineralisation throughoufThis project thereforelooks to contribute further tothe

understanding of the magmatic history aitgrelationshipto the formation ofnorthern limb.
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1.3. Aims and Objectives

There argawo main aims of this thesis:

1) To establish the geochemical characteristiof the area andcorrelate the magmatic

stratigraphy of the Tweespalk areavith the rest of the known magmatic sequences of

northern limb and theWaterbergproject areafurther to the north

2) Todetermine thestratigraphic position and style of mineralisation in the Twesdisalrill core

and compare thisvith the mineralisation observed in tHélatreef Main Zoneand Upper Zone

sequenceshroughout the northern linb as well aghe adjacentWaterberg segment.

The studylooks toinvestigatethe stratigraphy and PGE mineraligat of the Tweespalk area, making

use of the research objectives defined below:

T

T

Core loggingand collectionof appropriatecore sampleswith photographic analysiof the
different rocktypes observedn the core.

Production ofa detailed stratigraphic logof the TW1 drilicore to investigate the general
stratigraphy of thenorthern limb Bushveld rocks in this region.
Opticalpetrographicstudiesto identify the constituentmineralsof the various rock typefor
confirmation ofthe rocktaxonomygiven tothe coreandto identify the style of mineralisation
present.

Whole-rock geochemicanalysedor major andrace elementdo investigate thecorrelation

of geochemical characteristics with othlenownsequences of the northern limb.
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Chapter Two

Geology of the Bushveld Complex

2.1. Introduction to the Bushveld Complex

The PalaeoproterozoiBushveld Complexormed as a result of mulStaged magmainjections
(Kinnaird, 2005Smithet al., 2014. Ithas a combined area of greater than ~@D kn¥, far greater

than the approximate area of 680 knt as extensively stated iprevious literature(Tankardet al.,

1982; Eales and Cawthorn, 1996; Cawthorn, 1989)arlierliterature did not account for the full
extent of the northern limb which extends underneath the Waterberg and Karoo sedimentary units
as far as the Palala shear zone to the north of the Thalldarchison Lineament (TMLYygnder

Merwe, 1976; von Grunewaldit al., 1985; Finet al., 2015; Kinnairdet al., 2017).

The Complex is located within the borders of South Africa and is spatially comprised of four sectors
that are exposed at theurface, these includehe western limb, far western limb, eastern limb and
northern limb, with another unexposed limb referred to as the see#stern Bethal limb covered by
younger sediments making up the fifimb of the complexKigure2.1.) (Ealesand Cawthorn, 1996;
Kinnaird 2005). The five major limbs or lobes of the Bushveld were initially interpreted to have been
discrete, unconnected magmatic bodi@Sousins, 1959Meyer and De Beer, 198 Hpwever,more
recent studies have rinterpreted the @mplex to ultimately be connected at depth with single
chromitite layers or packages as well as the Merensky Ibaef traceabldor at least ~350 km around

the complex (Cawthorrand Webb, 2001; Kinnairet al., 2002; Barnes and Maier, 2004he limbs
eastern and western limbgenerally dip towards the centre of the intrusion at betweersafd 2@
(Cawthorn and Webb, 2001jvhereas theexposednorthern limb dips westwardsat typically45°

towards thecentre of the unexposed limivan der Merwe, 2008
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Figure 21. A simplified geological map of the Bushveld Complex, highlighting the locations of the various limbs and
lithological exposures (Adapted from Kinnaird et al., 2005).

The entire Complex, located in the nomfastern region of South Africa, stretches between the four
provinces of Mpumalanga, Limpopo, Gauteng and the Northwest, juminnorth ofthe town of
Bethal in thesouth, to Villa Nora as the northemost extentand to the towns of Burgersfort and
Zeerust in the east and west respectively (Eales and Cawthorn, Ca@&hornet al, 200§. The
layered igneous suite of rocks within the Comhesa typical maximum thickness ranging between
ca. 6 km and 8 km and genadly exhibita tabular shape, with some of the layers tracing along strike
up to and further than 15@m (South African Committee for Stratigraphy, 1980; Walrastex, 1990;
Eales and Cawthorn, 1996; Cawthaghal., 2006; Zelet al.,, 2015). Theverall estimated volume of
the entire intrusion is approximately between 3800 kn¥ and 600000 kn¥ (Eales and Cawthorn,
1996; Cawthorn and Walraven, 1998; Asfiwet al, 2005. The Bushveld Compleis host to
approximately 75% of the world@ resources P platinum (Naldrett, 2009, as well as a large
concentration of BMSwith these metals being concentrated in the thaeencipal aforementioned
stratigraphic units of the UG2 chromitite, the Merensky Reef and the Platreef (McDamdidolwell,
2011; Hutmannet al., 2018).

The relatively unusual LIP broadly referred to as the Bushveld Magmatic Province, stems from the first

and original Bushveld Plutonic Series introdud®sd Molengraaf (1898)Subsequently, the term
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changed to the Bushveld Plutonic Comqaile order to signify the variety of intricately related intrusive
components within the Province (Armitage, 2011). The later accepted term of the Bushveld Igneous
Complex came into generate, as this preferred term highlighted tBeishveld cyclicity dfoth the
intrusive and volcanic rocks within the Complélaich andCorstorphine 1905; Armitage, 2011).
a2RSNY fAUGSNY GdINBE KIFa aSSy GKS ljdzfAFeAy3a SNy
Bushveld Complex being the customary term (Armita@d12. Like much of the contested issues in
literature that arose during the expansive study of the Complex over the last cepgugh as the
tectonic setting of the Complex, the source of parental magmas, the mechanism(s) leading to the
emplacement of te Complex, the overall structure of the Complex, and the nature and distribution
of mineralisatiorg, the definitions of the lithology and stratigraphic subdivision of the suites of rocks
encompassed within the Compldyave changed and been adapted ovena with a multitude of
different definitions having been proposed (Eales and Cawtht®86; Kruger, 199Kruger, 2005;
Cawthornet al., 2006 Wilson, 2012).

Figure 22. A schematic nortisouth crosssection of the eastern limb from Dulstroom to Steelpoort, illustrating the
NBfFiA2yaKALl 60S06SSy wdzaiSyodzZNA [F&@SNBR {dzaGSQa OKIFYoSNI SE
Harmer and Sharpe, 1985).

The poomunderstanding of the Rooiberg Group and its connection to the Bushveld Congtexte

initial three-fold subdivision of the Complex into the mafitramafic rocks of the Rustenburg Layered
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Suite (RLS), the Rashoop Granophyre Suite (South African TeenmhiStratigraphy, 1980), and the
Lebowa Granit&uite (Tankaret al., 1982 Walraven, 1985; Walraven and Hattingh, 19iBnaird

et al, 2005;Cawthornet al, 2009, as proposed by the South African Committee of Stratigraphy
(1980). Hatton and Scleitzer (1995) thereafter revised this suggested definition with the addition of
the felsic volcanic rocks of the Rooiberg Group, a set of marginal botlamdesyrBushveld sills and

the inclusion of the outer disparate satellite intrusions, with the euatly accepted subdivision and
nomenclature of the Complex shownTable2.1.(Cawthornet al., 1991; Eales and Cawthorn, 1996;
Cawthornet al, 2006 Smithet al, 2014). As suggested by Hatton and Schweitzer (1995) and
Cawthornet al. (2006), the Rooiberg Group lavas represent immediate precursors to the Rustenburg
Layered Suite mafic intrusions that intruded below or into the Group, with the Pretoria Group rocks
represening the predominant portion of roefocks to the Complex coupled with younger post
Bushveld volcanic and sedimentary rocks of the Karoo Sapmrp(Figure 22.) (Hall, 1932 Coertze
etal., 1977Cheney and Twis,991; Schweitzegt al., 1995; Kinnairdt al., 2005).

Table 21. The currently accepted standard nomenclature and subdivisions of the four major magmatic suites within the
Bushveld Complex (After Cawthorn et al. (2006)).

Lebowa Granite Nebo, MakhutsoKlipkloof, Bobbejaankop, and Verena Granites

Suite
Rashoop Stavoren and Diepkloof Granophyres, Rooikop Porphyritic Gran
Granophyre
. Zwartbank Pseudogranphyre
Suite
Subzone C (Ap diorite)
Upper Zone Subzone B (@t gabbronorite)
Subzone A (Mt gabbronorite)
Main Zone Upper Subzone (gabbronor?te) -
Lower Subzone (gabbronorite, norite)
Rustenburg Critical U Sub i thosit i
Layered Suite ritica pper Subzone (norite, apor osite, pyroxenite)
Zone Lower Subzone (pyroxenite)

Upper Subzone
Lower Zone Harzburgite Subzone

Lower Subzone
Marginal Zone (norite)
Schrikkloof Formation (flowsanded rhyolite)
Kwaggasnek Formation (massive rhyolite)
Damwal Formation (dacite, rhyolite)
DullstroomFormation (basaltic andesite)

Rooiberg Group

2.1.1. The Rooiberg Group

The felsic volcanics of the Rooiberg Group which lie predominantly above the Rustenburg Layered

Suite, althoughare also found at the base of the Suite, is subdivided on the basis of lithology and
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geochemistry into several volcanic unit formations that have a maximum vettiggkness of
approximately 400 m and are interbedded with laterally extensive, thin sedimesteata (Harmer
and von Gruenewaldt, 1991; Buchan@006;Cawthornet al., 2006). These formations from the base
to the top of the Groupare: the Dullstroom Formation, Damwal Formation, the Kwaggasnek
Formation and the Schrikkloof Formation (Hatton anbv@stzer, 1995Buchanan, 2006; @dhorn

et al., 2006).The rock typesf the Dullstroom formation rangé&om mafic to intermediate basalts and
basaltic andesites to more felsic volcanic units of dacites and rylolites, with the bulksafdbession
comprising of siliceous volcanic rocks with shale and sandstone intercal@tianghout(Buchanan,
2006; Cawthorret al., 2006).

The Rooiberg Group represents the youngest, most voluminous and most silicic volcanic unit linked to
the larger Bushveld Complexagmatic even{Twist and French, 198Btatton and Schweitzer, 1995;
Eriksson and Reczko, 1985ikssoret al., 2005) A singlezircon ageof 2061+ 2 Mawas producedor

a felsic volcanic rock within the RooibeBgoup, with the Group having magmas considered to be
intrusive and timeequivalent to that of the Rashoop Granophyre Suite mag(Wéalraven, 1987a;
Lenhardtet al,, 2017).The uppermost rhyolitic section of the Rooiberg Group is geochemically similar
to that ofthe Stavoren Granophyre of the Rashoop Granophyre Suitgporting the timeequivalent

link and genetic relationship between the two Suites (Walraven, 198ation and Schweitzer, 1995
Cawthornet al., 2006). The resulting agtating correlatiorbetween the Rooiberg Group and the RLS

by Harmer and Armstrong (20009d to the consideration of the Rooiberg Grduging representative

of the initial magmatic phase of the Bushveld Complex rather than the latter stages of the Transvaal

Supergroup (Habn and Schweitzer, 1995).

2.1.2. The Rustenburg Layered Suite (RLS)

The Rustenburg Layered Suite within the Bushveld Complex, comprises a package of rocks that
highlighs a complete differentiation sequence of a basic magma with the rock types varying from
dunite and pyroxenite, norite, gabbro and anorthosite, through to magitetand diorite, and in its
entirety, represents the mafic component of the Complex (EalesCavathorn, 1996; Kinnairet al.,

2005; Cawthorret al., 2006; Zelet al., 2015). This Suite has been subdivided into five different zones

on the basis of the traditional zonal stratigraphwyineralogical changes produced from magma
differentiation, as welks the order of appearance or disappearance of cumulus minedtls the

zones from the bottom to the top being the noritic Marginal Zone (MZN), the ultramafic Lower Zone
(LZ), the ultramafic to mafic Critical Zone (CZ), the gabbronoritic Main ZoneafdZ)nally the
ferrograbbroic UppeEone (UZ) (Hall, 1932; Kinnagtchl., 2005; Cawthoret al., 2006). Wilson (2015)

also noted and described a basal ultramafic unit of magnesian pyroxenites, harzburgites and dunites

10
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below the MZN referred to as the Bal Ultramafic Sequence (BUS). The formal lithostratigraphic
classification of the RLS adopted by ®euth African Committee of Stratigraphy (1980) subdivided
the RLS using nomenclature on the basis of geographic names (Cawthairn2006). The widely
known informal zonal subdivision that makes use of the traditional zonal stratigraphy within the RLS
has generally been favourednmore recentliterature as a result of widely separated areas within the
Bushveld Complexon which the proposed stratigragtwas originally baseg digplaying similar rock
types and stratigraphy (Cawthosat al., 2006).

Layering within the Suite is present throughout, witlistlaterally continuous layering rangirog all
vertical scalesfrom millimetres through to hundredsf metres (Eales and Cawthorn, 1996). The
general order ofoccurrence ofthe cumulus minerals olivine, orthopyroxenehromite, (olivine),
plagioclase, (chromite), clinopyroxene, magnetite, #rah olivine, (orthopyroxene), and apatite, in
terms of their appearance and/or disappearance within Suiie the basis of the stratigraphic
subdivision (Cawthoret al, 2006). The evolution of the Bushveld Complex magma chamber is
proposed to have occurred within two major stages, the first being the initial evolutionary phase of
thelower,opera @ A G SY WLYGSANI GA2y { G 3SQ OKI dEHifRing NA a SR
isotopic compositions that involved concomitant mixing, crystallisation and deposition of cumulates
leading to the formation of the Lower, Critical and Lower Main Zones (Kruger, 2005g8atitB014).
These primary magmatic injections amgpositional events led to the deposition of the main
mineralisation units on top of or near to a stratigraphic unconformity (Eales and Cawthorn, 1996;

Kruger, 2005).

In regard tathe lithostratigraphy, Kruger (2005) nat¢hat the larger magma influxebkat are marked

by sustained isotopic shifts, distinct mineral assemblage changes as well as unconformity
development correspond with boundaries of stratigraphic zones and subzones within the RLS. The
upper, closesi @ & 1 SY W5 A T FSNB Y (ut any majoy mapnialinfu@ed with Itha thigkA (1 K 2
magma layers forming as a result the extensive secondary magmatic process of differentiation and
fractional crystallisation, possibly contributing to the concentrationmirfieralisation Kruger, 1992;

Kruger, 1999Kinnairdet al., 2002;Kruger, 2005).

2.1.3. The Lebowa Granite Suite

Thereare four main granite intrusions of the Lebowa Granite Suite that occur within two large semi
circular groups or lobes in the arcuate eastern and western limbs of the Bushvefde2aespectively
(Cawthornet al., 2006). Te principal granitesf this Suitebeing the Nebo, Bobbejaankop, Klipkloof
and Makhutso granites (Cawthoat al., 2006). Another granite type known as the Verena Graaite

also present within the Suite, bus considered to be of a differemirigin in relation to the typical

11
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Bushveld granitegRobbet al., 2005; Cawthoret al., 2006).The Lebowd&ranite Suite was thermally
metamorphosed by the intrusion of the RLS, where it was metasomatically altered throughout
(Buchanan, 2006; Lenhardt and Eriksson, 200t} alteration that led tohte deposition of secondary
cassiterite, tourmaline and carbate, was particularly significant e north-westernsections of the
Suite (Buchanan, 2006; Lenhagditd Eriksson2012).

2.1.4. The Rashoop Granophyre Suite

Despite being significantly smaller than the typically voluminous Rooiberg Veldari2053t 12 Ma
Bushveld Complex granophyric rocks of the Rashoop Granophyre Suite occur extensively between the
RLS (above which they intruded) and the overlying RooNselcanics (Coertzet al,, 1978;Walraven

1987b; Cawthorret al., 2006). The granophyrioeks of the Suite make up a significant proportion of

the acid phase of the Bushveld Complex, with the rocks occurring either above and/or below the
Lebowa Granite Suite depending on the area (Cawthatral.,, 2006).As recognised byWalraven

(19%5), the Rashoop Granophyre Suite is a grouping of two types of granophyre on the basis of

petrography, one group being intrusive and the other being metamorphic.

The more predominant magmatic group of granophyres referred to collebtiaes the Stavoren
Granghyre (Lenthall, 1973)nay represent both the shallow intrusive facies of magma below the
Rooiberg Group rhyolite roof or Pretoria Group sediments, as well as the volcanic pile formed from
extrusive facies of magma (Walraven, 198%alraven, 1987hb; Kinndi et al., 2005). Thenagmatic
group of granophyres idargely characterised by micrographic intergrowths of alkali feldspar and
guartz that are well developed throughout (Walraven, 1985; Cawtlkebal, 2006). The metamorphic
group of granophyres on thether hand, comprises the Zwartbank Pseudogranophyre, the Diepkloof
Granophyre and the Rooikop Porphyritic Granite (Walraven, 1985; Walraven, 1987; Cagtthbrn
2006). The origin of this group of metamorphic granophyres is the result of extensivectonta
metamorphism of the Pretoria Group and Rooiberg Group rocks due to the emplacement of both the

mafic and granitic rocks of the Bushveld Complex (Walraven, 1985; Cawethalrn2006).

2.2. Palaeotectonic Setting

The amalgamation, form and evolution thie first supercontinent is still highly debated and largely
speculative, however it is agreed that the first supercontinent widely referred to as Rodinia
amalgamated andiachronouslycame into existence during the Proteroz&on(Figure2.3.) (Robb,
2005; Liet al, 2008). A number of studies have postulated the formation and bupakf old
supercontinents/continents throughout the history of the earth, rangifrgm the Archaean

(Vaalbara)to the Palaeoproterozoic (Columbiap the Neoproter@oic (Rodinia) and finally, the

12
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youngest and most well documented supercontinent of Pangea, whichefrat the end of the

Palaeozoic era (Robb, 2005; Lettsl., 2011).

The paleogeographic reconstruction of the continental geometry and timing of amatga and
dispersal, however, is still contested and differs amongst all literature with only the continental
configuration and paleogeography of the major continents Gondwana, Laurentia and Pangea being
generally accepted (Robb, 2005; Leadtsal.,, 2011) As illustrated in the schematic diagramFafjure

2.3., that on the basis of the Rogers Model by the end of the Archaean at 2500 Ma there would have
been an inferred Archaean continent Bf (consisting of the ancient Kaapvaal and Pilbara cratons,
portions of India as well as Antarctica that coalesced approximately 3000 Ma) and an Archaean to
early Proterozoic major continent @&rtica (amalgamated parts of Siberia, Canada and Greenland),
also commonly referred within earlier literature &surentia(Hoffman, 1991; Rogers, 199Rpbb,

2005).

The continued amalgamation of land masses in the Proterozoic formed what was known as the
Atlantica at about 2000 Ma as well as the Baltica (Rogers, 1996; Robb, 2006). The new continent of
Nenawas formed as a resutf the amalgamation of both the Arctica and the Baltica at approximately
1500 Ma, which was then followed by continuous amalgamation with the Mesoproterozoic until the
believed consolidation of the supercontinent Rodinia (~1000 Ma) from the Ur, AtlantitdNana
continents (Dalziett al., 2000; Robj2005).

Age in Ga (not linear)

3.0 25 2.0 1.5 1.0 0.5 0.3
T T \ T T T 1
Ur E. Gondwana
o/ f \. 4 A
Yilgarn'  N. India, central Aust. /W. Gondwana*GOhdwana

Arctica (also called Laurentia)

- Present
E Anlarcti/;a 1Nena 1 Rodinid \“ m—b d::t),rf ;
’ . 4 4 configuration
Baltica | A YLaurentia /
Atlantica ,-/ Kazakhstan, ~v
China,
S. China, etc.

Figure 23. A schematic diagram of the Rogers Model for the estimated timing of amalgamation, formation and breakup of
major continental land masses between 3.0 and 0.3 Ga, and more specifically the evolution of Rodinia, the first supercontinen
(After Robb, 2005).

Trepre. dZa K @St R 8002y A0 as8GiAy3 yR SYLXFOSYSyd Y§
largest layered intrusion, into the Kaapvaal Craton is still poorly understood (@aide 2009).

Highlighted by Clarket al. (2009), the country rocks swunding any form of intrusion are extremely

useful with regards to information on emplacement history and tectonic processes, with the Bushveld

Compl contact aureole having recorded the tectonic processes that occurred both during and after

13
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its emplacemat (Uken, 1999; Clarket al., 2005). Hosto the Bushveld Complex, the Kaapvaal Craton
formed through the amalgamation and accretion of a mosaic of discrete major crustal blocks between
3.7 Gaand 2.7 Ga (De Wt al., 1992; Armitage2011).

The aforemetioned Archaearaged Vaalbara major continent that existed and remained intact
between 2.8 Ga and 1.8 Ga was composed of the Kaapvaal Craton and @itiiara(Cheney, 1996;
Zhaoet al., 2002; de Kockt al., 2009; Lett®t al., 2011). The Vaalbara comtint assembly led to the
formation of two major orogenic events, namellge formation of the Limpopo Belt from the collision
between the Kaapvaal Craton and the Zimbabwe Craton, and the formation of the Capricorn Orogen
that resulted from the collision dhe Pilbara and/ilgarn Cratons/an Kranendonlet al., 2002; Zelet

al., 2009; Lettset al, 2011). Both of these orogenic events, along with the other related orogenic
events of roughly the same period is argued by Zéiaal. (2002), to have resulted ithe formation

of the Palaeoproterozoic Columbia supercontinent.

Controversy still remains with regards to the relation and origin of the Limpopo Belt to that of the
adjacent Zimbabwe and Kaapvaal Cratons, the two main models proposing cosuorgiment
collision between the two Cratorts the otherorigin proposathat involves norplate tectonics (Gore

et al, 2009). The models based on continenntinent collision are separatday the disagreement
onthe timing of collision and formation of the Limpo Belt McCourt and Armstrong (1998) produced

an age range for the event of ~2.2.6 Ga, while Holzest al. (1998) placehe collision at ~2.0 Ga
(Lettset al., 2011). A study done by Holzet al. (1998) documented and recorded convergent
tectonics between the two Cratons, interpreted akigh-grade collisional event within the Limpopo
Belt that was later considered to rather be a reactivation of the Limpopo Belt during the Magondi

Orogeny by Sikeret al. (2004), Clarkeet al. (2009 andLettset al. (2011).

As a result of the regionabnvergent tectonics, the Kaapvaataton was subjected to a broadly NW

SE compression between ~2.05 Ga and ~2.0v&sdn response to the collision between the two
Cratons (Clarket al., 2009). The stress field present at ~2.05 Ga allowed for the dilation of the ENE
trending TML and extesional tectonics within a baekrc tectonic setting, meaning that this proposed
emplacement of the Bushveld Complex in a baksetting that represent extensional zones within

an overall compressional regime (Claekel., 2009). This broadly s\Busheld NW-SE compressional
tectonic regime and the suitably orientated TML parallel to the Limpopo Belt and subduction zone
allowed for dilation of the TML, acting as a dyike feeder and facilitating the Bushveld Complex

emplacement within a subductiebad-arc geodynamic setting
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Figure 24. The location of the Bushveld Complex PGE deposit within the Kaapvaal Craton, as well as the relation between the
Kagvaal and ZimbabweXatons(After Maier and Groves, 2011).

Kamber (1995)as the first to argue that the formation of the Limpopo Belt was unlikely to have been
the product of the proposed ~2.7 Ga to 2.6 Ga late Archaean contamriinent collision between

the two cratons, with thisbeingbased on the prevalence of the 2.0 Ga tectonic events (6be&d,

2009). Bleeker (2003) concurs with this argument, stating that on the basis of structure, timing of
cratonisation and mafic dyke swarm emplacement, the Kaapvaal and Zimbabwe Cratonsishare
interactive history before ~2.0 Ga (Gaeal., 2009). Following this point, Bleeker (2003) assbt

the ~2.6 Ga Great Dyke does not cross the Limpopo Belt and is not present within the Kaapvaal Craton,

meaning that twacratons are only likely tbave collided close to 2.0 Ga (Mukasal., 1998; Gorest

al., 2009).

All of the known globally significant PGE deposits have formed in association witfsexadriatons,
with the majority occurring within the central sectors of the cratons (Maier @noves, 2011). Such
is the case with the Bushveld Complex that forms withinKhepvaal CratorF{gure2.4.), as well as

the Great Dyke forming within theentral regim of ZimbabweCraton furthernorth. It is generally
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accepted that dllowing the stabikation of the Kaapvaal Cratpthe period ranging from the late
Archaean to early Proterozoic within the Craton is characterised by the development of large volcano
sedimentary intracratonic basir{&innaird, 2005; Maier and Groves, 20Ilhese basins aregular

with laterally continuous layering within, this being consistent with magma emplacement in a stable

intracratonic environment (Kinnaird, 2005; Maier and Groves, 2011).

2.3. Age of the Bushveld Complex

A number of studies have attempted to precisely age date the volcanic rocks of the Caqrafileit
these ags have beelifficult to obtain as a result of subsequent metamorphism parsiplacement

¢ with the majority obtaining ages close to that of 2060 KZzhet al., 2015).However all of the
studies yielded highly variable and significantly langeertaintiesthat scattered over more than 10

Ma period (Zelet al., 2015) Previous age determinations of the Bushveld Complex rocks constrained
using uranim-lead IDTIMS (isotope dilution thermal ionisation mass spectrometry) andDERMS
(chemical abrasion HDIMS) dating techniques on zircons, baddeleyite and titanite produced relatively
more precise and typically older ages that ranged between 2068.9 M and 264.4+ 1.3 Ma (Buick

et al,, 2001; Scoateand Friedman2008; Olssomrt al., 2011, Zelet al., 2015).

In comparisorwith Ar-Ar, ReOs and ROs age dating techniques that produced significantly younger
and less precise ages between 2@43.0 Ma and 1995 50 Ma(Schoenber@t al., 1999; Nomadet

al., 2004; Reisbergt al., 2011; Coggoet al., 2012; Zelet al., 2015) It was noted byehet al. (2015)

and Yudovskayet al. (2013)that a few UPb SHRIMP (Sensitive High Resolution lon Microprobe) ages
showed an overlap with the GIB-TIMS and AAr agesas well as a similar high degree of age date

scatter.

The emplacement age of the Bushveld Complex was considered to have baénekelwell
constrained at 206(Ma & 3 Ma, Krugeret al., 1986 and + 27 Ma, Walravenet al., 1990). This
emplacement age was supported by the work of both Walraven (1997a) andeB@tK2001), with
constrained ages of 20642 Mafor the roof rocksf the Rooiberg Group and 2058:9.8 Ma for the
crystallisation and therefore minimum age of emplacement of the RLS in the eastern limb respectively
(Smithet al., 2014). Bgetherthe agesprovide a relatively precise time interval for the emplacement

of the RLS. Significantly younger crystallisation ages of the Merensky Reef 2053Ma and 2055

+ 1.3 Ma) were then later constrained from high precisiorPlJ zircon dating by Scoates and
Friedmann (2008), similar to the minimum age of 2058.3.2 Ma determined for thePlatreef
(Hutchinsonet al., 2004).0Olssonet al. (2010) also constrained a precisePb baddeleyite age of

2057.7+ 1.6 Ma for the Marginal Zone. These more recent crystallisation and cooling ages of the
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Merensky Reef show a sificant, younger age difference to that of the age determined by Betick

al. (2001).

Further study by Zetet al (2015) produced high precisionRb dates for the emplacement and
crystallisation of the Rustenburg Layered Suite within the Bushveld Caonspiegorted by various
petrological observations. This new and robust constraint of Bushveld Completacement was
obtained from eight zircon grains that were taken from nine mafic rocks of different RLS uniet (Zeh

al., 2015). The GID-TIMS?"Pb/ 2%Pbh age dates obtained by Zeh al. (2015) indicatethat the
crystallisation period of the Rustenburg Layered Suite (RLS) from the Marginal Zone (floor of the RLS)
to the Upper Critical Zone and Main Zone (centre of the RLS) ranged overQl@®Ma, a®pposed

to the previously attained Wb ages that suggested a time interval between 3 Ma and 5 Ma for the
crystallisation period of the Bushveld Complex rocks. The emplacement of the RLS magmas began at
2055.91+ 0.26 Ma (Zelet al., 2015), which is in agement with the thermemechanical modelling of
accretion and emplacement of the Bushveld Complex RLS in under 0.1 Ma and 0.5 Ma respectively
(Cawthorn and Walraven, 1998). Despite the relatively old age of the large magmatic province, the
Bushveld Compleis particularly well preserved as a result of having undergone minimal structural

and metamorphic deformation after emplacement and solidificaii@awthornet al., 2002).

2.4. The Transvaal Supergroup

The Bushveld Complex generally intruded into the &geoterozoic supracrustal volcano
sedimentary rocks of the Transvaal SupergrQupmprising ofthick succession of volcanic and both
chemical and clai sedimentaryrocks (Hall, 1932; van der Merwe, 197&hwalet al.,, 2005). The
Transvaabupergrougormsalarge volcanesedimentary intracratonic basion the Kaapvaal Craton
The Supergroujs a lateArchaean to early Proterozoic platform succession that contaitsnbain
unconformity-bound sequences of the lowermost Chuniespoort Group @aake-BIF platform
succession, followed by the volcasedimentary Pretoria GrouErikssoret al., 1993; Erikssoand
Reczko1995; Cheney, 199@/00re et al.,, 2001). Thepproximately 15 km thick package ranges in
age from the lowest contact between pahasinal rocks of the Wolkberg and Buffelsfontein Groups
and Black Reef Sandstone Formation with an age of ca.2638a, to the uppermost extent of the

Pretoria Group dated at ca. 2050 Ma (Cheney, 1996; Mebet, 2001 Zehet al., 201§.

The Comple is almost entirely circumscribed by the Transvaal Basin into which it intruded, whereby
the base of the Complex is represented by an unconformity between the underlying Pretoria Group
and the overlying Rooiberg and Rustenburg Layered S(@ewthornet al.,, 2006; Lenhardiand

Eriksson2012. Thisseparaesthe clastic sedimentary rocks of the Pretoria Group from the volcanic
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rocks which suggests considerable erosion of theerlyingsedimentary rocks before the intrusion
and eruption of thdavas (Cheney and Twist, 1992; Cawthetral., 2006; Lenhardand Erikssoy2012;
Lomberg 2012).The northern limb represents an extreme case of this erogierod prior to the
eruption of lavaswith the Transvaal Supergroup being completgtyded and abserih the northern
section of the limbThisleavesan unconformable contact between the base of the médiailtramafic
rocks and the Archaean graniimeiss basement¥hite, 1994 Cawthorret al., 200§. The exceptions
where the Complexhas notintruded along the unconformitjormed between the Magaliesberg
quartzites of the Pretoria Group and felsites of the overlying Rooiberg Group is iraloge
mentionednorthern limh as well asn the eastern limb to the south of the Steelpoort fault where the
Complex has transgressed upwards through more than ~2 km of the sedimentary package (Eales and
Cawthorn, 1996; Cawthoret al., 2006).

2.5. Magmatic Stratigraphy

The Bushveld Complex, asemtire entitity, refers to the combination of intricatelglated intrusive
components (the Rooiberg Group, the RLS, the Lebowa Granite Suite, the Rashoop Granophyre Suite,

a series of marginal sills as well as varying satellite inrusions) within theegreatge Igneous

t NEOAYOS® DSYSNIf €AGSNI Gdz2NBX K26SOSNE YI 1Sa dza
entire package of mafic and ultramafic rocks that constitute the most voluminous preserved layered

mafic irtrusion in the world (Eales ari@awthorn, 1996Cawthornet al., 2006). This package of mafic

and ultramafic rocks is known as the Rustenburg Layeyred Suite. The stratigraphiofztheeRLS

include; the Marginal Zone, the Lower Zone, the Critical Zone, the Main Zone, and the Upper Zon
howevernot all of the Zones are present within tfer western and Bethal limb&ales and Cawthorn,

1996; Cawthorret al., 2006).

The Ristenburg Lagred Quite is present within all of théive magmatic basins or limbs of the Complex,
howevernot allare present withinwestern andBethal limbs Lateral facies variations within the Suite
sequence are commgrwith the only complete successions of the Suite being observed in the
northern portions of the eastern and western limkSafwvthornet al., 2006; Smittet al., 2014). The
following isa summary of the dominant and defining characteristics of the varioumggopresent

within both the eastern and westedimbsof the ComplexKigure2.5.).
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Figure 25. A generalised stratigraphic succession through the RLS of the Bushveld Complex, highlighting the major
subdivisions, dominant rock types, major marker horizons and appearance of the various cumulus phases throughout. Also
shown are the major integration ardifferentiation evolutionary phases of the Complex discussettionl.2.1.2. (Adapted

from Robb, 2005).

2.5.1. The Marginal Zone (MZN)

The lowermost zone of the RLS is the Marginal Zone, situated along the basal contact of the Bushveld
ComplexThe zone is comprised of largely heterogeneous, medugnained noritic rocks with minor
proportions of pyroxenite that display no layering (Harmer and Sharpe, 1985; Eales and Cawthorn,
1996; Kinnaircet al., 2002; Cawthorret al., 2006). The enigmatic and digtinuous succession that
reaches a maximum thickness of ~800 m, encircles the majority of the Complex, but is not always

present throughout (Engelbrecht, 1985; Kinnastal., 2002; Cawthoret al.,, 2006). The zone reflects

19



Chapter 2: Geology of the Bushveld Complex

the assimilation of surround@ country rock, with the presence of variable quantities of biotite,
guartz, hornblende and clinopyroxene incorporated from the assimilation of shale (Cavehain
2006). Cawthorret al. (2006) suggests that the MZN represents the relatively rapidadligation of
variably contaminated and differentiated magmas in comparison to that of the voluminous, multiple
injections of RLS magmakhe MZN is @emed not to be representative of a chilled margin to the
entire Bushveld Complex, on the basis that thiZN formed from multiple magma injections
(Cawthornet al., 2006).

The ecent discovery and identification of basal ultramafic unit of magnesian pyroxenites,
harzburgites and dunitesituated below the Marginal Zone was maukethe Clapham areaf the

eastern limbandin the northern limbby Wilson (2015) and Yudovskastal. (2013) respectivelyThe

new Basal Ultramafic Sequence found below the MZN in the Clapham area of the eastern limb, is
believed to have required a faranNB dzf G NI YIF FA O LI NBy G+t YIF3IvYl GKI
used to represent the parental magma of the Bushveld Compleddvskayat al., 2015;Wilson and

Zeh, 2015).

2.5.2. The Lower Zone (LZ)

The ultramafic Lower Zone avies the Marginal Zone andtise most limited with regards to its lateral

extent relative to the other zones of the RLS (Eales and Cawthorn, 1996; Kinnaird, 2005). The LZ is best
developed in the northern sections of both the eastern and western limbs as well as in the
southernmost prtion of the northern limb, with the thickness, distribution and overall development

of the zone having largely been controlled by the basement topography and strug@armaeron,
1978;Kinnairdet al., 2005; Cawthoret al., 2006). Local attenuations dfé LZ, as well as propagation

of the LZ into the overlying zones is the result of a variety of structural complexities that occur in the

sedimentary footwal(Sharpe and Chadwick, 1982; Uken and Watkeys, 199h@a et al., 2006).

The thickest and most welleveloped sections of the LZ have been found within the Olifants River

Trough in the eastern limb, near the Union Section Platinum Mine in the western limb, in the far
western limb, as well as in the northern limb both to the goaf Mokopane and on the Turfspruit

property beneath the Platreef (Cameron, 1978; Hulbert and von Gruenewaldt, 1985; Eales and
Cawthorn, 1996; Yudovskagaal., 2013) .t variesin thickness between 800 m and 1700wwith the

lowermost cumulate ultramafic rocks of the LZ inclidy dunites, harzburgites and pyroxenites
OF2NXSNI & NBFSNNBR (2 ;lKanaikda AP2Q0R; Cawkhdnt algan06) / Y S NER y

This zone of ultramafic rocks is further subdivided into three subzones, the LowexeRye,

Harzburgite (middle) and Upper Pyroxenite Subzones, after the originaidiousubdivision proposed
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by Cameron (1978) (South African Committee for Stratigraphy, 1980; Cavehatn2006). The LZ
generally displays well developed cyclic uni@entaining nine dunitdarzburgitepyroxenite cyclic
units in the far western limb that have a thickness of up to 1@5@s well as thiryseven cyclic units
within a 1700 m olivinehromite-orthopyroxene succession (Engelbrecht, 1985; Hulbert and von
Gruenewaldt, 1985; Cawthoret al., 2006).

While it is agreed that the LZ transitions into the Critical Zone, with the CZ conformably overlying the
LZ and there being no discernible break between the zones, the definition of upper boundary has been
variably defined (Cameron, 1978; Cawthatal., 2006;McCreesh, 2016; Cronje, 201The boundary

was initially definedhs the level at which an increase of cumulus plagioclase in the pyroxenites from
3% to 8%, occurred (Cameron, 1978). Teigler and Eales (4896d that the definition lacked
mineralogical and petrographical significance and consequ@ntiposedthe boundary be situated

at the top of the uppermost, thick olivirgch interval.

2.5.3. The Critical Zone (CZ)

The Critical Zone of the RLS, thest economically important zone within the Bushveld Compex,

host to vast reserves of chromite within the three stratigraphically delineated groups of the Lower
(LG1 to LG7), Middle (MGL to MG4) and Upper (UG to UG3) Group chromitite layers, as well as

G2 2F GKS 42 NI-Heditg ore boNiEtfeiMererisky RéefayiddG2 Chromitite reef
(Wagner, 1929; Cousins and Feringa, 1964; Eales, 1987; Hatton and von Gruenewaldt, 1987; Scoon
and Teigler, 1994; Satmannet al,, 1998).TheQitical Zoneis aracterised by spectacular layering

of chromitite, proxenite, norite and anorthosite that rangén scale from millimetres to megs
throughout the zone, the ~1500 m thick CZ is divided into a Lower Critical Z&@yea\@ an Upper

Critical Zone (6Z) (Cameron, 1980; Cameron, 1982; Kinnairal., 2005; @wthornet al., 2006).

The & consists of a succession of entirely ultramafic, orthopyroxenite cumulates with an interval of
olivine-bearing cumulates onrthird of the way up the ~700 to 800 m thick package (Kinneiirall.,

2005; Cawthorret al., 2006).Almost all of the rocks within the Z contain minor disseminated
chromite, while the majority of chromite is hosted within up to seven feldspathic pyroxenite Lower
Group chromitite layers and MG and MG2 of the Middle Group, all individually reaching 1 m

in thickness and the thickest being the-B@hromitite layer (Kinnaird, 2005; Kinnaed al., 2005;
Cawthornet al., 2006). The lowest four chromitite layers (L@ LG4) are distinguishable from the
overlying chromitites in that they are assated with olivine while the other chromitites lack any

olivine (Schirmannet al., 1998; Kinnaird, 2005).
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The @Z of the CZ comprises sdveralcyclic successiarfeither partial or completeompasing ofan
ultramafic base of chroniite, harzburgite and pyroxenite cumulates through to considerably less
mafic units of norite and anorthosite in the upward cyclic succession (Kirgtaatd 2002; Kinnairet

al., 2005; Cawthormet al., 2006). The transitional boundary between the two suie®and the base

of the GuZ isdefined at the first appearance of cumulus plagioclase within the zone succession, with
this occurrence typically being found at the base of th& rh thick lowermost anorthositic layer of
the RLS in the middle of the MG:o MG-4 Middle Group chromitite layers accompanied by-arhm
chromitite stringer (Kinnaird, 2005; Kinnaied al., 2005;Cawthornet al.,, 2006;Maier et al., 2013).
With the boundary straddling between theL2and the (Z, the GZ hosts the two upper MiddIGroup
chromitite layers of M& and MG4 which both lie above the first anorthosite layer as well as the
three recognised Upper Group chromitite layers of Utd UG3 (Kinnaird, 2005; Kinnaiet al., 2005;
Cawthornet al., 2006).

Hulbert (1983) and Mar et al. (2008) mention that unlike in the eastern and western limbs, the
northern limb displays §Z rocks in overlying harzburgites considered to be part of tha&iBuating

that the GZ may be absent. Despiiebeing largely subjective, the subdiidn of the characteristic
magmatic cycles has resulted in nine cyclic units being recognised inZhelt@le eight cyclic units

occur within the GZ (Cameron, 1982; Eales and Cawthorn, 1996; Kinnaird, 20@Sg units display

a similar upward progressn from predominantly ultramafic cumulates through to more feldspathic
rocks The base of each cyclic unit has a sharp contact and is characterised by Fe enrichment reversal
trends which have been interpreted by Kruger and Marsh (1982) and Eales and Cawthorn (1996), to

be indicative of the process of magma replenishment.

The top twocycles of the (Z succession are referred to as the Merensky and Bastard Cyclic Units,
they represent the thinnest of the cyclic units and define the transition from the CZ to the MZ
(Cawthornet al., 2006). PGhiineralisation within the CZ is largely dtised in the three layers of the
Merensky Reef, the U@ chromitite and the Platreef (Cawthoat al., 2006) however the Merensky

reef is now typically regarded as interface between the CZ and MZ in literatoed® GE mineralisation
within the CZ tend$o be concentrated in the basal ultramafic portions of the cyclic units, as is the
case with the feldspathipyroxenitehosted Merensky Reef mineralisation and the-R/Ghromitite

reef, with PGEs occurring interstitially amongst the chromitite cumulatag(&awthorret al., 2006;
Maieret al., 2013).

A definitive upper contact and boundary of the CZ is still largely contested, with the original boundary
between the lower CZ and overlying MZ being placed at the top of a large pyrokerweystbearing
anorthosite at the top of the Bastard Cyclic Unit, referred to as the Giant Mottled Anorthosite (South
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African Committee for Stratigraphy, 1980; Cawthetral., 2006). This distinctive layer that formed
the basis for the boundary definition on petrologiGhd mineralogical grounds has since been
adapted as a result of the R8r isotopic data (Kruger and Marsh, 1982; Kruger, 1990). The major break
in the Sr isotopic ratio, coupled with the rapid mineralogical transition from norite to gabbronorite
above theMerensky Reef and a major unconformity at its base indicates the influsvoinagma and

has therefore isotopically defined the ®Z boundary at the Merensky Cyclic Uamid relocated the
Merensky Reef into the M#om the CZ(Kruger and Marsh, 1982; Keug 1990; Kinnaird, 2005;
Cawthornet al., 2006).

2.5.4. The Main Zone (MZ)

The thickest zone in the layered suite, the Main Zone, fottase to half of the entire RLS with a
thickness of greater than 3000.1t comprises a succession of norites and gablbrites (devoid of
chromite and olivine) with small pyroxenite layers and rare layers of anorthosite (Molyneux, 1974;
Mitchell, 1990; Next al., 1998; Kinnairet al., 2005).t lacksany particularly spectacular layering or
extreme lithological diversjt when compared to that of the CZlthoughthe MZ does contain
discontinuous but distinct packages of rocks that are modally layered and mostdilkkelyeresulted

from a new influx of magma during the emplacement process (Molyneux, 1974; Mitchell, 1990; Nex
et al, 1998, Next al.,, 2002; Cawthoret al., 2006).

While Mitchell (1990) states that the thick MZ sequence begins with mainly norite in the basal portion,
followed by largely gabbronorite in the intervening central portion of the zone underneath a mainly
norite uppermost portion, a number of varying subdivisions of the zone have been proposed. The first
proposed subdivision of von Gruenewaldt (1973) divided kh2 into three Subzones, namely

{dzolT 2yS ' {doi2yS . IyR {doi2yS /3 LXIOAYy3 I
Subzones B and C. Nebal. (1998) then further subdivided the MZ into five subzones (Subzones A to

E) based on the pyroxene compdaits and lithological variations observed.

After the suggestion of Mitchell (1990) that the original Subzones A and B from von Gruenewaldt
(1973) be grouped together to represent a singular Lower Subzone, with Subzone C representing the
Upper Subzone, Calorn et al. (2006) also subdivided the MZ into a relatively simple Lower Subzone
composed of predominantly norite with lesser gabbronorite, and an Upper Subzone composed of
almost entirely gabbronorite. Scoon and Mitchell (2012) went on to describe #asitwmio-fold
subdivision of a gabbronoritdominated Lower Main Zone that contains inverted pigeonite
throughout and primary cumulus orthopyroxene reappearance at the Pyroxenite Marker, and an

Upper Main Zone begins above the aforementioned Pyroxenite dtark
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The aboveamentioned addition of a large volume of magma is supported by Sr isotopic data, whereby
a strong change in the Srisotope signature, coupled with a gradual reversal in all mineral compositions
within the MZ rocks over a vertical distance~@D0 moccurstowards the top of the MZ, despite the
boundary between the CZ and MZ being relatively ambiguous and difficult to define on mineralogical
criteria alone (Sharpe, 1985; Cawthatal, 1991; Eales and Cawthorn, 1996; Cawtledral., 2006).

The replacement of pigeonite for orthopyroxene and the reappearance of orthopyroxene at the base
of the Pyroxenite Markeg observed at 2200 m and 3100 m above the base of the MZ in the west and
east by Mitchell (1990) and von Gruenewald (1973) respegtigaharks a significant influx of
additional magma responsible for the development of the Upper Zone ¢Nek 2002;Cawthornet

al., 2006). The Pyroxenite Marker was the initial placement of the proposed boundary between the
MZ and the UZ, however, thmundary placement has subsequently been defined at the stratigraphic
position at which the appearance of cumulus magnetite is first observed (Wagner and Brown, 1968;

von Gruenewaldt, 1973, Molyneux, 1974; South African Committee for Stratigraphy, 1980).

2.5.5. The Upper Zone (UZ)

The intermittently layered and approximately 2000 m thick succession of the Upper Zone represents
the most laterally extensive zone of the RLS (Eales and Cawthorn, 1996; Kruger, 2005; Gawthorn
2006). Comprising gabbrontej ferrogabbro, anorthosite and diorite, the plagioclaseh UZ (with

the majority of rocks within the zone containing more than fifty percent plagioclase) has traditionally
been divided into three subdivisions based on the cumulate mineralogy, incluSirgzone A,
Subzone B and Subzone C (Eales and Cawthorn, 1996; South African Committee for Stratigraphy, 1980;
Kinnairdet al, 2002). The rocks that dominate in the UZ succession range in composition from
gabbronorite to anorthosite, whilst containing a few olivirieh intervals as well as variable amounts

of cumulus Feich pyroxenites (South African Committee for Stratignat980; Eales and Cawthorn,

1996).

In terms of the compositions of the three subzones, Subzone A which is situated at the base of the
zone, comprises of largely magnetiearing gabbronorite and anorthosite (Eales and Cawthorn,
1996; Cawthorret al., 2006). Subzone B is defined on the appearance efidfeolivine in the
succession, with the subzone consisting of olinimegnetite gabbronorite, anorthosite, and troctolite
(Eales and Cawthorn, 1996; Cawthetral., 2006). The base of overlying Subzorie Garked at the

first appearance of cumulus apatite, with the subzone containing olapatite diorite and
anorthosite (Eales and Cawthorn, 1996; Cawthetral., 2006). As noted by Cawthoet al. (2006),

this mineralogical evolution and sequence ob&sf in the eastern limb is also present within the
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western, northern and southern limbs of the Complex (van der Merwe, 1976; Buchanan, 1977;
Cawthornet al., 1991; Cawthormet al., 2006).

The UZ contains approximately 8% magnetite by volume with ilmenite exceeding the abundance of
magnetite towards the top of the zone, however, ithe presence of 25 magnetite layers throughout

the zone that are the mostharacteristic feature (Reynolds, 1985; Eales and Cawthorn, 1996;
Cawthornet al.,, 2006). The magnetite layers range in thickness from a few centimetres to 2 m, with
the thickest layer being recorded at 6 m (Molyneux, 1974; Eales and Cawthorn, 19960 Qai/tl.,

2006). The magnetite layers are generally clustered into four groups, Subzone A hosts eleven
magnetite layers in two groupsthree thin layers near the base of the zone, a 2 m thick layer referred

to as the Main Magnetite Layer approximat&0 m above the base and seven other magnetite layers
above ¢, while the other two subzones host seven magnetite layers in emokip (Eales and
Cawthorn, 1996; Cawthoret al., 2006).
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Chapter Three

Geology of the Northern Limb of the Bushveld Complex

3.1. Introduction

Thenorthern limb of the Bushveld Complejocated in the Limpopo Province of South Afficas a
sinuous northsouth trending and wessouthwest dipping outcrop that extends aloagstrikelength

of approximately 110 km andhariesin thicknesshetween 4km and 15 kngFigure3.1). The limbcovers
anestimatedtotal areal extenof 7275 km based orearlygeophysicaiork, the limb stretches from

the southern Zebediela Fauthat lies to the south of Mokopane where Phanerozoic Karoo
sediments from the upper Transvaal Supergroup are juxtaposed on top of the mafic layered rocks of
the Complex; extendingto the northern MelindaFaultthat forms part of the larger Palala Shear Zone
wherethe limb ismostly coveral by younger Waterberg sediments (van der Merwe, 1976; Kinnaird

et al,, 2005; Kinnairet al., 2QL7).
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Figure 31. A geological map of the northern limb of the Bushveld Complex, showing the geology of the northermletb as
as the locations and boundaries of farm properties therein (After van der Merwe, 1976).

26



Chapter 3: Geology of the Northern Limb of the Bushveld Complex

The Villa Nora segment is a ~32C%katcrop exposure of layered mafic rocks that was considered to

be part of total areal extent afiorthernlimb, as a single copartment formed by a suggested feeder

to the west of Mokopane (Cawthorn and Lee, 1998; Cawthorn and Webb, 2001; Kieinalir2005;
Armitage, 2011). However, on the basis of subsequent aeromagnetic and gravity data, it has been
suggested that the expodaorthern limb ¢ of which the Villa Nora segment is includetbrms part

of a far larger ~160 x ~125 km basin (Féhal., 2015; Cronje, 2017).

Previouslyreferred to as the Mokopane or Potgietersrus Lijrtiie northern limb is separated from
the rest d the Bushveld Complex by the aforementioned ThabazihinichisonLineament a25 km
wide cratonscale structurghat extends in an eastortheastwest-southwest direction fomore than
500 km(Good and de Wit1997; McDonaleet al, 1999; McDonalénd Holwell, 2011Smithet al,
2014 Kinnairdet al., 2017 Huthmanret al, 2018. Ths lineament iaan active preBushveld collisional
suture zone between the Pietersberg Block adapvaal Shield terraneshat developed at
approximately 2960 Mas aresult of collision between thevo terranesduring the MeseArchaean
period, undergoing repeated reactivation until about 145 Ma within the CretaceGa®d and de Wit,
1997;McDonaldet al., 1999;McDonald and Holwell, 2018mithet al, 2014 Kinnairdet al., 2017
Huthmannet al, 201§. Asmentioned byvan der Merwe (2008)the Zebediela Fault as well as the
YsterbergPlanknek Fault both represent near surface expressions of the TML, witiottiern limb
being truncated by the NE trending lsdiela Fault in thesouth and separating it from the eastern
and western limbs. Despite not being well understood, Kinretial. (2005) suggested that the TML
may haveacted as a feeder during the emplacement of Bushveld Complex magemaisgas a faly

important structural control orits intrusion and formation.

Silveret al. (2004) and McDonald and Holwell (20149th make reference to the formation of the
Limpopo Orogenic Belt (between ~2700 Ma and ~2600 Ma), followed by shear zone reactivation
within the Limpopo Belt during the Magondi Orogef®2000 Ma) leading to the emplacement of
magmas along the axis of the TML. Kruger (2005), proposed that TML acted as either temporary or
permanent barrier to the movement of the Bushveld Complex magmegthwards allowing for the
northern limb to developseparately to the maitomplex as a result of restricted magma flamthe

north, at leastup until the period of Main Zone emplacemerfMcDonaldet al.,, 2005; Cronje2017.

van der Mewe (1978) als suggestd that the triple intersection point of three major tectonic
lineaments to the west of Mokopaneas amajor controlling factor a the emplacement of the

northern limb.
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3.2. Magmatic Stratigraphy

While the stratigraphic correlation between th@rthern limb and the eastern and western limio$
the Bushveld Complexto the north andsouth acrossthe TMLrespectivelyg remains contentious
for the most part thestratigraphic succession tfe northern limbshowsbroadsimilaritiesto the rest
of the complex(van der Merwe, 1976Ashwalet al, McDonaldet al., 2005;Kinnaird and Nex, 2015;
Huthmannet al., 201§. Thefive stratigraphicsubdivisions of the Bushveld Compbme arguably all
recognised withinthe northern limb, but onlyto the south of theYsteberg-Planknekfault (van der
Merwe, 1976 Woods, 2012Huthmannet al, 2018) Despitenot strictly correlatingand having a
number of distinct differenceso that of the eastern and western limpghere are a few widely
acceptedrelationships betweerthe magmatic stratigraphy of theorthern limb and the rest of the
complex, as summarized inFigure 3.2. below (van der Merwe, 1976; McDonaleét al., 2005;

Yudbvskayaet al., 2013).
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Figure 32. A schematic illustration of the stratigraphic columns of the Rustenburg Layered Suite in the northern limb relative
to the Western and Eastern Limbs of the Bushveld Complex. The illustration shows the inferred correlation between the
Merensky Reef ithe Eastern and Western Limbs and the Platreef in the northern limb (Adapted from McDonald and Holwell,
2005).

LG-6 chromitite

The complex stratigraphyf the RL® characterisetdy the subdivisiorinto several different units that

are separated and demarcated by various nemsk Thisallows for the correlation between the
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different limbs. Thenorthern limb however, lacks a few of these common markers that are consistent
throughout the rest of thecomplex andg although having a multitude of commonalitieshas a
distinctly dfferent stratigraphyin relationto the rest of the Complefvan der Merwe, 1978vicDonald

et al,, 2005; McCreesh, 2016The detailed stratigrapbelements of thenorthernlimb differ with that

of the eastern and western limbs, with tmerthern limb being subdivided into four principal zones

of the Lower Zone, Critical Zone, Main Zone and Upper Zone.

There are two specifically distinct and characteristic features of the northern limb, the first being the
presence of the aforementioned Platreef, an ecomaally significant magmatic body hosting werld
class PGE and-Bu mineralisation that is unique to the northern limb (Kinnaird and Nex, 2015; Cronje,
2017). The second characteristic feature is the pronounced transgression of the northern limb mafic
sucession northwards, through the Palaeoproterozoic Transvaal Supergroup, from the TML at the
southern extent of the limb (Sharmatarriset al., 2005; van der Merwe, 200&mithet al., 2014).

This transgressive nature of the northern limb stratigraphy, shows the change in footwall units in a
northerly direction from interbedded quartzites and shales of the Magaliesberg Formation to the
shales and quartzites of the Timeball Hill Formatiboth part the Lower Pretoria Group, followed by

the shales of the Duitschland Formation and banded iron Penge Formation of the Chuniespoort Group,
onto the Malmani subgroup dolomites and finally the Archean basement granites and gneisses (van
der Merwe 1976; Sharmaiarriset al., 2005; Holwell and McDonald, 2006; Woods, 2@jthet

al., 2014).

The mafic succession of therthern limb deviates from the typical convention of th& Sstratigraphy
to the south of the TM, and whileit has been largehagreedupon in literaturethat all five
stratigraphic subdivisionare presentthe limb isdivided irto the four principalzones of the LAZZ
(Platreef or GNPA membeliZ and UZ4Figure 3.3.(McDonaldet al., 2005;Woods, 2012Smithet
al,, 2014. The Marginal Zone consisting of predominantly norites is typically poorly exposed
throughoutthe northern limh with the only few outcrops of noritic to gabbroic rocks ranging in width

between a few centimetres and a few tens of metres (van Der Merweg; MZCreesh, 2016

The Lower Zone component in the northern limb comprises pyroxenites and harzburgites, with layers
of chromitites within an unusually thick sequence greater than 1600 m (generally varies between 800
m and 1600 m), producing more than 8yclic units in the zone (van der Merwe, 1976; Hulbert and
von Gruenewaldt, 19855 mithet al., 2014). The LZ was originally thought to only occur as satellite
bodies situated within the sedimentary country rock to the north of Mokopane, however, thed Z ha
also developed as a continuous cumulate sequence beneath the Platreef that is approximately 800 m

in thickness southwards of YsterbgPlanknek fault(van der Merwe, 1976; Hulbert and von
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Gruenewaldt, 1982;Kinnaird and Yudovskaya, 201¥udovskayaet a., 2013). Olivine and
orthopyroxene in LZ have higharagnesium numbevalues and have chromitite layers with higher

Cr0s contents than the rest of theomplex(van der Merwe, 1978VicDonaldet al., 2005).
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Figure 33. The general stratigraphy of the northern limb of the Bushveld Complex (After McDonald et al., 2005 and Smith et
al., 2014).

The LZ of theorthern limb is considered to be unique when compared with the LZ throughout the
rest of the complex as a result of its relatively extreme thickness as weitsagreaterchromite ore

guality in the two main chromitite seams that outcrop over a strike length of ~500 m (van der Merwe,
1976; Hulbert and von Gruenewaldt, 1982mith et al., 2014 south of the TML Hulbert (1983)
proposed and defined three subzones within the LZ ofrtbehern limb, these beingthe Volspruit
pyroxenite, the Drummonlea harzburgite chromitite and the Moordrift Harzburgite pyroxenite. As
stated by Hulbert and an Gruenewaldt (1982), thie is currently no known stratiform PGE
mineralization within the LZ in the rest of the Bushveld Complex besides for the PGE sulphide horizon
which occurs in thé/olspruit Subzone in the LZ of therthern limb south of the TML(Armitage,

2011)
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The eastern and western lim®Z stratigraphic equivaleirt the northern limb isconsidered to beéhe
Platreefand what is referred to as the Grasvally NoftgroxeniteAnorthosite(GNPAMember, with
the ~350 thickGNPAsequencdorming between the YsterberBlanknek fault and the Zebediela fault
(GNPA) (Hulbert, 19834cDonaldet al., 2005; Maieret al., 2008;Smithet al., 2014).Despite not
showingcycliclayeringtypical of the Bushveld CZ, as well as containing twty chromitite horizons
that are discontinuous in naturethe Platreef isstill believed toanalogousg in terms of silicate
geochemistrystratigraphic positiomelativeto the MZandthe presence of PGE mineralisation in the
upper GNPA to the CZ of the eastern and westermbis (van der Merwe, 1978; Kruge2005 Maier

et al, 2008; Amitage, 2011 Grobleret al., 2018) However, the correlation between theévierensky
Reefand UG2 chromitite of th€Z ireastern and western limband the Platreeand GNPA member
in the northern limb is still disputedsén der Merwe, 1978McDonaldet al., 2005 Yudovskaya et
al.,2018; Grobleet al., 2018).

The MZ in thenorthern limb and the rest of th Bushveld show large differences, with thestern

and eastern limbs having a distineithough discontinuouspyroxenite markerwhile the northern

limb alsodisplays a pyroxenite marker in areasthough it is far less distinct ardisagreedupon in
literature (van der Merwe, 1976). Tmorthemn limbMZ has a fairly consistent thickness of ~2200 m
throughout, which contrastsvith the eastern and western limbs that have highly variable thicknesses
ranging between 2500 m and 4000 m (van der Merwe, 18i&xet al.,, 1998 Kinnairdet al., 2005).
Another observed difference is the lack of a troctolite unit in theZ Bf the Bushveld, whereas a

troctolite unit is seen above the Platreef in therthernlimb (van der Merwe, 1976).

Thenorthern limb MZ is dominatiéby honbgenousgabbronorites gabbrosand norites with up to
seveninterlayered anorthosite layersas well asfour pyroxenite layersand a single 110 m thick
troctolite layer thatlies ~1100 m above the Platreafid represents the only reliable marker horizon
(Smithet al,, 2014) A number ofPGEenriched zones have been identified within the MZthe
northern limh in contrast to the MZ in the eastern and western limbs thave been proven to be
barren of PGBEMaier and Barnes, 20104cDonald and Harmer, 201Holwellet al., 2013; Smithet
al., 2014).

The UZ of the northern limb consists of a succession of cyclic units of magmetgaetitegabbrq
gabbro and anorthosite up to a thickness of 1500 m (van der Merwe, Bghet al., 2014).As in
the rest of the Bushveldhe contact between the UZ and MZ of the northern liistdefined by the
appearance of cumulus magnetiend apatite with the northern limb UZ comparing with the

Bushveld UZ in terms of stratigraphy and the twenty distinct magnetite seams traced througaout (v
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der Merwe 1976).Ashwalet al. (2005 later defined the UBZ boundary on the basis of the abrupt

and sharp change in magmatic susceptibility between the two zones.

3.3. The Platreef

The Platreef (sensu stricto) in therthernlimb of the Bushveld Complex, as proposed and defined by
Kinnaird and McDonald (20033, a pyroxenitedominated, lithologically variable package of mafic to
ultramafic units that are enriched and irregularly mineralised with PGEs ai@l Niase metal
sulphides(Kinnairdet al., 2005; McDonald and Holwell, 2011; McDonretldl., 2017). The package of
mafic and ultramafic unitss situated between the Transvaal Supergroup metasedimentary footwall
in the southor an Archaean granite gneiss basement in the hornd overlying gabbrosand
gabbronoritesof the MZ(Kinnairdet al., 2005; McDonald and Holwell, 2011; McDoneticl., 2017).
These unitsire observedowardsthe base of the RL ®ith some portion of Marginal and Lower Zones
beneath (Kinnairet al., 2005; McDonald and Holwell, 2011; McDoretl@l., 2017).

This definitionof the Platreethowever, fails to account for the P@&ECu mineralisation that occurs

to the south of Mokopae, such asnineralisation associated with calcsilicate xenoliths within the

Main Zone gabbronorite, and the @€weh PGE mineralisation present within the Aurora Project
(Kinnairdet al., 2005;McDonald and Holwell, 2011). On the basis of this definitibe,Platreef is

essentially characterised as a stratigraphically significant PGE and base metal magmatic
mineralisation, thereby regarding any PGE mineralisation wétidently older or youngeBushveld

Complex rocks in theorthern limb asnot formingpk NIIi 2 F (GKS RSTAYSR atf | 4N
Holwell, 2011). This statement is supported by Kinnatdal (2005), mentioning that the
mineralisation in thenorthern limb unaccounted for in the definition to dates referred to as

at f -8 B 6 F <isation tfiabidlidof within the sensu stricto Platreef rocks.

The Platreef is a 10 to 400 m thick package of largely pyroxenitic lithologic units that contain PGE and
Ni-Cu sulphide mineralisation, developed alorgeaeraly northward strike to the north oMokopane
(Figure3.4) (McDonalcet al., 2017).Pyroxenitic unismake up the predominant rock type present in

the Platreefalthoughoverallit is heterogeneousn natureandincludesperidotites, cycles of norites
andanorthosites from the middle of the stratigraphy, upwards (Kinnaird, 2005; Kineaald, 2003.
According toKinnairdet al. (2005) the package oPlatreef rocksomprises oin upward succession

of dunite,serpentinisederidotite, feldspathigoyroxenite¢ considered to be thelominant rock type

of the package;, melanorite leuconoriteand finally anorthosite.

The orebody of the Platreef displays irregular PGE, Ni and Cu mineralmagioamstrike length of ~30

km, with the central sector lereen theTweefontein and Overysel farms associated with the highest
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and most consistent grade(McDonald and Holwell, 201$mithet al., 2014).The Platreektrikeis
offset by aseveralfaults that arepredominantlynorth-south in orientation and steepldipping The
secondary set of faultlR A LJ 0 S ¢ S Sy, stpkimg in dasfnBrth-gast @r eassouth-east
directions and crossutting the north-south set(Kinnairdet al., 2005; McDonald and Holwell, 2011).
Furtherinvestigation of he Platreefin its entirety hasresultedin it now beingregardedas having

formed as a series of intrusions that hasqgoradically been separated by screens of country rocks
along the length oits strike (Kinnaird, 2005).
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Figure 34. A geological map of the of the northern limb of the Bushveld Complex, highlighting Platreef development by the

red line and the ~10 km sector south of Nonnenwerth where Platreef mineralisation has not developed (Adaeddiem
et al., 2018).
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All Platreef rocksconsist of varying proportions of orthopyroxene, clinopyroxene, olivine and
plagioclasegeachrangingbetweenless tharll0% andver90% whichresults inadiverse combination
of rock typesashighlightedby Kinndrd et al. (2005)and further outlinel by Yudovskaya and Kinnaird
(2010).The major rock typef the Platreef isnedium-to coarsegrainedfeldspathicpyroxenite which
consists 0f30% to70%cumulusorthopyroxene 10% to 3@ointercumulusplagioclaseand as much
as 20% pog-cumulusclinopyroxene by volumevith minor quartz, phlogopiteand other accessory
phases(Yudovskaya and Kinnaird)Z0; Andrews,2015). Accordingto the Streckeisen (1976}he
upper limit of D%plagioclaséy volume separates the pyroxenes froine norites and gabbronorites
in the stratgraphy, with the major pyroxenite variations present in tidatreef seenn the grain sizes
of the orthopyroxenesand the volume ofinterstitial plagioclase (Negt al, 200§. Although the
feldspathicharzburgite andolivine pyroxene(containing betweerb% and70% oliving may have

plagiochse contentsas high ad40% to 15% (Yudovskaya and Kinnaird, 2010).

As auniquefeature to the northern limb, the Platreefhas often been considered to be the Rh
northern equivalent of theCritical Zone seen in the rest of Comp(kinaird, 2005; McDonakt al.,
2005).This correlatiorwith the Merensky Reef and UG2 chromitidéthe CZoriginally proposd by
Wager (1929)was considered on the basis difie stratigraphic position between the LZ and MZ
lithologies(McCreesh2016) However, thissuggestion istill highly debatedvith the Platreef varying
significantly in terms of lithology, mineral textuemineral chemistries, and the geochemistry of both
the rare earth elements and PGEs (McDorstldl., 2005;Kinnaird, 2005)The Platreef alsdiffers
from the Merensky Reef and UG2 units basedt®overallpackage thicknessvhich ranges between
400 m and 800 min contrast to the 1- 2 km thickness of the Merensky Rd&innaird, 2005). In
addition, thePlatreefdisplaygypically lower PGE grades, higher Ni contentsaRdto Pdratio close
the valueof 1 (Kinnaird2005) The Platreef gnerally show lower and highly variablgrades of PGE
mineralisationwith PGEyrades averaggbetweenl and2 g/tin areasvhere there igyranite or silica
rich metasedimentaryootwall with some intersection presenting grades afer 10 g/t while PGE
grades of the Platreef whertle footwall is Malmani Dolomitéypicaly exceed 4 g/{Kinnairdet al.,
2005; Kinnaird, 2005).

Previous literature on the Platreef predominantly regarded the unit as a single, hosyeverthe
work of White (1983) and Bartoat al. (1986)suggested thesubdivision of the pyroxenitic units into
three main reefs; althoughas notedby Nex and Kinnair{R004),this subdivision is not applicable
along the entirePlatreef strike lengtly (McCreesh, 2016More recentstudieshave confirmed that
the Platreefis not a single body, but rather a number of different tabtdaapedbodiesthat formed
as a result ofthe broadly horizontakill-like emplacemenbf the Platreef magmanto the Transvaal

SupergroupKinnaird 2005;Armitage, 2011)The localariations in theorientation and thicknesses
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of reefs A, B and Were caused bthe pre-existingcountry rock structues, with the tabularlike units
displaying changes in orientation frasouth to north(Armitage, 2011Smithet al., 2014. The Platreef
has anorth-northwesterly strike in the southchanging to a norttwestnorth and eventually due
north orientation further north with the dip angleehanging fronmbetween 15° and 27° ingenerally
southwest directiorio angles between 45° and 1 a westerly direction respectivekitnaird, 2005;
van der Merwe, 2008Smith et al,, 2014) As mentionedthe northern limb has variable footwall

lithologiesalong its strike, withthe lithologies becomingsuccessivelylder northwards Kinnaird,
2005).The werall geometry of th Platreefis deemed to have been largedgntrolled by tharregular
floor topographyabovewhich it wasemplacedKinnairdet al., 2005; Yudovskayand Kinnairg2010;
Armitage, 2011).

3.4. The Aurora Project

The Aurora Project was operated by Pan Palladium Limited (PPD) in the northern sector of the
northernlimb of the Rishveld ComplexTheproject areaconsised of seven farms that cover20 km

strike of Platreef syle mineralisation (McDonalét al., 2017; Harmeet al.,, 2017).The project was
established in the year 2002, initially comprising of the four farms of Nomagh, Altona, La Pucella

and Kransplaats, with the farms of Schauffhausen, Non Plus Ultra anthavigg beeradded to the
project in 2005 (Harmeet al.,, 2017. An owvnership change occurred in the year of 2010, whereby
Sylvania Resources Limited (SLV) acquired the PPD, agsetsincluded the Aurora Project (Harmer

et al,, 2017).

Previous studies on the Aurora Project area have suggested that the areaaefzragar-northern
faciesof the Platreef that lies along the margin of the Complex, however, this has subsequently been
disproven with the Aurora rocks and mineralisation being both chemically and mineralogically distinct
from that of the Platreef (McDaald et al., 2017;Harmeret al., 2017). Harmeet al. (2017) states that

the mineralisation at Aurora has a lower Pt to Pd ratio, a lower IPGE, a lower Ni/Cu ratio and a
significantly higher Au content than present in the Platreef. It is also stated lledlithology of the

host rocks differs from that of the Platreef, with the host rocks being letewanelagabbronorites

and consisting of cumulus plagioclase, orthopyroxene and inverted pigeonite, with the overall
mineralisation being hosted within the ppr Main Zone and not the Critical Zone (Hareteal., 2017;
McDonaldet al., 2017) McDonaldet al. (2017) suggest that the Aurora Project representearginal
facies of the Main Zone abe the Troctolite Markerrather thanan unlikely simplestrike extension

of the Platreef(Huthmannet al.,, 2017).

The base metal sulphide mineralisation at Aurora is botheAd Curich, being hosted predominantly

within the leucocratic rocks of the Upper Main Zone (McDoretidal, 2017). In terms of the
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stratigraphy of the Aurora Project, the rocks are subdivided into four different units, the first being
Unit 1 which consists of orthopyroxenites, websterites and melagabbronorites thatievbhd
granitoid gneissic basement (McDonad al.,, 2017; Harmeet al., 2017. Unit 2 is comprised of
gabbronorites and leucgabbronorites, with the pigeonite gabbronorites of Unit 3 overlying these
Unit 2 rocks (McDonaldt al., 2017; Harmeet al., 2017. TheuppermostUnit 4comprises oferro-
gabbros with cumulus ngmetite (Harmeet al.,, 2017). The PGE-CuAu mineralisation of the Aurora
Project is different from that of the mineralisation observed in the stratiform reefs of the Critical Zone
and the Platreef, with the most important observation being that the enadisation is not
concentrated within melanocratic units which commonly characterise the PGE and base metal
mineralisation throughout the Platreef and Critical Zone, but rather within leucocratic units with the

presence of inverted pigeonite and orthopyenites (McDonalét al., 2017).

3.5. The Waterberg Project

The Waterberg Project is a project oparatwithin the northern limb of the Bushveld Complex, north

of the town of Mokopane by Platinum Group Metals (PTidin the year of 2011 (Kinnairdt al.,
2012; Lombard, 2012; McCreesh, 2016). Previous literature interpretechdhibern limb of the
Bushveld to have terminated #te Hout River Shear ZonelRSY, whichwas believed to have been

the northernrmost extent of thelimb (Huthmannret al.,, 2016; McCreest2016). Further exploration

of the area led to the discovery aforthern limb Bushveld rocks below a thick succession of
Proterozoic Waterberg sediments, and therefore the project looked to target the potential PGM and
base metals (Cu and Ni) within this previously unknown extension afiditeern limb (Kinnairdet

al., 2012; Kinnairet al., 2017; Lombard, 2012).

The project itself is part of a larger group of exploration projeperated by PTM from 2010 onwards

and is located approximately 70 km to the north of Mokopane (Huthmeinal., 2016; Lombard,

2012). As mentioned by Kinnaied al. (2017), the discoveresuccession of ultramafimafic rocks

extends ~24 km to the north of thdRSY (i@ LIAOF f & m 1Y GKAO]l FyR RALIL
The successiors a basalultramafic sequence comprisedf a lower-orthopyroxenite and upper

harzburgite which ovetlies an Archaean granite gneiss basemditissequence isuceededby a
troctolite-gabbronoriteanorthosite sequence and theUpper Zone rocks with red bed sedimentary

rocks of the Waterberg covering the Bushveld rocks (Kinmgiadl, 2017; McCreesh, 2016).

In terms of the mineralisation identified within the Waterberg Project, there are two defined intervals
of PGECuNI-Au mineralisation, a lowefF zone and uppef zone (Kinnaircet al., 2017; Lombard,
2012). The PGEs and base metals are hosted within gabbros, anorthosites, pyroxenites, troctolites and

norites (Lombard, 2012). The T zone, occurring within a lithologicallgdvaequence near to the
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boundary between the Upper Zone and the lower trocteligbbronoriteanorthosite sequence and

only occurring in the southern region of the project, varies in thickness between ~30 m and ~60 m
(Kinnairdet al., 2017).In contrastthe F Zone occuecross a broadeegion of the project, exteridg

17 km along strike and haeg disseminated sulphides with accessory chromite within the sequence
of pyroxenite and harzburgite ultramafi¢Kinnairdet al., 2017; Lombard, 2012; McCreeshal.,
2018).The mineralisation occuras a typically ~10 m interval in the central portion, with the zone
thickening to approximately 60 m and incraaginI NI RS Ay gKI G Aa (y26y
(Kinnairdet al., 2017; Lombard, 2012; McCree=stral., 2018).

3.6. Mineralisation in __the Northern Limb

Thenorthern limb of the Bushveld Complesontainsa diverse range di-CuPGE, CrFeV and Sn
mineralisation types and stylesvith these mineralisation types varying size and scale between
world-class and subeconomiaeposits (Kinnaird and McDonald, 2018). The majoritgadnomic
geology literature since the early 200@smarilyfocused on PGHEi and Cunineralisationassociated
with the Platreef with older literature having predominantlgone@ntrated onBushveld granitésn
mineralisation (Kinnaird and McDonald, 201B)inerdisation in thenorthern limb is notably not
exclusie to the Platreef with othepbserved PGHIi-Cu mineralisatiomot strictly falling within the
Platreef(ss)definition. Thesevarious types of mineralisatioin the northern limb are considered to
be separate from that of the Platreei the basis of their diffiéng host lithologies as well atheir

stratigraphicpositionwithin the RL$Kinnairdet al., 2005;McDonald and Holwell, 2011)

Theworkingdefinition ofthe Plateef proposed b¥Kinnairdet al. (2005)explicitly excludes P@#-Cu
mineralisationpresent to thesouth of Mokopane, the Aurora Project and the Waterberg Project in
particular (Kinnairdet al., 2005; McDonald and Holwell, 201The following descriptionor the
variousstyles of mineralisatioins presented in stratigraphic sequence for the differgebgraphical

locations throughout thenorthern limb (Figure3.5).
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Figure 35. A schematic southorth crosssection of the northern limb shovgrthe complex geographic and stratigraphic
relationships between the various farm and deposit localities, with the Tweespalk farm location specifically illusttaged to t
north of Witrivier (Adapted from Kinnaird and McDonald, 2018).

3.6.1. LowerZoneMineralisation

3.6.1.1 South of the Ysterberflanknekfault

The Lower Zone ultramafic sequence of timethern limb comprises three major subzones, they are

the orthopyroxene and olivinerthopyroxene cumulates of the Volspruit subzone, the olivine and
olivine-chromite dominating cumulates of the Drummondlea subzone, and Moordrift subzone which
consists of approxintaly equally proportioned orthopyroxene and olivieromite cumulates as
previously discussed (Hulbert, 1983; Hulbert and von Gruenewaldt, 1985; Kinnaird and McDonald,
2018).South of the Ysterberglanknek fault, the LZ attains a minimum thickness 006186, with the

base of the zone having not been intersected (Hulbert, 1983; van der Merwe, 2008; Kinnaird and
McDonald, 2018).

The Volspruit subzone which contains thMelspruit sybhide zone, anorthopyroxenechromite
cumulate with disseminated base métsulphides, represents the only known significatratiform

PGE mineralisation in tHeZ of theentire Bushveld Complend is the earliest stratigraphic magmatic
sulphide mineralisation present in theorthern limb (Tanneret al,, 2017; Kinnaircand Mc»nald,
2018). The mineralisationis tosted within a typically harzburgitic sequence, the economic
mineralisation is separated between the Volspruit North and Volspruit South deposits, with the former

containing roughly twehirds of the combined minable er(VenmyrRand, 2010; Kinnaird and

38



Chapter 3: Geology of the Northern Limb of the Bushveld Complex

McDonald, 2018). Thalatinum group metals are predominantly Pt and Pd tellurides and bismuthides,
whilst thebase metal sulphide mineralogy is dominated by pyrrhotite, pentlandite, chalcopyrite and
cubanite (Kinnaird anificDonald, 2018). The deposits show an increase phisld content and layer

thickening downdip towards the west of the intrusion margin (Kinnaird and McDonald, 2018).

Two prominent chromitites are present in the Drummond&abzone, with these being the only
developed chromitites of significance in the LZ of the Bushveldhamd contain the highest Cr/Fe
ratios in the entire Complex to date (Hulbert and von Gruenewaldt, 1985; (Kinnaird and McDonald,

2018).

3.6.1.2.North ofthe YsterbergPlanknekfault

The LZ to the north of the YsterbeRanknek fault was originally considered to have only developed

as satellite bodies that intruded intthe Archaean granite gneiss basement, however subsequent
drilling through the Platreedn the Sandsloot and Turfspruit farms discovered <800 m thick sequences
of LZ rocks that display a chilled contact between the Transvaal Supergroup and Archaean granite
gneiss rocks (van der Merwe, 2008; Yudovshkayal., 2013; Kinnaird and McDonald, B)1Fingers

of LZ rocks appear to link the sttatreef intrusions with the isolated satellite bodies within the
granite gneiss to the east, as a result of the LZ not being uniformly distributed (Yudoeskaya
2013). The Lzorth of the Ysterbay-Plarknek fault generally lacks any economic pbide
mineralisation within the harzburgitpyroxenite cycles, with these cycles also containing sporadic

Cr/Fe chromitites thato notreachaneconomic thicknesses (Kinnaird and McDonald, 2018).

3.6.2.Platreef Mineralisation

The Platreef has conventionally been discussed with specific reference to the farm on which it occurs,
however the subdivision of the Platreef into sectors by Kinnaitdal (2005) allows for the
geographical grouping ahdividual farms into zones of Platreef that display specifically shared
characteristicsnorth of the Ysterberdg’lanknek fault(Kinnaird and McDonald, 2018). These
aforementioned sectors include a southern sector, central sector and northern sedide the GNPA

is included as a result of it forming at a similar stratigraphic position to the south of the Ysterberg

Planknek fault.

3.6.2.1.GNPAmember south of the Ysterbesglanknekfault

The GrasvalliNorite-PyroxeniteAnorthosite member is located at a similar stratigraphic position to
the Platreef ands underlain by both ultramafic cumulates of the LZ and the Magaliesberg Quartzite

Formation with the MZ gabbronorites sitting aboveHiufbert, 1983Smithet al., 2014;Kinnaird and
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McDonald, 2018). Striking in a nortlasterly direction for 30 knthe 400 m to 800 m thick layered
succession comprisea variably textured succession of gabbronorites, norites, anorthosites,
pyroxenites as well as P@®Earing chromitite Emithet al., 2014). De Klerk (2005) subdivided the
succession into the three stratigraphic units, the Lower Mafic Unit (LMF, the Lower Gabbronorite Unit
(LGN), and the Mottled Anorthosite Unit (MANO), of which the LMF and MANO are ¢theayor

units separated by the findo mediumgrained gabbronorites of the LGAith variable chilled zones,
gradational and sheared contacts observed between the three (@itsthet al., 2014; Kinnaird and
McDonald, 2018).

The PGE and BMS mineralisatigithin the GNPAleveloped as widdrregular zones throughout the
LMF and MANO units, however this mineralisation is not lithologiballymded(Smithet al., 2014)
Seven PGEnd BM$hearing horizons were identified on the&svally and Rooipoort farms, as well
asthin PGEbearing chromitites that developed within the basal LMBrfithet al., 2014) The GNPA
member is characterised by Pt/Pd ratios of less than 1 as a result of beingried, with the
orthopyroxeneclinopyraxene cumulate dominated LMF carrying PGE mineralisation grades of 1.15
ppm (2PGE + Awver 13 m, reaching up to 5 pprat sulphide enrichedintersections(Smithet al,

2014; Kinnaird and McDonald, 2018yhe MANO is dominated by anorthosites and norites and
contains zones of disseminated ghide mineralisation at an average grade of 1.34 ppm (2PGE + Au)
over 1.8 m (Smitlet al,, 2014; Kinnaird and McDonald, 2018). The chromitites within the GNPA host
significant and consistent PGE concentrations of around 4 ppm throughout the region @naith
2014).

3.6.2.2. Southern Sectdg¥ sterbergPlanknek toTurfspruit)

The southern sectoof the Platreef packag¢hat occurson the Townlands, Macalacaskop and
Tufspruit farms,is made up of a number of different sills that displegntactmetamorphosed
metasedimentary roclscreens o rafts at the Timeball Hill Formation and Duitschland Formation
contacts (Kinnaird, 2005; Manyerukeet al., 2005; Kinnairdand McDonald, 2018). The Platreef
comprises three separate sills on the Townlands farnof which the mediurgrained and
heterogeneous olivindearing feldspathic pyroxenite with a thickness of ~35 m carries the highest

gradec¢ each separated by hornfe(Manyerukeet al., 2005; Kinnaird and McDonald, 2018).

The subdivided Platreef extends northwaradlsto and through the Macalacaskop famvhere the
basal Platreefis compo®d of serpentinsed harzburgite, serpentistd pyroxenite, feldspathic
pyroxenite aml parapyroxenite wittsome country rock xenoliths (Kinnaird and McDonald, 2018). The

middle and upper Platreedllsin the sector are dominated by mediugrained pyroxenitenorite and
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coarsegrained orthopyroxenite respectively (Kinnaird and McDonald,820Mineralisationin this
section of the southern sector is bottom loaded, with the variable but typically 150 m thick package
concentrating PGE in the basal pyroxeni{&nnaird, 2005) The relatively significant grades of
mineralisation are observed ithe structural basin, whilst a weaker zooé& mineralisation occurs
higher up in the succession in pyroxenites and norites (Kinnaird and Nex, 2015; Kinnaird and
McDonald, 2018).

The Platreef on the Turfspruit farm has been interpreted by Kinnaird (200Bja\te separated into

four silHike intrusionsthat dip between 40° and 60The basal silis compo®d of a heterogeneous

rock type package, followed by porphyrictic feldspathic orthopyroxenite with intercumulpbidab

and coarseagrained feldspathic orthopyroxenite of the lower and upper middle sill, with the top sill
being a finegrained dark pyroxenite that contains oikocrysts of clinopyroxene (Kinnaird and
McDonald, 2018)The PGE mineralisation is also bottoraded in the basal sill or in the footwall, with
elevated PGE grades in the middle and upper Platreef where the there is a minor concentration of
subphides (Kinnaird and McDonald, 2018pwards the north of the Turfspruit basin, the Platreef
flattens out d a depth of ~600 m, with this locally subhorizontal layered and thickened section forming

what is known as the Flatreef (Kekana and Broughton, 2011; Kekana, 2014; @taihle2018).

The Flatreef is also associated with the appearance of zones ofhasite and norite, as well as
chromitites (Kinnaird and McDonald, 2018he Flatreef is idided into two packages, an upper
anorthositenorite-pyroxenite package and a lower unit comprisingsgeries of cycles ranging from
anorthositeleuconoritenorite to feldspathic pyroxenite and harzburgif¢udovskayat al.,, 2017).

The very unusual thickness and grade of the mineralised interval of the Flatreef hasddsulte
increased attention and subsequent underground mine development, with indicated resooir846

MT at a grade of 3.77 g/t (3PGE + Au) and 0.16% Cu and 0.32% Miduatttern sectofKinnaird and
McDonald, 2018). Some boreholes in the area have intersected over 90 m of mineralisation with up

to 4.5 ppm of PGEs (Kinnaird and McDonald, 2018).

3.6.2.3. Central Sector (Tweefontein to Zwartfontein)

The Platreef sequence in the southern portion of the Tweefontein fafrthe central sectorranges
in thickness between 100 m and 220amd consiss of varied textured pyroxenites, parapyroxenites,
serpentinites and micronorites (Kinnaird and McDonald, 2018). This sequence of Riathezfegion
hosts massive to semmassive syhides that are netextured and/or blebbyin nature, with this
sulphide mineralisation generally occurring within the basal Platiadf (Nex, 2005Kinnaird and

McDonald, 2018). This basalshide-rich mineralisatiorhas a grade of 5 g/t (3PGE + Au), containing
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1.41 Moz of combined PGEs and 0.54% Cu and 0.65% Ni fariaferred resource of approximately

5 Mt which stands aasignificant potential resource in the future (Kinnaird and McDonald, 2018).

Further north on the Tweefontein farm, théhreefold Platreef division comprises falspathic
pyroxenite and melanoré interlayered package, feldspathic harzburgite and norite included with
serpentinite layers, ironstone or hornfels rafts and granitic veins (McCutcheon, 2012; Kinnaird and
McDonald, 2018). In contrast to mineralisation further south in the sector, tHeekigPGE grades are
present in the upper Platreef unit in the homogeneous pyroxemiith the highestgradesassociated

with the chromitite layer that lies approximately 20 m below the MZ (Yudovskaya and Kinnairg, 2010
Kinnaird and McDonald, 2018).

Dolomites of the Malmani Group on the Sandsloot and Zwat#in farms were intruded by the
Platreef, causing their conversiém metamorphic clinopyroxenites and caliticate hornfels that are
possibly serpentised with strong mineralisation (Wagner, 29, Armitageet al., 2002; Holwelét al.,
2006).Generally the mineralisation on the &dsloot farm is top loaded and in the form of fine
grained but visible interstitial sphides (Kinnaird and McDonald, 2018). As discussed, the highest PGE
grades occurspecifically in the chromitiferous zone that lies near the base of the uppermost
pyroxenite unit with grades of PGE also extending into the-siidate floor for tens of mees
(Kinnaird and Nex, 2015; Kinnaird and McDonald, 2018). PGE mineralisattenzwmartfontein farm
occurs throughout, however the greatest concentration ocawar to the contact with the MZ within

the upper portion of the packagé&¢obleret al., 2018;Kinnaird and McDonald, 2018).

Mineralisation in the Akanani project whichdidowndip of Zwartfontein, occurs within the 80 m to

300 m thick Platreef package (Kinnaird and McDonald, 2018). This package is subdivided into four units
(P1to P4), averaging grades of 4 g/t to 6 g/t (3PGE + Au) in the feldspathic pyroxariteirgie of

P2 (Kinnaird and McDonald, 2018). Once again, the highest grades of PGE mineralisation are
associated with discontinuous and basal P2 chromitite stringers or within narrow intervals of
chromitite at the top of P2, with PGE grades ranging between 2&md 30 g/t (Kinnaird and
McDonald, 2018).

3.6.2.4. NorthernSector (Zwatfontein to Witrivier)

The northen sector extendsiorthwardsfrom the centre of the Zwartfontein farm through Witrivier

where the northern limb succession no longer lies on rocks of the Transvaal Supergroup but rather
sits directly on the Archaean granitic gneiss basement (Kinnaird and McDonald, 2018). To the north of
the Witrivier farm the Platreef disappears with tikamulates of the MZ and UZ resting successively

against the granite gneiss flo@€innaird and McDonald, 2018). The presence of dolodutminated
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calcsilicate rafts within the Platreef and this subsequent disappearance of the Platreef were the basis
for theargument made by McDonald and Holwell (2011) that the unconformity between the Transvaal
Supergroup sediments and Archaean basemaat exploited by the Platreef itself (Kinnaird and
McDonald, 2018)it was poposedthat the dolomite to the north of Zwafbntein acted as the roof to

the Platreef above the granite basement, until its disappearance further north (Kinnaird and
McDonald, 2018).

The PGE mineralisation at Overysel (formerly kmas/PPRust North) is not obviously top loaded like

at Sandsloot, burather occurs throughout the Platreef in this section with zones of pyroxenite
containing clomitite xenoliths and discontinuous mmitites hosting the majority of PGE
mineralisation at the bottom and top dhe Platreef (Holwell and McDonald, 2006;dovskaya and
Kinnaird, 2010; Kinnaird and McDonald, 2018). Relativelyre®Buphides have also beevbserved

in the granite gneiss floor at the Overysel farm (Kinnaird and McDonald, 2018). Once again, a threefold
subdivision of the Platreef is obsex on the Drenthe farmhosting several subparallel PGE
mineralised horizons throughout as well assubzoneof mineralisation around the hangingall
dolomite xenoliths (Kinnaird and McDonald, 2018). The main PGE mineralisation in the sector forms
over a30 m interval at 1.26 g/t to the southf the sector and within multiple mineralised intervals in

the northernsection, however the overall PGE grades of the sector are lower than the central sector
(Kinnaird and McDonald, 2018).

3.6.3. Main Zone Minerabation

It has recently been shown that gabbronoriteminated Main Zoneumulatesof the northern limb
may behighly prospective for PGith mineralisation unlike that of the Main Zone of the eastern and
western Bushveld (Kinnaiet al., 2017; McDonalét al., 2017; Kinnaird and McDonald, 2018). Along
with the gabbronoritesthe MZ of the northern limb containsninor proportions of norites and
pyroxenites towards the base of the zone as well as an increasing upward proportion of anorthosite
throughout the succession (van der Merwe, 1976; Ashetaal., 2005). A unigue feature of the
northern limb MZ is the presena# 100 m to 200 m thick and ~30 km lomgctolite unit in the middle

of the zone, which is later transgressed by magnédigaring gabbros or regional faults (Kinnaird and
McDonald, 2018). This unitis unique in that the MZ of the eastern and westernldiokabis presence

of olivinebearing rocks, with the troctolite forming a regional stratigraphic marker (Kinnaird and
McDonald, 2018). On the other hand, the distinctRygoxeniteMarker that is present in the eastern

and western limbs seems to be absémthe northern limb (Ashwadt al.,, 2005; Tanneet al., 2014).
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A chilledand erosional contacbetween the lower MZ and underlying Platreef recognised by Holwell
and Jordaan (2006), demonstratesat MZ magma emplacement significantly pasited the
intrusion of thePlatreef (the Platreef was largely solidified) and therefore resulted in the restriction
of metal contribution to the Platreef by the MZ magma (McDonatdal., 2017; Kinnaird and
McDonald, 2018)This observation and the lack of tRgroxeniteMarker suggests that during MZ and
UZ intrusion the northern limb may have been isolated from the rest of the complex with the
chalcophile element budget therefore concentrating elsewhere vhthrtorthern limb MZ (McDonald
and Holwell, 2011; Kinnaird and McDonald, 20IB)is is supportedy the discoveries of PGE
mineralisation in the MZ at Auroaroject, andwithin the likely MZ affinity present at the Waterberg
project north of the HRSZ (Kimird and McDonald, 2018).

Mineralisationof relatively lowgrade PGEoncentration is defined at the basal and top extents of the
troctolite unit, with up to five mineralised units containing figeained and disseminated @hides

have beenidentified (Viljoen, 2016; Kinnaird and McDonald, 2018). The highest grade observed
between is 3.68 g/t (2PGE + Au), with the zone of the unit having an average 1.15 g/t (2PGE + Au)
grade over 3.23 m (Viljoen, 2016; Kinnaird and McDonald, 2018).

3.6.4. Upper Zone Mineralisation

The UZ of the northern limb comprises predominantly magnegabbro, gabbro, magnetitbearing
ferrodiorites, anorthosite and up t@0 layers of magndiie that have been identified across the
northern limb (Kinnaird and McDonald, 2018). In addition, as many as five zones of disseminated
magnetite are recognised (Kinnaird and McDonald, 2018). The magnetite layers in the UZ of the
northern limb are of significant economic importance as they potentially contain exploitable grades
of Fe, Ti and Vwith these possibly economic layers extending along a rewthth strike for

approximately 5.5 km (Viljog 2016; Kinnaird and McDonald, 2018).
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ChapterFour
Local Geology and Core Logging

4.1. Introduction

The Tweespalk propertipcatedjust north ofthe centre ofthe northern limbwas privately owned

prior to the year of 2002, witlthe records and reports opreviousexplorationin the areabeing
relatively nonexistent and the exploration information being largelyestricted to a regional
Pietersburg 2328 geological map produced by the South African Council for Geoscience at a scale of
1:250 000 that covered the Tweespalk area (PTM Annuyadi®e2004). This initial geological map
showed the contact between theomplex footwall and the Mapelgabbronorite traversing through

the Tweespalk property for a strike length ~3.5 km, which sparked interest for exploration of the area

on the basis thanear this contact to the south of the propert?latreetstyle mineralisationwas
observed(van der Merwe, 1976°TMAnnualReport, 2004 Visser and McWha, 2005).

Figure 41. Locations of seven of the nine borehole collaiited on the Tweespalk farm wittorehole TW1 highlighted by
the black rectangle.fie generalised surfageology of the area is also shown, with the purple and blue colours representing
the Upper and Main Zones respectividigapted from Visser and McWh2005).
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In 2002, PTM carried out a limited program of soil sampling, mapping and high resolution airborne
magnetic and radiometric surveys of the propefgjgure4.1.), with the soil sample surveys identifying
anomalous platinum, palladium, nickel andpper values that confirmed the presence of PGE
mineralisation associated with the lower Bushveld contact (PTM Annual Report, 2004; Furness, 2004).
The interpretation of the geophysical survey data highlighted the basal contact of the Bushveld
Complex alongvith the overlying Upper Zone and Main Zone contacts, that correlated well with the

geochemical soil survey results (PTM Annual Report, 2004).

4.2. Core Logqging Features

In order toinvestigatethe local geology of the Tweespalk areapaelogging programme was carried
out at the PTMMarken ore yard north of Mokopane, Limpopalhecore of borehole TWivas logged
and appropriate core samples were collectedorder to determine the general sttigraphy of the
area. The taditional core logging techniquebat were usedon the Tweespalk exploration cqre
formed the basidor the identificationand description of the differentock types, modalmineralogy,
nature of contactsgrain sizes, tervals of mineralisationas well asrarioustextural andalteration
featurespresent in the coreln addition, the mineralsiextures and features observed in the coneas
usedfor stratigraphiccomparison and correlation with othavell-known stratigrgphiesof different

areasin the northern limb as well as thaVaterberg project further to the north.

4.2.1.RockClassification

The northern limb of the Bushveld Compleas a considerablymore diverse range of rock types
presentthan that of the other limbsThs large variation ofocktypesis predominantly the result of
significantinteractionwith the wide range of footwall lithologies transgressed by thafic succession

of the northemn limb,andthe subsequent contamination of thiatrudingmagma.The majorityof the
primary magmatic rockef the northern limb contain plagioclase, orthopyroxene and clinopyroxene
in varied proportionsHowever, hereare a few cases in which lithologigst haveundergone some

form of metamorphic alteratiomlo notconfirm to thisshared characteristic.

The primary classification of the igneous rocks in this stuahe based onthe Qassification and
NomenclatureRecanmendations of thelUGSSubcomissionn the Systematics of Igneous Rogcksth
plutonic andvolcanic rockdirst being classified according ttheir proportion of mafic minerals
present(Streckeisen, 1976; Le Bas and Streckeisen, 19%Maitr et al.,, 202Q. If the proportion of
mafic mineanls in the rock is less than 90%, th@odal mineralcontentsof its felsic minerals are
plotted on the QAPF double triang{Eigure4.2. A)(Streckesen, 1976].e Bas and Streckeisen, 1991,
LeMaitre et al., 2@R0). TheBushveldock typeghat typicallyfall within thediorite-gabbraanorthosite
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field at the plagioclase aperf the QAPF diagrarfirigure4.2. A, are classified fuher according to
their relative abundances gflagioclaseprthopyroxene, clinopyroxenandolivine (eMaitre et al.,
2020. These gabbroic rocksgnsu latd that fall within the highlighted field oFigure4.2. A are
subdividedfurther by the two mafic ternary diagrameespectivelyFigure4.2.B and ¢
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Figure 42. A) The QAPF double triangle modal classification diagram for plutonic rocks (based on StreckeiserB{1976)).
Modal classification PlagxOl ternary diagram of Gabbroic rock§Modal classification Pla@pxCpx ternary diagram of
Gabbroic rocks. (Ageed from Le Maitre et al., 2002)

4.2.2.Mineralisation

The initial drilling programme of the exploration project commenced on tieaf©October 2003. This

led to the discovery of platinum and palladium mineralisation in hole TW1, producing assayaésults
1.09 g/t (2PGE + Au) over 6.68fram a 27.99 m reef intersection section at a depth of 642
including a 4.04 m reef intersection grading at 4.40 @gRPGE + Auyom the Bushveld sequee
(Furness, 2004; Visser and McWha, 2005). The mineralisation egsdmear to, but not at the base

of Bushveld Complex sequence, with therehole TW1 also intersecting two zones lofver grade
mineralisation, a 6.07 m interval returning 0.5 g/t (2PGE + Au) and 0.12% (Cu + Ni), and a 5.31 m
interval yielding 0.36 g/tAPGE + Au) and 0.09% (Cu + Ni) (Furness, 2004; Visser and McWha, 2005).
Extension of the drilling programnmesulted insix morediamond drill hole®eing drilled along strike

both up and down dip of TW1, totallir®$67.97 min lengthdrilled (Table4.1.) (Furness, 2004; Visser

and McWha, 2005).Two more boreholes were drilled (TW8 and TW9), however the drilling
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information and assay resulfsom these particular boreholewere not releasedy PTMand have

therefore not been included in the tadsd below.

Table 41. Gollar coordinates, orientations and the number of samples taken for each the boreholes drilledTometespalk
farm (Adapted from Visser and McWha, 2005).

BHID From(m) To(m) Latitude (S) Latitude (E) Dip  Samples

TW1 0,00 702,60 HOEe NH HYys po 90 880
TW2 0,00 307,54 HOe NM HYye po 90 351
TW3 0,00 333,37 HOGE NH HYyes po 90 436
TWA4 0,00 470,08 HOBE NH HYyese po 90 594
TW5 0,00 551,23 HOEe NH HYyes po 90 650
TW6 0,00 257,00 HOe NH HYys po 90 267
TW7 0,00 46,15 HOEe NM HYye po 90 *
Total 2667,97 3178

* Not sampled.

The first phase of drilling at Tweespalk led to the confirmation of the presence of a traditional Bushveld
layered sequence with the possibility of this sequence hosting economicaR@GBbase metal
mineralisation (PTM Annual Report, 2004; Visser and Mc\80@5). Upper Zone rocks underlying

the western portion of the property and granitic gneiss underlying the eastern portion of the property
confirmed a dip of the layered rocks betweenc2hd 4@ and a thickening of the entire sequence
towards the west (PM Annual Report, 2004; Visser and McWha, 2085)mentioned by Furness
(2004), the assay results for Cu and Ni correlated with the identified zones of PGM mineralisation.
However, exploration work on the property was downscaled towards the end of J200#Hhhaving
producedassay resultsrém the 9 drill holes that werenot of anyeconomicsignificanceat the time

of exploration(PTM Annual Report, 2004; Visser and McWha, 2005). It is highlighted that there is
potential for higher grade intercepts withithe deeper portion of the Complex further to the west of

the property, but no further exploration has been recommended for the project as a result of the
significant depth at which this mineralisation is likely to occur (PTM Annual Report, 2004; Furness,
2004; Visser and McWha, 2008)summary of the specific mineralised intersectiobserved in the

Tweespalk boreholes is shownTiable4.2.
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Table 42. Specific mineralised intersections from the Tweespalk boreholes (Adapted from Visser and McWha, 2005).

Interval Top of Pt Pd Au 2PGE + Au  Interval
BHID Unit Length (m) Intercept (m) Reef (9/t) (g/t)y (gt (g/t) Type
TW1  Zone2 27,99 542,80 Platreef 0,36 0,70 0,03 1,09 Total Unit
TW1  Zone2 4,04 645,90 Platreef 1,56 2,74 0,09 4,40 Selective Cut
TW1 Zone4 24,00 599,90 Platreef 0,07 0,10 0,10 0,27 Total Unit
TW1 Zone4 7,65 616,25 Platreef 0,13 0,18 0,18 0,49 Selective Cut
TW1 Zone6 25,45 542,37 Platreef 0,04 0,15 0,07 0,26 Total Unit
TW1 Zone6 8,72 542,37 Platreef 0,08 0,22 0,01 0,31 Selective Cut
TW2  Zone2 4,13 206,93 Platreef 0,04 0,05 0,01 0,10 Total Unit
TW2  Zone 4 5,57 191,16 Platreef 0,03 0,07 0,00 0,10 Total Unit
TW2  Zone 6 16,60 154,40 Platreef 0,07 0,13 0,01 0,21 Total Unit
TW3 Insignificant Values
TW4 No Mineralisation
TW5 No Mineralisation
TW6 No Mineralisation
TW7 No Mineralisation

4.2.3. Mineralogy

The lithologies present in th€W1 core from the Tweespalk area show mineral assemblages and

texturessimilarto that of the rocks present in theest of the northern limb, and arpredominantly

representative of UZ and possibly MZ rookshe northern Imb Bushveld stratigraphy. There are a

few key identifiable minerals and features present in the core thatargreatimportance to this

study,with these minerals and featurdseing used to help identify notable stratigraphic markers and

aidingin stratigraphic correlation with the rest of the northern limb stratigraphy. These identifiable

minerals that have beespecificallynoted inthe core logsare magnetiteandolivine.

4.24. General $ratigraphy of the Tweespalk area

The depths in the stratigraphic logs of this study are purely a reflection afdtualdepth in metres

in the boreholeand are not a reflection of the true thickness of the stratigraphic units and features

as a result ofthe boreholebeingsdrilled verically. A detailed core log of TW1 can be found in

Appendix 1.

4.2.41. The Footwall (Granite Gneiss)

The footwall rocks of the Tweespalk area are intersected at a depth of 696 m towards the base of the

TW1 corewith a sharp contacbetweenthe Archaean granite gneidsgasementand overlying MZ

gabbronorite rockqFigure4.3. A and B The basement Archamagranite gneissn this region is

widespread and comprises of a wide spectrum of granites and gneisses that vary in composition and
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type (Robbet al., 2006). The regional Archaean basement consists of tonalitic gneisses (Hout River
gneisses) and heterogens potassic granites (Utrecht granitBat show variable textures from fire
grained to pegmatoidal, and colours ranging between milky white and pinkish red (Cavethaln

1985; Robket al., 2006). The granite gneiss at Tweespatidominantly comprisequartz and altered
feldspars. One sample (TWAD) of the footwall rock was taken from the TW1 core for thin sectioning

and geochemical analysis.

Melagabbronorite

T

Gabb_rgnorit_g i
Melagabbronorite | /. Granité Gheiss Basement

Figure 43. Photos of the Tweespalk cof&/1showingA) Main Zone Gabbronorites overlying the Granite Gneiss Basement.
B)A sharp contact between Melagabbronorite and the Granite Gneiss Basem)&heleucocraticGranite Gneiss Basernten
rock

4.2.42. Main Zone

Overlyinghe footwall granite gneisé the Tweespalk borehole are rock types that typically constitute
MZ stratigraphy in the northern limb. The MZ at Tweespalk is composetioofogenous
gabbronorites olivine-bearinggabbronorites pyroxenites, anorthosites andorites with minor and
more atypicalffeldspathic harzburgite anfitldspathic pyroxeniteinits (Figure4.4.). The anorthosite

at 644.50 m has either been tectonised or represents a plagiocielsevein.
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Figure 44. Main Zone rock types observed in theeespalk coref TW1 A) A finegrained Feldspathic Harzburgithat
transitions into Olivinebearing MelanoriteB) A section ofOlivinebearing Gabbronorite Feldspathic Pyroxenitand
GabbronoriteC)A range of MZ rock types fro@abbronorite, to Feldgjthic Pyroxenitgto a patchy textured_euconoriteD)
A homogeneous Gabbronorite towartiéelanorite

As is the case generally throughout therthern limb the MZ at Tweespalk lacks a distinctive
pyroxenite marker that is prominent archaracteristic of the MZ in the eastern and western limbs.
The extensive and wetihown troctolite unit which typically lies above the Platreef and serves as a
reliable regionastratigraphic marker for the centre of MZ in the northern limb is absent fitoenT W1
borehole. This absence of any troctoltéthin the TW1 coresuggestshat MZ rocks that are present

are representative of the upper portions of typical MZ stratigraphy in the northern limb.

4.2.43. Upper Zone

The northern limb Upper Zone roatgerliethis thinMZ succession, with the UZ in the Tweespalk core
predominantly comprising of gabbros, magnetite gabbros, gabbronorites, individual maignetit
layers or stringers, and anorthositéSigure4.5.). In comparison witithe UZ stratigraphiesfahe

northern limb and the rest of the Bushve@bmplex the UZ at Tweespalk is a generally plagioelase
rich zone throughougs isevident in the abundance of anorthosite units, typically more leucocratic
gabbroic units, scattered granitic veining and sopegmatoids. The zone also presents a number of

olivinerich intervals along withare pyroxenite unis.
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Figure 45. Upper Zone rock types observed in the Tweespalk afof@V1 A) Magnetite Gabbro and Anorthosite with
magneite patches or oikocrystB) Normal Gabbro with the presence of Granitic VeinldgVagnetite Gabbro towards
magnetitebearing LeucogabbroD) A range of UZ rock types including Anorthosite, Magnetite Gabbro, Oligime
Magnetite-bearing Feldspathic Pyroxenite, as well as a pegmatoid and altered pegmatoid.

A prominent and diagnostic feature of the UZ in the northern limb is the presence of esimul
magnetite.Thisappearancef cumulus magnetite in thEweespalkcoremarks the boundary between

the UZ and MZ. However, small proportions of magnetite have often been seen in MZ units within
various northern limb stratigraphiesvhich makes the placenm¢ of this stratigraphic boundary

difficult and generally lessasy to define.

Magnetite is abundant throughout various units of theveespalkstratigraphy from the first
appearance of cumulus magnetite at a depth5®6.3 m through to a deptlof 28 m whee the
magmatic stratigaphy at Tweespalk ceases.sequence of @abbronorites and noriteshat extends
from 596.3 m t0456.1 mrepresens the first portion of magnetitebearing units in the stratigraphy
An ~203.4 m456.1 m to 252.7 myequence of homogeous gabbros and grantic veining then
continues, with this sguence containing significantly lower proportionsafmulus magnetite that
typically formas sporadically dispersed magnetite patchethin various unitsThe upper portion of
the Tweespalk stratigraphy froendepth 0f252.7 mthrough to 28 mcontainssignificant volumes of
magnetite predominantly within gabbros (10% to 25% wlume), asindividual 23 cm layers and

stringers as well asvithin anorthositeso a lesser extent.
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The appearance of olivine is fibservedwithin a gabbonorite unit at a depth of 663 pfrom there

the sequence ofeldspathicharzburgites and gabbrworites display variablelivine contents until a
depth of 541.2 mThe olivine contenfrom this depth upwards through the stratigraphy remains
extremelylow, until its noted reappearancewithin a package of pyroxenite, feldspathpgroxenite
and magnetite gabbro between 214 m antli23 m. The olivine present within this package higher up

in the stratigraphy isiot fresh and has beeserpentinised.

4.2.44. Sedimentary Cover

The magmatic stratigraphy at the Tweespalk property is covered by a thin succession of sediments
and weatheredBushveld material which Igat the top of the TW1 core. This cover is comprised of
Quaternary Karoo Supergroup sediments in the form of uncdsesteld alluvium and weathered
sedimentary units, as well as a small portion of highly weathered gabloré4.6.). This succession

is generally very thin, only extendifigm adepth of 28 mto the surface in the TW1 core and a mere

7 m in TW8 core. Aatable difference to the typical succession observed throughout most of the

northern limb, is the lack of Bushveld Granite Suite and granophyre volcanic units that are usually
present above the Bushveld mafic/ultramafic succesg®ACS, 1980; Eales andv@arn, 1996;
Kinnairdet al., 2002; McCreesh, 2016).

Figure 46. Unconsolidated alluvium and weathered sedimentary cover, as well as highly weathered gabbro overlying
Magnetite Gabbro of the Upper Zoirecore TW1.

4.3. Local Geology

The geology at Tweespalk when compared with the rest of the Bushveld Complex and northern limb
specifically, shows significant similarities. Whilestnafic and ultramafic rocks observed within the
TW1 core can be broadborrelated with the Upper and Main Zones of the northern limb and are
representative ofa typical upper Bushveld stratigraphy, there are some notable differenaed

unique featuresA definitive subdivision of the two zones is difficult to confirm hawinly studied
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the coreof a single borehole from the areavith further petrographicand geochemicahnalysis

required to fully understand the relationstiand features present
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Figure 47. Full stratigraphic log oborehole TW1 from Tweespalk, showing the different lithologies observed at various
depths.

Gabbronorites, norites and feldspathic harzburgites are the prominent rock types obdewartls

the base of the Tweespatitratigraphy.The majority of the MZ sttegraphy at Tweespallhowever,
comprisesmedium- to coarsegrained gabbronorites that generally becoesshomogeneous with
deaeasingdepth and contain variable olivine contentSabbronorites within the Main Zone of the
Bushveld Complex are typicallywéd of any olivine, with olivine usually only present within the
Upper Zone (UZand UZ, and not within UZwhich lies directly above the Main Zone), in parts of the
Lower Critical Zone and in the Lower Zone. Therefore, the presence of olivine witgebienorites
situated towards the base of the Tweespalk RLS stratigraphy is unique with respect to the rest of the

Bushveld Complex, and is an important factor to note within the context of this study.
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The stratigraphy of the MZ at Tweespalkdkativelythin when compared to thehick portionsof MZ
observedin boreholesfurther south in northern limbAlthough present, the limited-128.2 m thick
package of MZ rocks at Tweespaikkes it difficult to identify any notable features thaipically
characterizethe Bushveld MZ. For example, the absence of any troctolite unit or mariich is
normally indicative of a more central section of MZ in the northern lgrduggestghat only small

portion ofupper MZ stratigraphy is present at Tweespalk

The definitive placement of the of the W&Z boundary proved to be a challengithougha relatively
accurate estimate of this boundary can inéerred basedon observations made in the cormgether
with magnetic susceptibility survelata ofMcCreeé (2016). McCreesh (2016) noted that the-MZ
boundaryproduced byincreasedmagnetic susceptibility readings from the Waterberg exploration
area was usually around 100 m belothe first sigrificant appearance of magnetiteThe first
significant volume bcumulus magnetite in TW1 is observed at 541.2 m, wifbwunits below this
containing magnetite but in very low proportions. At a depth 0o686n, a succession dominated by
norites and gabbronorite ends with these units characterising typical MZ rocks (Cawthairal.,
2006). Thereforgthe placement of the UEIZ boundary in the Tweespalk arezead of thelastnorite
(566.1m) which lies ~2.9m belowthe first significant wlume of cumulus magnetitseems the most

appropriate.

The Upper Zone at Tweespalk makes up the thickest portion of the TW1 magmatic stratigraphy and is
characterised by its high proportion of cumulus magnetite throughout the gabbro, anorthosite and
minor pyroxenite units. Magnettbearing units observed in the core extefdm a magnetite
bearing melagabbronorite at a depth of 596.3 mahgh to magnetiterich gabbroswith interlayered
magnetitebearing anorthosite, magnetite layers and stringers at the top of the succesdioe.
magnetite contentthroughout the TW21 profilegenerally increaseswith decreasingdepth. Also
present in the Upper Zone stratigraphy are katage granitic and pegmatoidal veins that crosscut the
mafic stratigraphyOlivine first appears within the Tweedf stratigraphyat a depth of 663 m, where

it is found to be mosabundant withina sequence of feldspathic harzburgitésldspathic pyroxenites

and gabbronoritesintil a depth of 541.2 niThis package of olividgearing units represents the first

of the UZrocksand a transition from the underlying MZ rockdivinebearing units are not particularly
commonthroughoutUZ stratigraphy at Tweespalk, and occtowards the URZ transition as well

aswithin a thin portion of pyroxenites and a magnetiteldpro between 210.3 m and 214 m.

The specific subdivision of the Upper Zone into subzones A, B and C according to Ceiveth(2606)
is difficult to accurately define, however the general succession of UZ can be broadly correlated with

the mineralogial evolution and sequence seen elsewhere in the Bushvidtlé¢ 2.1). The first

55



Chapter 4: Local Geology and Core Logging

appearance of cumulus magnetite within gabbronorites at a depth of 596.3 m marks the start of
Subzone A at the base of the UZ. This zone extends until the appearanegabf #levine in gabbros

and gabbronorites that are also typically magnetigaring, this suggests that Subzone B begins at a

depth of 214 m. However, this Fieh olivine package reaches only ~4 m in thickness with magnetite
gabbros and anorthosites withowdivine continuing until the top of the magmatic stratigraphy. The
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the stratigraphy, possibly a result of pestplacement erosion.

The thin succession of unconsolidated alluvium and weathered sedimentary units of the Karoo
Supergroup and highly weathered portions of mafic Bushveld rocks mark the top of the TW1
stratigraphy Figure4.7.). This is the first prominent difference observed in thagmatic succession

at Tweespalk, with the area lacking the typical hanging wall comprising of granitic or volcanic units
common in the southern and central sectors of the northern limb and elsewhere in the Bushveld
(SACS, 1980; Eales and Cawthorn, 19961ai{d et al., 2002; McCreesh, 2016). The relationship
between the Upper Zone Bushveld rocks and overlying sedimentary succession suggests that the
Bushvedl magmas may have intruded into an unknown succession of rocks before erosion and Karoo

sediment depsition. The cover succession may represent a volcanoclastic unit.

The RS stratigraphy at Tweespdikssomeunique differences to thawof stratigraphy in the rest of
the northern limh but in general the overall differences are very slight. fflest appaent difference
is in the limited thickness of a magmatic successmnTweespalkwhen compared to theaverage
thickness of the Bushvelstratigraphysouth of the farm North of the Tweespalk, thenagmatic
succession thicknesses are relatively sim{lgher specific featureand observationsn this chapter

will be studied furtherin Chapters and6 to follow.
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ChapterFive

Petrography

5.1. Introduction

The thin sections and core samples analysed in this section were selected from the length of the TW1
borehole core. Thdetailedpetrographic studies carried out on thigin sections predominantly made
used use of transmitted light, with the majority of minerals being transparent, however reflected light
was used for the confirmation and identification of opaque minerals such as magnetite and the minor
proportion of sulplides observed. Petrographical descriptions made in this study are based on the
internationally acceptedlassificatio schemes that are defined by the modal percentages of minerals
as well as the cumulus and intercumulus phases present. The thin se@mwasasumber of purposes

in this study, namely: the confirmation of rock types identified during core logging;ahfirmation

of the appearance and/or disappearance of indicator minerals used for stratigraphic correlation with
the rest of the northern limb stratigraphy as well as for specific stratigraphic markers, the
identification of unknown or unclear features seen in the core samples, and for the description of

alteration and textural features.

5.2. Methodology and Analytical Techniques

5.2.1. Sample Selection

The selection of the forty samples used in this study were obtained tiherborehole TWldrilled by
Platinum GroupMetals (PTM) on the Tweespalk farRelevant samples of each lithology were taken
and specific sampling of rock types hosting visible sulphide mineralisation was carried out.
Mineralisationhas been observed within the gabbronorites of borehole TW1 and the early assay
results from PTM showekthe borehole to contain relatively significant grades of PGE mineralisation
However, this mineralisation is largely absent in any of the other borehdilidled, with the assay

results indicating very little to no PGE grades.

5.22. Sample preparatiorfor polished thin sections

The polished section preparation process began with the selection of the forty specific drill core
samples from the length of the TW1 borehole at the PTM Marken core yard in Mokopane, Limpopo.
The thin sections were prepared pslished thin sectiongor optical microscopyThe forty core
samples labelled TWL through to TW#40 were slabbed into small, flat sections of rock

(approximately 30 mm by 50 mm) using the large-@ffitdiamondtipped rock saw in the University
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of the Witwatersrand Geosciences thgaction laboratoryThe slabbed samples were then coarsely
ground using an automatic grinder and a silicon carbide grit powder with water. Thereafter, the
samples were mounted on glass and cut ddwrther by athin sectioning machine t80 microns in
thickness and to the standard size specificationdfk 46 mm and finally polished. All of this
preparation was done by the laboratory technicians and supervised by the head laboratory

technician.

5.2.3. Petrography

The petrography for thetudy was carried out using ti@lympus BX4fnicroscope irthe University
of the Witwatersrand Geology Department ore microscopy room. Attached to the microscope is the
Olympus SC50 which was used to take photomicrographs that were then later processed and

enhanced usinthe Olympus Stream Basoftware.

5.3. Petrologic Features

5.3.1. Gabbro

Gabbro was sampled from depths of 339.7 m, 389.9 m, and 468 m and is represented by samples
TW2117,-18 and-19 respectively. These gabbro samples are typically medcoarsegrained and

have a predominant equigranular to subophitic texture. In terrhgheir compositions, the gabbros
comprise plagioclase, clinopyroxene, orthopyroxene, and minor biotite as wetrasgrainsof
magnetite. Samples TWI7 and TW118 have modal plagioclase abundances of between 40% and
50%, 2@30% clinopyroxene, orthopyxene ranging between 15% and 20 % and less i
magnetite(Figure5.1.). The clinopyroxene grains have an average size of between 0.5 mm and 1 mm,
while the orthopyroxene grains are typically larger and average 2 mm in size with iadiswdual

grains reaching up to 4 mm. A number of the orthopyroxene grains contains minor inclusions of
plagioclase and clinopyroxene. The volumes of magnetite in these samples are not sufficient enough

for them to be classified as magnetite gabbro.

Sampé TW1219 is coarsgrained, significantly more leucocratic and contains adriginoportion of
plagioclase which makes up approximately 70% of the modal abundance. This classifies the gabbro as
a leucogabbro, with the sample displaying an irregular texinre form of patches or blotches of

pyroxenes and magnetite in the plagioclat@minated cumulus rock.
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Figure 51. The photomicrograph8) and B) display a mediungrained gabbro from TW17 (339.8 m) showing two large

grains of clinopyroxene and orthopyroxene surrounded by plagioclase grains and smaller clinopyroxene grains (PPL and XPL).
PhotomicrographsC) and D) show a slightly more leucocratic gabbro of T8L(390 m) showing coarse grains of
orthopyroxene and plagatase with mediungrained clinopyroxene grains (PPL and XPL).

5.3.2. Magnetite Gabbro

Magnetite-rich gabbro units are present in the TW1 core samples fiaepth of 252.7 m to a depth

of 28 m atthe top of the magmatic stratigraphy. These magnehtmaring gabbros which make up a
large portion of the sampled core are generally mediumcoarsegrained with variable but high
proportions ofmagnetite throughout Figure5.2.). While these samplesawery similar to the normal
gabbro samples mentioned above in terms of minerals present, the significant proportions of
magnetite markedly affect the modal abundances seen in the gabbros. Between the 12 magnetite
gabbro samples the proportions of magnetitange from 10% to a maximum of 40%, whilst the
relative proportions of plagioclase, clinopyroxene and orthopyroxene remain similar to the normal
gabbros but with significantly lower contents overall. The modal abundances of plagioclase
throughout the magetite gabbrosare between 30% and 40%, however some samples such as TW1
6, TW19 and TW116 are plagioclasech (proportions of up to 60%) and contain predominantly
clinopyroxene (20% to 30%) as the major pyroxene mineral with low proportions of orthane

(10% to 20%). The magnetite gabbros generally display an inequigranular texture with the majority of
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mineral grains displaying a subhedral to anhedral shape. Sporadic sulphide specks or blebs are

observed in association with magnetite throughout ga@mples, however their volumes are very low.

Figure 52. The photomicrograph8) and B) showsplagioclase, clinopyroxene and orthopyroxene grains with intercumulus
magnetite and minor biotitén atypical magnetite gabbro sample from TV¥1(30.2 mYPPL and XPlBhotomicrograph€)

and D) also show the magnetite gabbro from TV¥1(30.2 m) but the sampledisplays a small volume of disseminated
sulphides with biotite and other accessory mineraisifag around the sulphide grains as well as at the boundary between
orthopyroxene and magnetitgrains(PPL and reflected light).

5.3.3. Gabbronorite

Gabbronorite is the dominant lithology tie Main Zoneat Tweespalland is also prevalent towards

the lower extent of Upper Zone. Gabbronorite samples from the lower Upper Zone differ from the
largely homogeeous Main Zone gabbronorites near the base of the TW1 borehole. Sample2 W1
TW2126 and TW29 thatare situated at depths of 489.4 m, 584.1 m, abit¥h.4 m respectiveland

are classified as leucogabbronorites as a result of their relatively high plagioclase contents. The
samples are mediunto predominantly coarsgrained with the exception of TWA6 which is very
coarsegrained to pegmatoidal The samples are composed of clinopyroxene, plagioclase,
orthopyroxene as well as minor pigeonite and accessory biotite and chliigere5.3. A and B

Once again clinopyroxene is the dominant pyroxene present within the leucogabbronorites ranging

between30% and 40% with grain sizes &5 Inm and as large as 8 mm in the pegmatoidal sample.
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Plagioclas@roportions in the leucogabbronorites vary between 60% and 70% with a slightly smaller
average grain size of 0.5 mm to 1.5 mm. A few speckles of magnetitshaerved in TW26 butit is

otherwise absent.

Samples TWB1 to TW138 that are situated towards the base of the Tweespalk magmatic
stratigraphy are all generally equigranular medignained and homogeneous gabbronoritésgure

5.3. C and D These sapies consist of an average mineralogy of: 50% to 60% plagioclase, 35% to 40%
clinopyroxene, 5% to 10% orthopyroxene, <1% magnetite and scattered sulphides throughout. The
plagioclase grains are generally euhedral in shape and range between 0.5 mm anch 1n5sine.
Orthopyroxene grains typically form as anhedral and coagsained oikocrysts (1 mm to 3 mm) that

host a number of inclusions of plagioclase, biotite and other accessory minerals. Clinopyroxene grains
are far more prominent throughout the seotis but also display a largely anhedral shape with an
average grain size of 0.5 mm to 1 mm. Sample -B@&/tleviates from the rest of the gabbronorite
samples in that it is fingrained (0.1 mm to 0.5 mnand itsplagioclase content is considerably lower
than the other normal gabbronorites (<15%)hich makesit a melagabbronorite Pyroxene is the

most abundant mineral preserin the sample,with well-rounded grains and the presence of a
relatively increased volume of cumulusagnetite Figure5.3. E and J: Common throughout the
portion ofhomogenougyabbronoritesowards the base of the TW1 coiig,the increase in volume of
scattered sulphides. These volumes are still relatively low but are representative of a greater

mineralised intervatelative to therest of the TW1 core.
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Figure 53. Photomicrograph#\) and B) of TW1-26 (584.3 m)exhibit a coarsgjrained to pegmatoidal leucogabbronorjte
with a large orthopyroxene graithat host inclusions of finegrained orthopyroxenesurrounded by large grains of
plagioclase (PPL and XRhotomicrograph£)and D) show a more typical gabbronorite sample of T841(627.6 m)hat

is generally more equigranular with large proportions of climogene and plagioclase with lesser orthopyroxene (PPL and
XPL)Photomicrograph&)and F)are representative of the largely homogeneous gabbronorites observed towards the base
of the succession, displaying a largely equigranular texture with limitedoglage and speckles of sulphides throughout the
TW139(686.1 msample (PPL and XPL).

5.3.4. Magnetite and/or Olivine -bearing Gabbronorite

The gabbronorite samples that contain magnetite, olivine or a combination of the two are2bW1
TW2127 and TW128. Sample TW25 is a magnetitdearing leucogabbronorite, while sample TW1

27 is classified as both an olivirand magnetitebearing melagabbronoriteHgure5.4. A and B, and
TW12128 is a homogespus olivinebearing gabbronoriteRigure5.4. A and B. The mediurrgrained
leucogabbronorite of TW25 has a modal mineralogy of 70% plagioclase, 20% clinopyroxene, 7%
orthopyroxene and 3% magnetite. The melagabbronorite has a varied texture with some sections
exhibiting finegrained and interlocking orthopgxenes, plagioclases and clinopyroxenes, while other

areasare generally mediumto coarsegrained.

Despite TW27 being described as olivinend magnetitebearingin the core the presenceof both

mineralsobservedwithin the thin sectionwas very rareMagnetite in TW127 accounts foless than
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1%of the volumeand is seelin the formof extremely finegraing while olivine is largely neaxistent
throughout the section As a resultthis sample can neither be described as olivioe magnetite
bearingupon closer petrographical analysis section of the TW27 sample shows a unique feature

of a distinct replacement and alteration texture of the figeined and rounded orthopyroxene and
clinopyroxene grains. TW2A8 is similar to TW25 in that it is @minated by plagioclase and
clinopyroxene, and despite being figeained and homogeneous is predominantly leucocratic like the
TW125 sample. The high proportion of plagioclase (~60% to 70%) changes the classification of this

sample to a leucogabbronoritéut unlike TWR25 the sample lacks any magnetite.

Figure 54. Photomicrograph#)andB)show the melagabbronorite sample of TV (595.5 m)which contains small grains
of cumulus magnetite amongst the plagioclase, orthopyroxene, clinopyroxene and biotite (PPL afhat®h)icrographs
C)andD)are images of the olivinbearing and homogeneous gabbronorite sample 281603.3 mYPPL and XL).

5.3.5. Anorthosite

SamplesTW18 and TW111 within the Upper Zone sequenad Tweespallclassify as anorthosite.
These samples are dominated kath-shapedplagioclase ¥90% modalpercentage with up to 8%
intercumulusmagnetite and minoabundances obiotite, orthopyroxeneand chlorite (Figure5.5.).

Theplagioclase grains are predominantly euhedral in shape and display polysynthetic twinning. The
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