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Abstract

The Loolekop Pipe of the Phalaborwa Igneous Complex, Limpopo, South Africa, is the
only known occurrence of a carbonatitphoscorite sequendested Cesulphide deposit of
economic releance. Despite significant research effort, some aspects of carboaatie
phoscoritehosted Ctsulphide metallogenesis have remained elusivan attempt to address
some outstanding research questidhgs studyfocused on several specific points: Tid
characterize and classify sulphide textures and typedp @nstrain relative timing of ore
forming process(es), and (it identify the metal source(g)volved inCu mineralizationTo
this end microfocusX-ray tomography and Mineral Liberation Analysis, combined with trace
elements, Platinupsroup Elements (PGE) and Cure isotope systematitsive been usdo
establish a comprehensive model of the metallogenesis in the Loolekop Pipe.

The Loolekop Pipas the result of the successive emplacement of carbonatized melt
pulses. The first unit to be emplaced was composed of a phoscearbonatite sequence,
where phoscorite is concentrated at the margins of the intrusion and carbonatite towards its
centre. Due to the presence of mineral layering, this rock type is described as banded
carbonatite. A structural event caused renewal of igneous activity and the intrusion of a second
carbonatite pulse within a stockwork, known as transgressive carbonatite.

Several Cwsulphide generations were identified across the Loolekop Pipe. The first major
form of Cu mineralization is characterized by chalcopyrite veins, which, considering the sharp
contact with the hostock, precipitated along fractures within the led@mp Pipe. The second
form is composed of subertical sulphide layers hosted in both the banded carbonatite and the
phoscorite. These layers are paralleébémding in the phoscorite and banded carbondttie
magmatic assemblages are composed of lmoamitl chalcopyrite in various proportions. Three
main textures can be observed amongs@iphide layers. The first texture consists of small (<1
mm) bornite and chalcopyrite grains. These grains are dispersed within the layer and are not
associated with eh other. Bornite can be found as isolated grains dispersed in the gangue
without the presence of structural features, combined with chalcopyrite replacement or
exsolution patches or laths. Bornite grains may locally host chalcocite veinlets and combined
chalcocite and covellite replacement along its external boundaries. Isolated chalcopyrite can
also be found, as well as trace amounts of cubanite. The second texture is characterized by
stretched mnsized bornitechalcopyrite assemblages, which, considetivggirregular surface,
most likely derived from the merging of bornite and chalcopyrite grains. These assemblages
are stretched in the same direction, suggesting the intervention of a magmatic flow process. The

third and last texture shows mms)de chatopyrite planar cumulates. Therefore, the



mineralogical makeup cannot be considered as representative. The last major form of Cu
sulphide is constituted by valleriifgFe?*,Cul(Mg,Al) 3S4(OH,0)%], which resulted from both
in-situ replacement of magmatend hydrothermal sulphides, as well as dissolution and re
precipitation of Cu along small fractures in close proximity to magmatic and hydrothermal
sulphides.

Similar PGE contents in the Primitive Mantle (5 ppb for Ru; 3.6 ppb for Pd; 6.6 ppb for
Pt, respetively) and the Loolekop Pipe (1 to 4 ppb Ru; 2 to 8 ppb Pd; 1 to 9 ppb Pt) suggest a
mantle origin of the sulphide material. Furthermore, low PGE contents coupled with heavy Fe
i sotope SFgnafumedH7(lo 0.294) of Dbanded car
limited degree of partial melting and sulphide liquid extraction (~10%). Considering the
preferential fractionation of Co and Zn into sulphide phases, the enrichment of both Co and Zn
contents inwholerocks (5 to 100 ppm and 15 to 100 ppm, respectively) relative to sulphides
(0.1 to 40 ppm and 1 to 10 ppm, respectively) suggest some assimilation of external material
and early interruption of chemical exchange between sulphide liquid{sheals).

PlatinumGroup Element concentrations in the -€ldphide assemblages reveal an
enrichment of P@jroup PGE (PPGE; Pt and Pd) ovegtoup PGE (IPGE; Ir, Os and Ru).
Palladium concentrations in sulphides range from 35 to 310 ppb, while Os ramgjérfrom
<4 to 49 ppb and <1 to 4 ppb, respectively. Platinum contents range from <2 to 31 ppb, which
can be explained by the extraction of Pt from sulphide phases through crystallization at depth
of sperrylite (PtAs) and its sequestration elsewheree FPGE enrichment over IPGE indicates
the involvement of a monosulphide solid solution (missjitermediate solid solutiofiss)
system, where a sulphide liquid formed an IP@E mss remaining at depth, and a-@uod
PPGErich sulphide liquid, which, bfurther ascent in the pipe and cooling down of the system,
evolved into magmatic bornite and chalcopyrite. Iron and Cu isotope compositions of Cu
sulphides confirm a hypogene origin of these phases. Employsitu micro-drilling, values
o f 8°Ci range btween-1.3 and 0.8 a n d%eilvalues betwees® . 6 and 0. 3&. Li
sul phide separates %Cuwalueshetweerd.7aand Ovdaa i FReld ons |
values between0O . 7 and 0. 4a. T h-gertical | baneled ncartbonatiten ana f S U
phoscorie bandings, and a progressive decrease of phoscorite abundance towards the core of
the pipe suggest the involvement of several magma pulses with a decreasixigeFand
apatite component, from which phoscorite and banded carbonatite formed by imrtysiitali
to pressure drop. Relative proportions of bornite and chalcopyrite change from one sulphide

layer to another, suggesting the presence of sulphide liquids of different compositions in the



melt pulses. Despite this aspect, the similar Fe and Cu isas@matures indicate both a
common material source and similar-boeming processes.

The similar distribution patterns, but lower concentrations of PGE in hydrothermal
chalcopyrite relative to magmatic assemblages suggest that hydrothermal chalepygte
fractures within the core of the Loolekop Pipe may have resulted from the dissolution of
magmatic sulphides and an iss phagehightemperature hydrothermal fluids at depth, and
subsequent rprecipitation of the dissolved material into a stockwddowever, light Fe
i sot ope c offfp vakiestbéetveear®7 adi0 . 2a) of hydrot her mal
indicate leaching and breakdown of magnetite at depth, which is the most likely assumption.

Late-stage valleriite is consistently associated withhbmagmatic and hydrothermal
sulphides. It shows that valleriite resulted from the alteration of these sulphide assemblages.
The presence of valleriite along fractures within primary sulphides and around the boundaries
of the grains indicatén-situ alterdion of magmatic and hydrothermal sulphide assemblages
and their replacement by valleriite. The presence of valleriite along fractures in proximity to
primary sulphide phases indicates limited dissolutioprecipitation. The preservation of
primary sulphile assemblages in fracttfree sampledlustratesthe importance of latetage
fluid circulation for valleriite formation. The presence of ganfjlled veins in close spatial
association to valleriite and other primary sulphide assemblages confirtimsitee influence
of dissolutioni precipitation. Therefore, the presence of large valleriite veins in previous
studies can be explained by the alteration and replacement of primary and hydrothermal
assemblages. The higher concentrations of As and Pblleriite relative to magmatic
sulphides (1 ppm vs 0.1 ppm for As; 100 to 840 ppm vs 13 to 380 ppm Pb, respectively) suggest
a crustal origin of latstage fluids. However, dissolution of magmatic and hydrothermal
sulphides and precipitation of valleriiteagnalso have contributed to this anomaly.

The involvement of several magma pulses seems to be a classical feature for the formation
of a banded carbonatitgphoscorite sequence, as observed for instance, in the Kovdor complex,
Russia. Likewiseformation of phoscorite and carbonatite either by immiscibility or cumulate
formation appears to be similar to other phoscéritarbonatitesequencessuch as in Kovdor
or Salitre in Brazil. The main difference between the Loolekop Pipe and other pteoscor
carbonatiteoccurrencess the presence of significant amounts ofsCiphides. The occurrence
of a significant amount of hydrothermal chalcopyrite can be partly explained by massive
leaching of phoscoritbosted magnetite by higiemperature fluidsalthough the presence in
the Loolekop Pipe of subertical magmatic Gisulphide layers remasnunexplained, and the

metal source unconstrained. Another phoscoritearbonatite sequence hosted by the
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Salmagorskii Igneous Complex also contains-sGlphides which appears to be pest
magmatic, and which cannot be the case for the Loolaksfed sulphide layers. A possible
explanation may be contribution from a-CGand Srich, and compositionally heterogeneous

mantle underlying the Phalaborwa Igneous Compteke time of magmatism.
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I ntroduction

Copper has been used for more thaj®Q0 yeardor a wide range of applications. This
element was initially used for the crafting of tools and weapons during the Coppdrefage
its strengthwas discoverewvhenalloyedwith Sn (bronzepandvarious metals and metalloids
(such as Ni, Zifior brass) O 6dB,r2015)Such alloysare widely used for industrial purposes
due totheirfavourablephysical and chemic@roperties, in particular low frictiocoefficients
The hgh conductivity leads t@xtensiveuse as conductsiin electric cablesand electronic
devices.The resistance of Cu to corrosion makes it very useful in plumBiogperhasalso
beenused in arts and architectug@ofing, cladding and flashingpr thousands of years
Furthermore, tiis element played a significant role in the economy dutstuse in coinage.
Due to its properties and applicatiomgobal Cuconsumption (and consequently price) is
directly dependant on industrial development. The developmém &@fhineséndustial sector
since the 1970s makes this metal, togethergindAl,ak e y t o coGtimuede@r@osnic
growth andt is, therefoe, considered a criticahetalin the mining industryPitron, 2018)

NowadaysCuis mainly mined in giant porphyry deposits located in the Andes in Chile
and Peru, as well as in western Papleav Guinea,exemplified by the Grasbergneous
Complex Sedimenthosted strataboun@u depositswhich can also contaivein-hostedCu-
sulphides, are the second most important Cu deposit type of economic inf8a@stilan et al.,
2018).A genetic model for this type of deposit has been suggested by Brown (2014). However,
the applicability of this model to some deposits within the Central Africapperbelt (El
Desouky et al., 2010; Hitzman and Broughton, 2017; Sillitoe et al., 2017), the Kupferschiefer
(Jowett, 1992; Oszczepalski, 1999; Blun@elal., 2003), and the White Pine Cu deposit (Mauk
et al.,, 1992) may be questionabldie mostprofitabledeposits of this type are located in the
Central African Copperbelt in the Katangan Basin in Democratic Republic of Congo and
Zambia. The Kodartydokan Basin in Russia, as well as the Zechstein Basin in central Europe,
are also of economic significam¢Saintilan et al., 2018). Coppates arealso mined together
with Ni oresin magmatic sulphide deposits, suchireld o r i-Taléakhkin Siberia and Sudbury
in Canada (Naldrett, 2004).

The LoolekopCu-sulphide deposiLimpopo Province, Southfrica, is one of the biggest
Cu deposits insouthern Africa and is hosted bw carbonatitephoscoriteassemblagén the
Phalaborwa Igneous Comple@ccurrences dhecarbonatitephoscorite series aparticularly
rare (Krasnova et al., 2084and2004) and Cu mineralized examples are evena. The

Loolekop Cusulphide deposit is the onlknown casehosting Cusulphides at modal
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concentratios of currenteconomic interest. The Loolek@u deposit is particularly complex

and hosts several magmatic, hyitiermal and secondary generations of sulphide assemblages
(Heinrich, 1970; Vielreicher et al., 200@fter being studied for more thaixty years(Forster,

1958; Van Rensburg, 1965; Palabora Mining Company Ltd Staff, 1@7Aphide classification,
metalsource and oréorming processesf the Cu mineralizationremainunclear making the
investigation of ordorming processes within the Loolek&pe of significant interedor the
understanding of this unusual major Cu deposit

1.1 The Loolekop Cu-sulphide deposit

Coppersulphides in the Loolekaptrusionhave been studied since the 1950s. Divergent
sulphide classifications andodels have been proposed to expla@sulphide paragenesis
(Lombaard et al., 1964; Heinrich, 1970; Palabora Miniogh@any Ltd Staff, 1976, Vielreicher
et al., 2000; Giebel et al., 2019owever,consensuas been reacheggarding several
features of theCu mineralization. It is acknowledged that chalcopyrite is the domiGant
sulphide in the Loolekopipe, mainly due to the presence of large chalcopyrite veins in the
core of theintrusion (Palabora Mining Company Ltd Staff976; Vielreicher et al., 2000).
Bornite, often associated with chalcopyrite, is reported to be the secatdbundant sulphide
in the intrusion, dispersed within both banded carbonatite and phoscorite (Lombaaid
1964; Palabora Mining Company Ltd Staff976; Eriksson, 1989; Vielreicher et al., 2000).
Chalcociteis present as intergrowstin bornite,alongum-wide fractures (Rudashevskya.,
2004). However, coarse chalcod#elated in the gangu®as also been observed by Lombaard
et al. (1964). Myrmekitic intergrowthsof chalcocitewith bornite have been observed locally
(Rudashevsky et al., 2004)ate-stage wlleriite has been obsexd in associabn with all
sulphideassemblagementioned abovas result of fluid alteration (Palabora Mining Company
Ltd Staff, 1976; Milani et al., 2017a; Giebel et al., 2019)

Several hypothesdsr the sulphide paragenesimve been propose@oppersulphides
may have beederived from a single hydrothermal event (Forster, 1958). In contrast, according
to Lombaard et al. (19643jgnificant amount®f vein-hosted chalcopyritavithin the core of
the pipe and dispersethornite as well assulphide layerdowards the edge of the Loolekop
Pipe, point ta twostagesulphideforming processThis model include§) the crystallization
of bornitedominated sulphide assemblages in banded carbonatite and phoscd(ileceDd
rich fluid circulation episode forming massive chalcopyrite veins within the core of the pipe.
Heinrich (1970) suggestetthat the presence of several -Quiphide phases resulted from

mineralogical zoningwith highrtemperature chalcopyrid®ubanite assemblages in the centr
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and lowtemperature bornite in phoscorite and banded carbonatite. dildwseen suggested

that fluids circulating within a fracture network were responsible for the precipitation of
massive chalcopyrite veins in thentreof the LoolekopPipe (Palaboa Mining Company Ltd

Staff, 1976).More recent studies suggest a thetepore-forming process with (i) an early
magmatic stage characterized by the formation of dispersed bornite in both banded carbonatite
and phoscorite, followed by (ii) fluid circulah within the core of the pipesausingthe
precipitation of transgressive carbonattasted chalcopyrite and, finally (iii) a lasgage fluid
circulation episoddeading tovalleriite deposition as a film on pexisting magmatic and
hydrothermal sulpides (Vielreicher et al., 2000). Basson et al. (2@t&racterizedhe core
hostedCu mineralizatioraswide and long sulphide lenses. The most recent model proposed
by Giebel et al. (2017) suggests the formation of prin@awsulphides in one single siag
postdating the emplacement of phoscorite and carbonatite, followed by a late valleriite

alteration.

1.2 Aims
As shown inSection 11, many aspects relating to the formatiorCafsulphides within

the LoolekopPipe have remained unclear and contentious. Despite an overall consensus
regarding the main mineral phases present within the LoolBlg®Ey the origin, nature and
formation of some minotextural featuresemain elusive. fgecific textures as indicators for
specific sulphiddorming processes have not been systematically documented and examined,
andarethereforestill controversial. This thesis aims to provide a better understanding of the
Cu-sulphide mineralization within the Loolek®pe by focusing ondur specific objectives:

1 Refine the inventory o€u-sulphide assemblages, textures and associations.

1 Determine the relative timing of tl@&rsulphide phases.
1 Identify the oreforming processk).
1

Identify the source of the sulphides.

1.3 Approach
Previousrelevant studies were mostly restricted to the use of optical and electron
microsco, as well as electron microprobe. Consequently, an innovative approach using new
analytical methods is required to develop truly new insights intdaoneing processes and

sulphide assemblage classification. In order to addréss aims listed above a multi



disciplinary approach was adopted using different analytical methods, eacedanu
addressing specific aspects of the metallogenesis of the Loolekop Pipe

1 For the idetfication of the source(s) of sulphides as well as the different steps of the
sulphide liquid evolution, Platinww@roup Element (PGE) and trace element analysis
was conducteavith both laserablation (LAICP-MS) and solutiorbasednductively
coupledmassspectrometrfICP-MS).

1 Microfocus Xray tomographymicroCT)was selected for its thre#mension imaging
capacity. Together with Mineral Liberation Analysis (MLA) and optical microscopy,
these techniques enabled detaitettumerdtion and characteration of Cu-sulphide
assemblageprodudng a comprehensive and representative classification.

1 Sulphide crystallization and postdatireyent(s) affecting theCu-ore phases are
challenging tadentify on theexclusivebasis of mineral associations and trace element
compositions. Copper aree isotgoe analysis bymulti collector (MC}CP-MS is a
powerful tool for the determination of eferming processes since iso&dpactionation
is sensiive to changedn physical and chemical conditions prevalent irspecific
environment This methodhas therefre been chosen for the characterization of
conditions ofsulphide crystallization and alteraticas well aghe identification of the
sulphidesourcés).

Evidence acquired by combining thékeee methods leado the development of a new
model concermg the formation o€u-sulphides in the LoolekoBipe.

1.4 Thesis structure

This thesis is divided to sevenchapters with Chapters 3, /and 6 forming parts of
scientific articles in various stages of the publication procBiss article corresponding to
Chapter 3 has begrublishedn Mineralium Depositddoi: 10.1007/s0012620-010054). The
manuscript foiChapter 4is in preparatiorandwill be submitted for publication iMinerals
Chapter 6 has been submitted for publicatiorMimeralium Depositawith the manuscript
reference MIDED-20-00114 and is under revieat the time of thesis submissidbhapter 1
outlines the scope of this studyovides a detailed background, and outlines the approaches
taken to solve the difficulties that have been identif@shpter2 summarizeshe geology of
the Phalaborwa Igneous Complex and the Loolekop Pipapt€r3 presents a PGE and trace
elementgeochemistnbased study of th€u-sulphidesto understanare-forming processes
including MLA-based texture analysis. Chapter 4 is dedicatduktstiidy of sulphide textures

and assemblages by tomographapter5 providesan overview on thelevelopmentand
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implementation of thaon exchange chromatography f@Qu and Fe separationapplied to
sulphides and oxide€hapter6 is thenan applicatiorof CuandFeisotope systematics Ou-
sulphides from the LoolekoBipe to fingerprint ordorming processeshapter7 providesa
synthesis of theesults and interpretatiornd Chapters3, 4 and 6 and presents a revised and
integrated metallogenetimodel for Cusulphideswithin the LoolekopCu deposit.Detailed
methodologies are presented in each specific chapterepetitive parts of articles have been
merged and inserted into the introductory chap#gppendices at the end of the thesis contain

all analytical data produced in this study.

1.5 Contributions to publications
Chapter 3:
Loic Y. Le Bras, Robert Bolhar, Grant M. Bybee, Paul A. M. Nex, Bradley M. Guy, Thabitha
Moyana and Paulien Lourens publishedMimeralium Depositadoi: 10.1007/s0012620
010054.

Le Bras, L. Y. 70% (Producethewritten work, obtained analytical daj}

Bolhar, R.i 15% (Provided project design and funding, edited and corrected the successive
manuscript drafts.)

Bybee, G. Mi 5% (Edited and corrected the successive manuscript drafts.)

Nex, P. A. M.i 5% (Assised with sulphide formation model, editadd corrected the
successive manuscript drafts.)

Guy, B. M.i 3% (Assiged with Automated Mineralogical Analysis using MLA.)

Moyana, T.i 1% (Technical support durirgampling.)

Lourens, Pi 1% (Technical support duringampling.)

Chapter 4:
Loic Y. Le Bras Robert Bolhar, Lunga Bam, Bradley M. Guy, Grant M. ByaegPaul A. M.

Nex, in preparation.

Le Bras, L. Y.I 70% (Producedhewritten work, obtained analytical data, processed the
microCT results.)

Bolhar, R.i 15% (Provided projeaesign and funding, edited and corrected the successive
manuscript drafts.)

Bam, L.T 5% (Assiged with microCT data acquisition and data processing.)
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Guy, B. M.7 5% (Assided with Automated Mineralogical Analysis using MLA.)
Bybee, G. Mi 2% (Edited anatorrected the successive manuscript drafts.)

Nex, P. A. M.i 3% (Edited and corrected the successive manuscript drafts.)

Chapter 6:
Loic Y. Le Bras, Robert Bolhar, Henriette Ueckermann, Paul A. M. Nex, Emmanuelle Albalat,

Vincent Balter and Grant M. Bygesubmitted tdMlineralium DepositaManuscript reference:
MIDE-D20-00114

Le Bras, L. Y. 70% (Produceche written work, set up the analytical procedure, obtained
analytical data.)

Bolhar, R.T1 10% (Provided project design and funding, edited and ciealethe successive
manuscript drafts.)

Ueckermann, Hi 5% (Assiged with Cu isotope measurements.)

Nex, P. A. M.T 3% (Assised with sulphide mineralogy, edited and corrected the successive
manuscript drafts.)

Albalat, E.i 2% (Assided with Feisotope measurements.)

Balter, V.7 2% (Assisted with implementation of the analytical procedure.)

Bybee, G. M1 8% (Assiged with implementation of Fe and Cu chemical separation

techniques, edited and corrected the successive manuscript drafts.)



Chapter 2
Geological setting

2.1 Regional Geology

The 3.6 to 2.7 Ga Kaapvaal Craton in Southern Africa is the outcorteggefscale
Archaean igneous activity forming a gneissic complex and the postdating emplacement of
igneous, sedimentary and volcanic segq@s Poujol et al., 2003Eglington and Armstrong,
2004). This Craton is delimited by the Namaepatal belt at its southern and western borders
and by the Limpopo belt at its northern limit (Fig. 2Zendenin et al., 198&oering et al.,
1992;Eriksson and Altermann, 19R8The Kaapvaal Craton is marked by the presence along
lineaments of greenstone belts (>3.1 ®abb and Meyer, 1995such as the Barberton
Greenstone Beltcompried of metamorphosed sedimentary as well as ultramafic volcanic
rocks (komatiites) (Armstrong et al., 199 Ronde and de Wit, 1998leubeck and Lowe,
199%; Parman et al., 1997; Lowe and Byerly, 192007. The Barberton Greenstone Belt is
regarded as a remnant of an Archaean fold and thrust belt located at ¢ne e@sgins of the
KaapvaalCraton (e Wit, 1982de Ronde and de Wit, 1994owe, 1994.

The Dominion Group and the Witwatersrand and Ventersdorp Supergroups form
volcanesedimentary sequences, combined into the Witwatersrand Triad, overlying the
Archaeangneisses and granitoids of the Kaapvaal CraBowen et al., 1986; Marsh et al.,
1989;Coward et al., 1995). The Dominion Group (3.088.074 Ga; Robb and Meyer, 1995)
is composed of a sedimentary unit, hosting Au and U placers, successively overafidy
lavas and felsic volcanic rocks that show an alternation of pyroclastic flows and volcanoclastic
sedimentsCrow and Condie, 198dackson, 1992Agangi et al., 2020 The Witwatersrand
Supergroup can be divided into the West Rand Group (4.97014 Ga; Robb and Meyer,
1995)consistingof sands, greywackes and shales tedCentral Rand Group (2.8942.714
Ga; Robb and Meyer, 199%)ade upof fluvial sands, conglmerates and shaleBrgtorius,
1976;Coward et al., 1995Jahn and Condie, 1995 he Ventersdorp Supergroup is a slightly
metamorphosed sequenoemprisingthree distinct groupéWinter, 1976;Crow and Condie,
1988; Wronkiewicz and Condie, 199®%an der Westhuizen et al., 1991The Klipriviersberg
Group, composed of mafic volcanic rocks is overlain by bimodal volcanic rocks capped with
sediments and tuffs from the Platberg GroBpwen et al., 198@ylyers et al., 1990yan der
Westhuizen et al., 1991). &€hPniel Group at the top of the sequence;osstitutedby an

arenaceous unit capped by mafic to intermediate volcanic rocks.



The Neoarchaean to Palaeoproterozoic Transvaal Supergroup was deposited in a foreland
basin after the Witwatersrand Triad andnade upof a basal quartzite (Black Reef Quartzite)
overlain by the Chuniespoort Group dominated by carbonates, which is in turn overlain by the
Pretoria Group, which contains alternating quartzites, shales, and volcanic\Watkaven et
al., 1990;Hartzer, 1995;Schweitzer et al., 199Friksson and Altermann, 199&atuneanu
and Eriksson, 1999 The Transvaal Supergroup rocks are preserved in both the Griqualand
West Basin and the Transvaal Basin.

The Bushveld Layered Complex intruded the sedimentary and volcanic rocks of the
Transvaal Supergroup in tmerth-easterrpart of the Kaapvaal Craton, forming five distinct
lobes (Eastern, Western, Far Western, Southern and Northern lobes) and formssivaligce
the PGE and Crrich mafic Rustenburg Layered Suite, the Rashoop granophyres and Lebowa
Granite Suite (Hartzer, 1995; Zeh et al., 2015). The Rustenburg Layered Suite is divided in five
main units, which are the Marginal Zone, the Lower Zone, thitc&lrZone, the Main Zone
and the magnetiteach Upper ZoneVon Gruenewaldt et al., 198&awthorn and Walraven,

1998; Cawthorn, 2015). The complex is the outcome of successive intrusions into the Kaapvaal
Craton Kruger, 1994;Eales and Cawthorn, 199®Vilson, 2015. The Rustenburg Layered
Suite was emplaced at 2.055.91 + 0.26 Ma in less than 1.02 Ma (+ 0.63), approximately
synchronouly with the Phalaborwa Igneous Complex (PIC) (Zeh et al., 2015).
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Figure2.1: Regional map adouthern Africa showing the main structure and geological units (modified &figreicher et al.,
2000 and Wu et al., 20)1



2.2 The Phalaborwa Igneous Complex

The ellipsoidshaped PIC occupies a surface area of abt®ikm? and is elongated in a
north-south direction (Fig2.23. It was originally emplaced as a concentric intrusion into >2900
Ma granibids and gneissds the northeast of thé&aapvaal Craton, South Africa (Wu et,al.
2011). The PIC is composed of thdjacent circular and zoned lobes along the rswtith
axis of the complexcorresponding to three distinct intrusive pipes (Ri@g. The PIC rock
types range from ultramafimafic at the rim, tccarbonatiticin the centrg(Heinrich, 1970;
Eriksson 1982, 1989) The first rock type to be emplaced into the gneigsamitic rocks of the
Kaapvaal Craton was a mitearingclinopyroxenite with phlogopite and high abundances of
apatite(Lombaard et al.1964; Hanekom et al1965; Heinrich 1970; Eriksson1982) The
phlogopite was altered locally into vermiculite by supergene weath@algbora Mining
CompanyLtd Staff, 1976) The mainclinopyroxenite unit shows variable mineral alignment
caused by flow differentiation of the melt during emplacertienksson 1982) The latter rock
type is surrounded by feldspathitnopyroxenite at the contact with the Kaapvaal granite
gneiss Some fenitization occurredn a local scalgEriksson 1982) particularly along the
contact between the grani@eiss countryocks and thelinopyroxenite. Postdating the main
clinopyroxenite unitclinopyroxenebearingpegmatites were emplacedarthe three circular
lobes (Fig2.29. The mineralogical and chemical composition of the pegmatites varies between
the different ppes: the northern pegmatite consists of a phlogalpsideapatite ring
surrounding a diopsideerpentingphlogopite rock. The southern pegmatite on the other hand
is a single unit composed of phlogopite and diopside, as well as fluorapatite and minor
serpentine. The pegmatite in the central pipe is composed of a phledmpmtedefluorapatite
rock (Lombaard et al.1964; Eriksson1982) Phoscorite gdn apatite, magnetite, forsterite
and minor calcitdbearingigneous rock) intruded both the northemd central pipeafterthe
pegmatites. A series of syenite plugs with an age of 2068 + 17%zikar{ U-Pb) were also
emplaced into the Kaapvaal granite around the compleldra et al., 2003; Wu et al., 2011
Later mafic dykes (LPb in apatite2062 + 53 Ma) crosscut all the abewentioned rock types
(Wu et al, 2011).

2.3 The Loolekop Pipe
The central intrusive pipe (Loolekoig)characterized bgn association of phoscorite and
banded carbonatite (Fig. B)2Previous studiesgimed at determining the emplacement age of

the LoolekopPipe using UPb isotopic analysisof baddeleyitefound comparable ages of



2059.8 + 0.8 Ma and 2060.6 = 0.5 Ma (Heaman and LeChemi#8®; Reischmanri995).

More recently, Wu et al. (2011) foce on both zircon and baddeleyite from different rock
types within the Loolekopipe and obtained an emplacement age of 2060 + 4 Ma, illustrating
that all the intrusive phases of the complex were effectively emplaced simultgnddes|
phoscorite containsoarsegrained (~5 mm to 6 cm) apatite and magnetite, as well as calcite
and someforsterite and phlogopite. This unit is characterized by strong planar mineral
alignment formed by magnetite and apatite. The banded carbonatite is mewiuwoarse

grained (1 mm to 2 cm) and consists of calcite with minor dolomite, magnetite, and apatite and
small amounts of biotite, phlogopite afmtsterite(Lombaard et al., 1964; Hanekoen al.,

1965; Heinrich, 1970; Palabora Mining Company Ltd Staff, 19B@nhded carbonatite, like
phoscorite, shows mineral alignment, which was ascribed to magmatic floentlyaard et al.

(1964) The contact between the banded carbonatite and phosearies from sharp to
gradational. Both the banded carbonatite and phoscorite contain disseminatatptGde
mineralization.The interlayering and swertical nature of this intrusion can be explained by

the rapid ascent of magma pulses related to #mepce of five intersecting major faulbsated

with respect to one anothavhichformedzones of weakneg§&ig. 2.2c; Basson et al., 2017)

The intersection of these zones of weakness at the centre of the Loolekop Pipe may have
resulted in the rotatioof the intrusive volume of ascending magma or, alternatively, in the
postemplacement torsion of the pipe. These processes may have contributed to deformation of
the rock unis within the Loolekop Pipe (Basson et al., 2017).

Subsequent igneous activity caa brecciation of the pipe (Lombaard et 4b64;
Heinrich, 1970), allowing the ascent and emplacement of a second carbonatite pulse, the
transgressive carbonatite, which cros$s the abowenentioned units of the Loolekdgipe
along structural feature@-ig. 2.2b). The transgressive carbonatite is composed of coarse
grained (5 mm to 5 cm) calcite and dolomite with trace amounts of magnetite. Circulation of
mineralizing fluids in the transgressive carbonatite was structurally controlled and led to
significant enrichment in Ggulphde along fracturesielative to the other parts of the Loolekop
intrusion(Palabora Mining Compariytd Staff,1976) Thesulphde content varies significantly
within the transgressive carbonatite due to the structural cef@alabora Mining Company
Ltd Staff, 1976) Late gabbro dykes cut all the rock types described abowenortheast

southwesaxis, but their orientation is locally affected by fault and shear zones.
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- Dolerite dykes

I:I Transgressive carbonatite
- Banded carbonatite
- Phoscorite

- Serpentine pegmatoid
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- Micaceous pyroxenite
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- Feldspathic pyroxenite
- Fenite - syenite

- Kaapvaal granite and gneisses

I Section ¢ layout

Section ¢

Figure2.2: Geological map of the Phalaborwa Igneous Complex (a), with an enlarged view of the LBigekagybonatite
phoscorite complex (b) and a cross section of the intrusion (section c). Modified after Palabora Mining Company Ltd Staff
(1976).
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Chapter 3
Platinum-Group and Trace Elements in Cusulphides from the Loolekop Pipe,
Phalaborwa: Implications for Ore-Forming Processes.

This chaptewas submittedo and has beepublishedn Mineralium Depositaas a manuscript
entitled fAPlatinumGroup awm Trace Elements in Gsulphdes from the LoolekodPipe,
Phalaborwa: Implications for O#eorming Processes hojc Y. Le Bras Robert Bolhar,
Grant M. Bybee, Paul A. M. Nex, Bradley M. Guy, Thabitha MoyarthPaulien Lourensloi:
10.1007/s0012620-010054.

3.1 Introduction

Textural studies, coupled with trace element and PGE andigsieproved particularly
effective in testing metallogenic models of €uiphide mineralization(Bezmen et al., 1994;
Mungall et al, 2005; Barnes et la, 2006 Klemd et al, 2016; Pifia et al.2012) Partition
coefficients of PGE and other trace elements (e.g., As, Bi, Co, Se, Sn, Te, Zn) between the
sulphide and gangue phases have been used to constrain the petrogenetic origin of magmatic
and hydrothenal sulphdes (Barnes et al., 19975 -J. Barnes et al, 2008; Dareet al, 2010
2011) Due to the various partition coefficients of trace elements betwesnlitede phases,
the abundances of these elements may provide clues to the origin of the Lcoighkmes at
different mineralization stages, and by extensiba sourcesf Cu and other base metaisd
subsequent differentiation proces@@sckrath et al.2004; Barnes and Riple2016) Here we
use a combination of optical petrography, quantitative minmabpingand in-situ trace
element analysis (LACP-MS), as well aswholerock geochemistry to assess the
metallogenesis of Gaulphde mineralization vithin the principal rock types of the Loolekop

Pipe, namely phoscoritbanded carbonatite amnsgressive carbonatite.

3.2 Materials and methods
Sixteen Cusulphde-rich samples were selected from the banded carbonatite, phoscorite,
transgressive carbonatite, as well as micacetuospyroxenite, from the drill core yard of the
Palabora Mining CompanyAppendix A). A single polished epoxy mount (30 mm diameter)
was prepared for eversulphide-rich specimen. For each sample, representative rock powders
for wholerock trace element and PGE analysis were prepared
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3.2.1 Mineral Liberation Analyzer

Automated mineralogical analyses were performed on polished epoxy mamts&ch
of the 16 samples usingvineral Liberation Analyger (MLA) to determine the distribution and
association of minerals (Appendices A and Bhe mineral paragenesis was established
through the determination of mineral association statistics comgjdéneir surrounding
mineral phases. This approach also allows the characterizatsutpbile assemblages using
mineral associations.

Automated mineralogical analysesre carried out at the University of Johannesburg
using a FEI Quanta 600 Mineral latation Analyger (MLA) equippedwith a field-emission
gun andiwo Bruker Xflash Xray detectors. The badcatter electron (BSE) grey level was
calibrated using three standar@xi( quartz andAu). The Xray detectors were automatically
calibrated using #aCustandard. The »ay collection time was set to 10 ms $oifphide phases
and 30 ms for gangue phases. The electron accelerating voltage was adjusted to 25 keV, the
working distance was 13 mm and the current on the specimen was 10 nA.

Two modes, namglXBSE and GXMAP, were employed for the MLA analyses. The
XBSE mode is considered as a fast mapping mode since a sifglg ahalysis point is
collected peeachBSE greyscale phase. This mode is not suitable for complex ore types, where
multiple phasescan exhibit similar BSE intensities, which results in the erroneous
discrimination of phases (e.g., magnetite and pyrite). To overcome this shortcoming, the
GXMAP mode was selected for samples characterized by complex mineral assemblages and
textural relabnships. The GXMAP mode represents a slower, but more accurate mapping
mode, since Xay spot analyses are collected on ageBned XY gridof points with aspacing
of 23 pum.

3.2.2 LA-ICP-MS

Laser AblatiornlCP-MS analysis was performed sulphides within he polished mounts
for determining trace element and PGE concentrations subsequent to the determination of ideal
targets by MLA mapping. Laser Ablatid@P-MS analyses were performed at the Geozentrum
Nordbayern at the University of Erlang8liirnberg,Germany, using an Agilent 7500c IGP
MS combined with an Excimer 193 nm Teledyne laser. The external calibration for Ru, Rh, Pd,
Os, Ir, Pt and Au utilized the Po724 B2 SRM standard and calibration fasdRiéhe (Fe,Ni)-
xS Sulphde standard from theniversity of Minster(WohlgemuthUeberwasser et ak007)
The MASS1 polymetalsulphde from the USGS was utilized for the external calibration of

13



Co, Ni, Cu, Zn, As, Se, Cd, Pb and Bulphur concentrations obtained by microprobe analysis
served as amternal standard.

The beandiameterwas set t®0, 250r 35 um depending on the size of targatphde
grains Repetition rate and flueneeere set at 17 Hz and 22, respectively. The duration of
an analysis was 43 s, with 20 s of background measurement (He, Ar and instrument) and 23 s
of ablation.?®Silicon, 35, **S and®3*Cu were measured with an integration time of 10 ms per
isotope,>°Co, ®Ni, 67zZn, As, "'Se,8?Se,1%6Cd, 11!1Cd, 2°%Pb ancf*Bi with 25 ms per isotope
and®Ru, 1°Ru, 1Rh, 19pPd, 1%pd, 18Re, 18%0s, 1%r, 19%Pt and!®’Au with 30 ms. Results for
several isotopes could not be used, iRy, 1°'Ru, 1°Rh 1%Pd and'®Pd due to Co, Cu, Ni and
Zn argide interferences. The data processing was performed using the software GUATER
Achterbergh et a12000)

3.2.3 Whole-rock analysis

Composite samples were used ¥drolerock geochemical analysis. Multiple pieces of
drill core were selected at regular intervals alongdhik core and were combined to form
representative samples edichspecific lithology. The pieces were crushed, milled in a swing
mill pot, and homogenized to avoid sampling bias due to inherent heterogerseitieas
magmatic/tectonic foliationand Cusulphde mcro-veins.Whole-rock powder aliquots (75 Q)
were sent to Intertek Genalysis in Pewheresulphide preconcentration was achieved by fire
assay Niulphde collection. Theesultingsamplas werethen dissolved and analyzed by ICP
MS, along with the stedard AMIS0499. Thelifference between measured and recommended
valuesof the AMIS0499 dat&s 4% for Ru, 5.51% for Rh, 0.83% for Pd, 1.49% for Ir, 5.6% for
Pt and 16.5% for Au-or whole-rock trace element analysis, 50 mg of powder was digested in
a MARS microwave digester with a higburity acid mixture of 3HF:2HN®&and converted
into nitric form. Analysis was performed using a Thermo Fisher iCAP at the Earth Lab of the
University of the Witwatersrand using the certified reference materials BE%6d BCR2
for quality control. The analytical uncertainty for elemenith a concentratioof >200 ppm
was<4%, while concentrations <200 ppm produced an analytical uncerteébty Cobalt is
an exception since its concentration in the standard is 45gpihthe difference betwedmne

measured and certified values is abbut.
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3.3 Results
3.3.1 Silicate and oxide mineralogy

The four differentsulphide-bearing rock types in the Loolek®ipe show characteristic
differences in modal mineral abundances and types of minerals. In the banded carbonatite,
petrographicobservations reveal the dominance of calcite and dolomite. Apatite, phlogopite
and magnetite are present in variable proporti@aching maximum modal abundances of 30,
60 and 40%, respectively. Some 50 to 500-gimed Cusulphdes are observedopper
sulphides are present as disseminated aggregates within the rock. Minor amounts of diopside
are also present. The phoscorite shows large crystals of anhedral magnetite, as well as
phlogopite and apatite crystals associated with calcite grains, with madalaaizes of 10
60%, 0- 30%, 10- 60% and 15 45%, respectively. The mineralogical make of phoscorite
is highly variable between samples. Sdorsteritewasalso observed, bits modal abundance
rarely exceedds 10%. In some areas, calcite, apatite and magnetite have fracturesviiied
Cusulphides. The transgressive carbonatite is composed of large crystals of calcite and
dolomite hosting minor apatite, with sizes varying between 50 and 500 um. Locally, some
magnetite with a maximum diameter of 500 um was also observed. The micaceous
clinopyroxenite is composed of apatite, ilmenite, phlogopite and diopside, the abundances of
which are highly variable and dependent on the sampling location. Neverthelesspijpdlogo
modal abundanagan reach up t60% in thestudiedsamples and forms a dominant assemblage

with apatite The rock type is generally devoid sflphdes.

3.3.2 Ore mineralogy

The Cu mineralization in both the banded carbonatite and phoscorite consists of
assemblages of bornite and chalcopyrite in variable proportions dissemivitliedthe gangue
(Figs.3.1a,3.1b, 3.1c, Appendix B. A summary of the different textures and ore assemblages
is given in Table3.1 combined with Fig. 3.1af. Bornite representie major phase of the
mineralization in these two rock typesgith chalcopyrite occurring in the form of lamellae or
aggregates (Fig8.1a, 3.1c and3.3). The MLA results show a clear distinction in the mineral
association characteristics of Gulphdes betweerthe banded carbonatite and phoscorite
(Figs.3.2and 3.3, Table 3.2 In fact, the bornitehalcopyrite assemblages show an affinity
with magnetite and the assemblages are rarely exclusively associated with carbonates or other
gangue phasesh& mineral association statistics (TaB[2) highlight thatsulphide phases are
mostly associated with each other and form aggregates (chalcopyrite, chalcocite and bornite).

The absence of fractures associated with the bechaécopyrite assemblageéndicates a
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magmatic origin of this primary phase. Chalcocite, as well as covellite, occur in very small
amounts, and can be locally observed as an alteration prafdoctnite (Figs.3.1a and3.1b,
Table 3.2.

Transgressive carbonatit®sted massive chalpyrite veins are present in an almost
pure calcitedolomiteaggregatevith very few other minerals (Fig8.1d, 3.1e and3.1f, Tables
3.1 and3.2). Veins observed in this study are usually up to sewenalvide. However, the
Palabora Mining Companiytd Staff (1976)reporedthe presence of vdet networkswith a
width of several metresin one sample, chalcopyrite coexists with bornite, forming an
assemblage similar to those present in both banded carbonatite and phosco@&)(Hige
vein-hosted chizopyrite typically shows cubanite exsolution lamellae, which is an exclusive
feature of transgressive carbonatitested chalcopyrite (Fig8.1d and3.1e). Locally, cubanite
entirely replaces chalcopyriteChalcopyrite within the transgressive carbonatite shpms
wide fracture infill of magnetitend late-stage alteratiophaseqFig. 3.1f). Pyrite (10 to 30
pm) is locally observed in these veins (F3glf). Pyrrhotite may also be present as small grains
(10 to 30 um) in chalcopyrite veins, but is particularly rare in the Lool€kop

16



Figure 3.1: Photomicrographs of representative sulphide phases. Cbn=cubanite, Cct=chalcocite, Ccp=chalcopyrite,
Cv=covelie, Bn=bornite, Mag=magnetite, Py=pyrite, V=valleriite. (a) Banded carbonatite. Bornite with chalcopyrite lamellae,
isolated in a carbonate gangue matrix. (b) Banded carbonatite. Assemblage of bornite with magnetite surrounded by
carbonates. Stronglteration of bornite and replacement by covellite at the ri@3 Phoscorite. Bornite with chalcopyrite
lamellae, posemplacement fracturing and alteration to valleriite, (d) (e) andt(@nsgressive carbonatite. Massive
chalcopyrite with cubanite exkdgion lamellae and fractures filled with f&ide phases and valleriite. Also visible inclusions

of bornite and pyrite.
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Figure3.2: MLA mineral maps obtained from polished blocks of banded carbon@teample SL94 B22 and (b) SL140 B08(2).
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Figure3.3: MLA mineral maps obtained from polished blocks of (a) transgressive carbonatite (sample SL139 B62(2)c) and (b)
phoscorite (sample SL18%2(2)a).
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Table3.1: Summary of sulphide assemblages and textures in the different rock types of the Lé&gekop

Banded Carbonatite/Phoscorite

Transgressive Carbonatite

Dominant sulphides phases

Minor sulphides phases

Bornite
-Dispersed within the gangue with
minor chalcopyrite (Fig. 3.1a)

Valleriite

-Along fractures and around
chalcopyrite, bornite and magnetite
(Fig. 3.1¢)

Chalcopyrite
-Lamellae in bornite

-Aggregates with bornite

Chalcocite

-Veinlets in bornite (Fig. 3.1a)

-Replacement of bornite at the
borders of the grains (Fig. 3.1b)

Covellite

-Replacement of bornite at the border

of the grains (Fig. 3.1b)

Chalcopyrite
-Veins (cm) across the gangue

Valleriite
-Along fractures and around
chalcopyrite (Fig. 3.1f)

Cubanite

-Exsolutions in chalcopyrite (Fig.
3.1d and 3.1e)

-Large grains (cm)

Valleriite is unusual in many aspects when comparéaeothersulphide phasesWhile

it is present in all of the rock types of the LoolelRype, it tends to be concentrated within the

orerich zonesregardless of the hesick, and is commonly assotad with primary magmatic

sulphides(Fig. 3.3). Valleriite also precipitatedlongfractures within the gangue, as well as in

small fracturesin magnetite.Mineral associatiorstatistics demonstrate that valleriite and

primary Cusulphides are not exclusely related (Tabl&.2).

3.3.3 Whole-rock geochemistry

The Primitive Mantle (PRIMANormalized lithophile element distribution is similar for

phoscorite, banded carbonatite and transgressive carboffagte3.4, Appendix C)The

micaceous clinopyroxenite slws anormalizedpatternthat isoverall similar to those of the

carbonatitic rocksHowever,Cs and Rb are more enriched in micacedumpyroxenite than

in any other rock types within the LoolekBjpe by an order of magnitude (Fig.4). Positive

anomalies can also be observed for Th and U in micacdmaopyroxenite comparewvith

phoscorite and transgressive carbonatite &na greateextent with banded carbonatite. Lead

is also slightly elevated in micaceocisopyroxenite and phoscorite relative to transgressive

carbonatite and banded carbonatite. Both phoscorite and micadewpyroxenite have a

slightly lower Sr enrichment ovd’RIMA compared to banded carbonatite and transgressive
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carbonatite (10& PRIMA against 20k PRIMA, respectively), but remain in the same order

of magnitude. Phoscorite and micaceolusopyroxenite have similgsositive P anomalies one
order of magnitde higher than both banded carbonatite and transgressive carbonatite. Titanium
is enriched over PRIMA values in both micaceoliisopyroxenite and phoscorite (factor of 3
and2, respectively) compared to banded carbonatite and transgressive carbongtiteshotv
depletion (0.2 and 0.04PRIMA, respectively).

Primitive Mantlenormalized rare earth element pattaressimilar betweethe different
rock types. ThdLa/Smi ratio ranges between 1.8 and 3.0 §&d/Yb]n between 14.4 and
23.3. The[Eu/Eu*]n ratios show a negative anomaiy all the rock types (Eu/Eu* =
Eu/ a[ (Sm) (Gd)]; heawREE HREE Tb i Lu)haw similarftdér of
magnitudeof PRIMA-normalized valuesn the different rock types (FidgB.5). Light-REE

enrichmen{La to Gg in phoscorite is similar to micaceocknopyroxenite.
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Figure3.4: Primitive Mantlenormalized lithophile element variation grafir lithophile elementsNormalization values from
Lyubetskaya an&orenaga (2007). Order of elements from Sun and McDonough (1989).
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Table3.2: Mineral association statistics for the different sulphides

Rock type Phases Mineral association (%)
Chalcopyrite® Bornite Chalcocitef Valleriite
BC? Silicates 3 4.5 6 5
Carbonates 45 61 49 35
Apatite 1 1 1 5
Magnetite 8 14 26 37
Chalcopyrite - 17 2 3.5
Bornite 38 - 9 12
Chalcocite 1 0.5 - 2
Valleriite 3 2 7 -
Total 99 100 100 99.5
PCP Silicates 19 15 4 36.5
Carbonates 17 37 34 19
Apatite 7 6 14 9
Magnetite 24 20 29 175
Chalcopyrite - 6 0.5 6
Bornite 11 - 10.5 10
Chalcocite 6 3 - 2
Valleriite 16 12.5 7.5 -
Total 100 99.5 99.5 100
TCe¢ Silicates 0.0 0.5 0.00 0.5
Carbonates 74 66 44 55
Apatite 0.0 1 0.0 1
Magnetite 0.5 1 1 26.5
Chalcopyrite - 14 155 3
Bornite 18 - 32 14
Chalcocite 0.0 0.0 - 0.00
Valleriite 7 18 8 -
Total 99.5 100.5 100.5 100
MPd Silicates 27.5 78.5 59 85
Carbonates 15 0.5 0.0 0.0
Apatite 40 12 3 9
Magnetite 9 0.0 0.0 2
Chalcopyrite - 8 0.0 3
Bornite 18 - 37 1
Chalcocite 0.0 0.0 - 0.0
Valleriite 4 0.5 0.0 -
Total 100 99.5 99 100

2Banded carbonatite
bPhoscorite

‘Transgressive carbonatite
dMicaceous clinopyroxenite
¢Include cubanite

finclude covellite
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Thewholerock Pdgroup PGE (PPGE; Pd and Pt) contents change with Cu abundances
(AppendcesD andE). The PPGE are enriched compared {group PGE (IPGE; Ir, Os, Ru,
and Rh), the latter being below the limit of detection (LOD), except for Ru (maximum of 4
ppb). Concatrations of PPGE range from 1 to 9 ppb (Teh8 in all rock types. Micaceous
clinopyroxenite is the most enriched in PPGE (Pt = 9 ppb; Pd = 8 ppb) compared to the other
rock types (Tableg.3). The concentrations of Riiffer from the concentrations &ft (Table
3.3). Generally, PGE are enriched in phoscorite compared to banded carbonatite, and to a
greater extent, to transgressive carbonatite. The Pd/Pt ratio in all the rock types is significantly
different to the Pd/Pt ratio of PRIMA (Pd/Pt: bandedboastite = 2.5, phoscorite = 3.3,
micaceouglinopyroxenite = 0.9, PRIMA = 0.3;yubetskaya and Korenag2007) However,
due to the absence of Pt in the transgressive carbonatite, the Pd/Pt ratio cannot be calculated for
this rock type. Rutheniurnan reahb concentrationsip to4 pph while other IPGE elements

such as Ir, Os and Rbccur at concentrations below LOD (1 ppb).
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Figure 3.5: Primitive Mantlenormalized variation graplior REENormalization values from Lyubetskaya and Korenaga
(2007).
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Table3.3: Wholerock PGEnd Auconcentrations.

Element LOD  SL140- SL94-  SL139- SL139-  SL139-  SL139-  VS-12-
(ppb)  (ppb) BO8(2)  B22  B6L(2b B63(2Q)b B62(2)a B62(2)c  B61(0l)

BC? BC BC/PCP PC PC TC® MPd
Ru 1 <LOD <LOD 1 2 4 <LOD 1
Pd 1 <LOD 5 2 2 8 2 8
Pt 1 <LOD 2 1 1 2 <LOD 9
Au 2 21 42 23 41 34 14 22
#Banded carbonatite
PPhoscorite

‘Transgressive carbonatite
dMicaceous clinopyroxenite

3.3.4 Mineral chemistry

In-situanalysis ofrace elements idisseminate€u-sulphides reveals similar abundance
distributions in various host rock types (Fig. 3.6 and AppeRdi€halcopyrite in all rock types
contains a significant amount of Ni (from 2100 ppm in transgressive carbonatite to 3800 ppm
in banded carbonatite armetween 1500 and 5000 ppm in phoscorite) (Fig. 3.6). Valleriite
shows a wide range of Ni concentrations in banded carbonatite and phoscoeré30pm).
The Zn contents range from 0.7 to 10 ppm in allsii@hide mineral§AppendixF), showing
higherconcentrations in chalcopyrite (3:94.5 ppm) than in bornite (0.62.5 ppm) among
banded carbonatite and phoscorite (Fig. 3.6). Zinc is enriched in valleriite compared to
disseminated sulphidé&\ppendixF). Both valleriite and chalcopyrite generallgntain more
Co compared to bornite and chalcocite. However, in all the minerals the concentrations are
highly variable. Valleriite contains significant, but highly variable concentrations of Co (Fig.
3.6). Valleriite has slightly higher concentrations afi@ all the rock types (from 2 to 13 ppm)
compared to other sulphide phas€bkalcopyriteis more depleted in C(D.5- 1 ppm)than
bornite (~ 3 ppm) (Fig. 3.6). As for many other trace elements, the concentrations are variable
amongthese differentminerals (Fig. 3.6). Lead ialsohighly variable across all the sulphides
and enriched in chalcopyrite and chalcocite, when compared to bornite (Figi@&ver, in
valleriite, the concentrations are generally two to ten times higher (Appéndixthe primary
bornitechalcopyrite assemblages, Se shows substantial variations #medifferent sulphide
types (3- 16 ppm). Selenium concentration variasaare small withithe samplesbut can be
significant from one sample to another. Arsenic is present at similar concentratalhthe
sulphde phases (Fig3.6). Bismuth is present in transgressive carbondatitgtedsulphide

phases, mainly in bor@tchalcocite and chalcopyrite, but also locally within valleriite (Fig.
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3.6). Some elements like Ni and Bi have an erratic behaviour. Concentrations in valleriite do
not always correlate with chalcopyrite and bornite. Bismuth in valleriite is higher than
chalcopyrite in phoscorite, but lower in banded carbonatite. Likewise, Ni is lower in bornite
from banded carbonatite and phoscorite, but higher in transgressive carb@hatipeesence
of micro-inclusions in the minerals may explain these differences

In-situ ICP-MS analysigesultsshow that PGE contents are generally low in all the Cu
sulphide phases (Fi®.7 and Appendi¥). Palladiums the most abundant element ingudles
at concentrations above the detection limit with an averag® @bl® (in61 out of 94 analyses;
33 below LOD). In contrast, Pt, Os and Ir occur in sraatiounts with averages 08,115 and
3 ppb, respectivelyapoveLOD in 20, 19 and 4 out of94 analysis, respectively4, 75and80
analyses below LOD, respectivel@joncentrations of Pd (35310 ppb) differ from Pt, Os and
Ir (2 - 32 ppb, 4 49 ppb, 1- 4 ppb, respectively) by one order of magnitude. Despite an overall
low concentration, the PGE patterns for the bordaitalcopyrite assemblages in the banded

carbonaite-phoscorite, and the transgressive carborhbtited chalcopyrite, are similar.

3.4 Discussion

Previous studies suggest that the LooleRgge was emplaced in at least three pulses
following partial melting of a metasomatized lithospheric mantle (Baodthaal, 2020). The
wholerock REE distribution patterns of the micacealisopyroxenite, banded carbonatite,
phoscorite, and transgressive carbonatite suggest a common source or origiB.gFig.
Moreover, normalized trace element and REga, as wells structural observations, suggest
that (i) the sourceof banded carbonatite and phoscodte geochemicallyindistinguishable
(Figs. 3.4 and 3.5; Milani et al., 2017land (ii) that the origin of the banded carbonatite and
phoscorite banding is possibly related to rotational movement during the ascent of melt(s) or
after the emplacement of the rogl&asson et al. 2017)Combined melt immiscibility and
rotation may ha® led to the preferential formation of phoscorite at the outer rims of the
intrusion, while generating banded carbonatite towards the centre owing to density differences
(Giebel et al.2019).
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Figure 3.6: Diagrams showing trace element concentrations in sulphides from the different rock types within the Loolekop
Pipe (a) bornite in bandecarbonatite (BC); (b) chalcocite in BC; (c) chalcopyrite in BC; (d) valleriite in BC; (e) bornite in
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and (j) valleriite inTC
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3.4.1 Textural and paragenetic sequence analysis
3.4.1.1 Magmatic sulphide assemblages

The primary magmatic Gsulphide mineralization is divided in two groups: bornite with
chalcopyrite exsolutioneplacement featureand chalcopyrite with cubanite exsolutspn
respectively. The first Gaulphde assemblage is considered as magmatic astplede blebs
are not associated with any structural features (Bida, 3.1b and3.1c), neither at the micro
nor the macrescde (Palabora Mining Compariytd Staff,1976) This assemblage is composed
of bornite with chalcopyrite exsolution, both as lamellae and patches in highly variable
amounts, and is present in the mineral alignments of banded carbonatite and phoscorite layers,
rarely in micaceouslinopyroxenite, and acasionally in transgressive carbonatite as relics of
banded carbonatighoscorite mineralization (Fig3.1, 3.2and3.3). Primarysulphides in both
banded carbonatite and phoscorite appear to be intensittialespect t@patite, magnetite and
carborates. In the absence of textural evidence for circulation of mineralizing fluids, it is
suggested thaprimary sulplide phase<rystallizedtogether with magnetite, apatite, and
carbonates. Textures clearly indicate thaphde crystallization occurredtar the formation
of gangue minerals.

Bornite with laths of chalcopyritsimilar to those observad banded carbonatiteind
phoscoritehosted assemblages was produced in experimental studieseloyystallization
reactionthrough the heating gire-existing bornite at 20@50°C(Durazzo and Taylorl982;

K. Li et al, 2018) This suggests posimplacement heating of banded carbonatite and
phoscorite, both of which host the primary magmatic bowtiacopyriteassemblagén the
Loolekop Pipe. The rehding may have occurred during the transgressive carbonatite
emplacement or during a late stage hydrothestage(at 206250°C)that was responsible for

the precipitation of late chalcopyrite. Cobalt, Ni, dodh lesser extent Zn enrichment in the
primary chalcopyritelamellae over bornite within the banded carbonapteoscoriterock
interlayering indicatpartitioningof thesdrace elements in the lamellae (Fig. 3.6 and Appendix
F). The siderophile nature of Co and Ni, as well as the chalcophile radtidre explain their
fractionation into chalcopyrite due to the higher proportion of Fe in chalcopyrite compared to
bornite(Goldschmidt1937; Barnes2016)

The presence of primary bornite is unusual in magmatisuphide deposits. In most
cases, bornite is the result of a retrograde reaction of chalcopyrite during cooling. Various
hypotheses regarding the origin of primary bornite exist. It has been suggested that bornite
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resulted from dsulphurization through oxidation gfyrrhotite and chalcopyrite (Cawthorn and
Meyer, 1993), which also produced significant amounts of magnetite (Maier and BE9A&%.

This mechanism may explain the presence of primary bornite in both phoscorite and banded
carbonatite as well as the sificant amounts of magnetite. However, this fails to explain the
presence of both primary chalcopyrite and bornite. Thus, this feature may be due to a
heterogeneous heating of the LoolekBjpe during the emplacement of transgressive
carbonatite and/or theirculation of hightemperature hydrothermal fluidas it would have
caused the local replacement of bornite by chalcopyrite, while in other places, only thin
chalcopyrite laths would have been exsolved.

As stated earlier, the differentiation of the finselt pulse into phoscorite and banded
carbonatitemay have occurred by the torsion of the intrusion related to the intersection of
oriented major fault zones combined with melt immiscibilBasson et al2017; Giebel et al.

2019) This explains the pferential buildup of magnetite cumulates along the contact with
the micaceouslinopyroxenite, and a decreasé magnetite contenit the rocktowards the
centre of the pipe. Giebel et al. (2019) suggested that banded carbonatite and phoscorite were
derived from a common melt, which separatedesponsdo a drop of temperature and/or
pressure duringts ascent. The presence of phoscorite at the border of the intrusion may be
related to a difference in density between the two melts. As the texturalatioses suggest a
certain affinity of sulphides with magnetite instead of a pusalphde-carbonate gangue
association (Figs3.2and3.3), and the density of bornite as the msiiphde phase is similar

to that of magnetite (5.09 and 5.2 g.&nrespectively), it appears this distributionwas
controlled by processeasmilar to thosenvolved in the formation of magnetite cumulates, thus
causing their association with primasylphides (Table3.2). Considering the similar PGE
concentrationsni both phoscoriteand banded carbonatitested primarysulphides, and
assumingndistinguishablesource for the phoscorite and banded carbonatite (Milani et al.
2017a), the primangulphdes in the two rock types may also share the same origin and
paragenesis (Fig3.6 andAppendixF).

The second primary magmatic mineralization type is composed of chalcopyrite with
cubanite lamellae occurring in large veins (F§4d, 3.1e and3.1f). In some cases, cubanite
also occurs as large patches witttie veins. Cubanite is an indicator of a hitgmperature
hydrothermal procesgcooling from 400°C) responsible for the precipitation of this
chalcopyritecubanite assemblag8dhwartz, 1927Ramdohy 1969 Dutrizac, 1976Craig and
Vaughan, 1994 Chalcopyrite precipitated from higlemperature hydrothermal fluids

circulatingthroughthe stockwork in the core of the LoolekBjpe. Chalcopyrite veins occur
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alongsharplydefinedfractures in transgressive carbonatite, indicating that fluid circuteteel

the system was in solid state. Similar trace element compositions of primary and hydrothermal
sulphdes suggest that chalcopyriterming fluids had a magmatic origiffrig. 3.6) Bornite
trapped within carbonate gangue has been observed in the é&ssiggrcarbonatite, which
suggests that this primasylphde wasmechanicallyemoved from the banded carbonatite, or

phoscoriteand transported with the meltiring emplacement of the transgressive carbonatite.

3.4.1.2 Secondary alterationsulphide phases

TheLoolekopPipe has been affected by two alteration eviemitéch differed in intensity
In both events, the alteration is characterized by the overprint of magmlptiies. The first
alteration event exclusively affected the bonukalcopyrite assemhdas within both the
banded carbonatite and phoscorite, suggesting that it ocquioedo the emplacement of the
transgressive carbonatite and grecipitationof the chalcopyrite veins. Alteration resulted in
the crystallization ofminor chalcocite and covellite around magmatic borchi@lcopyrite
aggregatesas well as in fractures and veinlets within the lattergRdla and3.1b). Such
veinlets are cut by rheatingrelated laths of chalcopyrite, indicating that alteration occurred
within both the banded carbonatite and phoscorite before the emplacement of the transgressive
carbonatite and the subsequent precipitation ofiyideothermathalcopyrite veins (Fid3.1a).

The second and most importatageof alteration is dominatedylthe crystallization of
valleriite, which occurs within all of the rock types in the pipe. This mineral constitutes a
significant part of the Caore in the Loolekop intrusion. The presence of valleriite along cracks
across magmatisulphdes as well as l|wng grain boundariesndicates formation that post
dates the crystallization of all the other Cu mineralization phases @lgsand3.3). The
hydrothermalchalcopyrite is crossut by um-wide fractures infilled with magnetite and
valleriite, suggestig the circulation of oxidizing fluid(s). Circulation of oxidizing fluids may
have triggered drilphurization of magmatisulphidescausingtheir breakdown into valleriite
and magnetitaccording to the following equations:

T060Q"YT co0a m o0 Q dO0OQp1a 1 @O (3.1)
"0Q) oQM 6 6 QY IR TY m 166 1M T 'OQ

T060QYY M c0a m o0 Q cOQpum 1 @O (3.2
o) QMo 6 QY @ pE po ¢SO T T OQ
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The presence of Al and Mg in the fluids may be caused by a dissolution of gangue
minerals during latstage fluid alteration like phlogopite and diopside. The presence of Fe can
be related to a leaching and breakdown of primary magnetite. Copper, Fecdeas8d during
alteration may be at the origin of vallerifieecipitation along fractures in the gangue.

The presence of valleriitidongcracks and veing gangue minerals, such as carbonates,
silicates and phosphates in all the rock typaggests dissolution of magmatidphdes(Craig
and Vaughan1994) involving Cubearing fluids circulating along cracks withime gangue,
and subsequent precipitatiohvalleriite (Fig.3.3).

Despite the presence of sordescrepancies in trace element compositions between
valleriite and primary sulphides which may be explained by the presence of some micro
inclusions in the minerals, thanslar trace element conceatron patternsin these two
assemblages support a genetic link betwaem{Fig. 3.6). The concentrations of Pb, Bi and
As in valleriite relative to magmatic assemblagaggest remobilization of primary sulfide
material by latestage fluids and heterogsmus concentration of trace element during
precipitation in the secondary phases due to variable asotaalleriite relative to bornite
and chalcopyriteRelative enrichment of RIBi and As in valleriitecomparedo bornite and
chalcopyrite may also be related to dissolutioswphde phases by magmatic fluids. Similar
fluid-incompatible Ni and Pt contents in both valleriite and magnsatjgidesareconsistent
with desulplurization of magmatisulphdes. Dissaltion of Platinum Group Minerals (PGM)

at depth may also explain the Pt enrichment.

3.4.2 A possible mantle source andgulphide liquid evolution

Previous studies suggest that both banded carbonatite and phoscorite were derived from
a common mantle sourg¢Milani et al, 2017a 2017h Bolhar et al. 2020) Considering the
preferential fractionation of PGE insulphde phases and the concentration of these elements
in mantle, the low concentrations of PGEsiriphides suggest a low degree of partial melting,
which may have led to the formation of several pulses of carbonated and oxidized magma into
the LoolekoPipe (Peach et al1990; Lyubetskaya and Korenag@@07). Enrichment of PPGE
over IPGE as documented in other studies focusing onrbatdsulphde magmatic deposits,
points towards the presence ahanosulphide solid solutiomsg - intermediate solid solution
(iss) system characterized by fractionation of PPGE im@scendingCu-enrichedsulphide
liquid, accompanied by IPGlgartioninginto a Ferich mss cumulateemaining at depth
(Holwell and McDonalgd2010) The presence of the same PPGE over IPGE enrichment in the

sulphde assemblages indicates that a similar process operated in the Ldeéilekepth the
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fractionation at depth of a @uch sulphde liquid from a mss, its ascent and subsequent
crystallization into a Cuich iss phase followed by the exsolution of PP@&d Cuenriched
sulphideliquid blebsto producehe bornitechalcopyritesulphide assemblige.

PlatinumGroup Element commntrations in the LoolekodPipe are compared to
concentrationsifupor phyry deposi ts a-blidepesit, Namagalandy t he
South Africa (Fig3.8). The PRIMA-normalized diagram shoveggnificant differences in PGE
concentrations betwee@u porphyry deposits and rocks of the LoolekBipe suggesting
differentmetallogenetic histags Gold and PGE concentrations in the LooleRgye are lower
by 1 to 3 orders of magnitude. The loweaRtl Pd concentrations in transgressive carbonatite
hosted hydrothermaulphdes compared to banded carbonatied phoscoritdosted primary
bornite and chalcopyrite are inconsistent with-poacentration of PGE intsulphide phases
and their leachingpy hydrothermal fluids as may occur@u porphyry deposits (Augé et al.
2005) . Mai er et al . (2012 )-Nipuipldp @depositdsimilartmo d e |
the one proposed in our study of the Cu mineralization of the LoolBlg®p This model
suggestdow-degreepartial melting of a fertile subcontinental lithospheric mantle (SCLM)
producing a largelon Lithophile Elements, High Field StrengthElements, volatile- and Cu
enriched melt with low PGE contents, accompanied byisssgactionation ofulphde phases.

The fact that the Loolekoipe is subvertical indicatesapidemplacement of themagmaThe
significant differencedetweenL o0 o | e k o pkie@ PGE sighatuwreare related tolower
degres of partial melting at Phalaborywaventually together wita PGEdepleted source.

Hydrothermal chalcopyrite veins contain lower concentrations of PGE compared to the
bornitechalcopyrite assemblage in bandmabonatite and phoscorite (Tald8). However,
the PGE in such Gaulphdes show a similar pattern when compared with patterns observed
for banded carbonatite, phoscorite and micacebuigpyroxenite. This strongly suggests (i) an
identical source fothe PGE and, consequently, for the Pi&aring Cesulphide phases in
transgressive carbonatite, banded carbonatite, phoscorite and miceloegugoxenite and
(ii) a continuous extraction of the PGE from the iss phase by exsolution efiahGulphde
liquid during ore formation (Tabl8.3). This process explains the relative enrichment of PGE
in micaceous clinopyroxenite over banded carbonatite, phoscorite and transgressive
carbonatite. The high concentration of PPGE in micacelmgpyroxenite, despe a low Cu
sulphde content, is a direct consequence of PPGE fractionation into thesehutige liquid
exsolving from the iss, and the continuous extraction ouifide liquid until the production

of an almost PGH#ree sulphde phase.
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Figure3.8: PrimitiveMantle-normalized PGE and Au concentrations for different deposits. Copper porphyry deposits are Baula
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Monosulphide solid solution/sulpie liquid and iss/sulphide liquid partition coefficients
for PGE (AppendixG; Barneset al, 2001; Barnes and Ripley2016) demonstrate the
preferential fractionation of PPGE into the abovementioned residuakiCsulphideliquid
over iss after its formation, suggesting that Pé&aring phases in the Loolek&jpe formed
from this residual liquid and constitute the primanystilphide mineralization (Fig3.9). This
is another indicator that the firshase of Ctsulphidemineralization can be considered to be
magmatic in origin.

Rare pyrite and pyrrhotite, both mderived phases within Gsulphdes (Fig.3.1f),
formed thraigh subsolidudransformation under 600°@allhaus and Sylveste2000; Dare et
al., 2011; Barnes and Riple2016) The presence of msterived minerals can be related to the
fast ascent of the melt(s), which may have caused the radical removal opasrtiatis of the
mss cumulate before its transformation interi€d sulphdes. The general paucity of pyrrhotite
and pyrite in the LoolekoPpipe may reflect a lack of preservation of the mss phase. A possible
explanation is the oxidation subsequent totfoamation of the mss to form Fexides, and its

ascent with the melt, althoughe whole-rock PGE contents do not support this hypothesis. It
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is plausible that a Crich sulphideliquid and Tirich Feoxides ceexisted, explaining the low
concentration oRu in the Tirich Feoxides andby extension, in the phoscorite. Alternatively,
two distinct Feoxide phases (magnetite and ilmenite) may have resulted from both processes.

3.4.3 PGM content

Previous studies found PGM in highly mineralized samples, as well aslphde
concentrate, and detected the predominant presence of sperrylitg (R&ther P®! in the
LoolekopPipe. Sperrylite from Cisulphide concentrate was observed to be cipaskociated
with the chalcopyritdornitechalcocite phase in carbonatite (Rudashevsky et28D4).
Wholerock compositions clearly document significant contents of both Pt and Pd in similar
amounts compared to Ir, Os aRtl (Table 3.3). Within Gisulphde phases, Pd can be found
in greater amounts relative to Pt (AppenH)x

As indicated by Helmy et al. (2010), formation of sperrylite (RtAsay occur before the
formation of the mss phase suggesting the initial predominance of Pt prior o @ussch
sulphide liquid fractionation, triggering the crystallization of sperrylite. The presence of small
amounts of sperrylite is likely to be related to the sequestration of most of thikeitP@r at
depth or out of the Loolekop intrusion, as swgigd by the Pt content of the micaceous

clinopyroxenite sample (Tab&3).
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Figure3.9: Crystallization and precipitation model of the different sulphide phases in the Loolekop Pipe. Melts were generated
by lowrdegree partial melting of a metasomatized setntinental lithospheric mantle. (i) During its ascent, the sulphide melt
formsan IPGEich mss cumulate and a €and PPGHch sulphide liquid, which crystallizes upward and exsolves a-R&GE
sulphide liquid forming sulphide blebs that precipitated in bornite. (ii) The iss was remobilized throutdmigghature
hydrothermal fluids ad formed massive chalcopyriteibanite mineralization in a stockwork. (iii) Latage fluids leached

the previously emplaced sulphides and formed a massive valleriite mineralization.
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3.4.4 Incorporation of surface-derived lithospheric material?

Mantle-normalized trace element patterns of average continental crustifpities from
PIC show some resemblance (F3dl0). This compositional similarity is consistent with Sr,
Nd and multiple S isotope datstetasomatized SCLMourced melt is suggested by the high
87Srf5Sr ratios (from 0.7042 to 0.711 in calcite and apatite; Wu e2&.1 1) angid | ow |
apatite ranging froni3.4 to-7.5(Farmer et a.1989; Maier and Barne2004;Wu et al, 2017).

In addition,in-situ S isotopic analysisf sulphides revealethe presence of magsdependent
fractionation ofsulplur, suggesting subductienducedmetasomatism and partial melting of a
heterogenous mantle beneath the Kaapvaal craton (Bolhara&24)).

In our study, slight differences in trace element contents betwhelerock andCu-
sulphide phasesnay be related to the distinct geochemical behaviour of elements during
fractionation betweesulphides and a melt/fluid phase. Specific trace elementeardrations
give clues to the evolution of the Gulphde phases. Cobalt, as a moderately chalcophile
element with a mssulphde liquid partition coefficient of greater than unity, tends to
concentrate into the mss (Barnes and Ripk9i6). The differenes of Co content between
whole-rock andCu-sulphde phasesndicate a lack of equilibration and an interruption of the
chemical exchange betwesnlphide liquid and carbonate melt prior to the formation of the iss,

but postdating Gisulphideliquid-mss frationation.
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Figure3.10: Primitive mantlenormalized diagrams showing trace element patterns of averageuthisiel type compositions.
In (a) banded carbonatite; (b) phoscorite; (c) transgressive carbonatite ananfif)ental crust. Normalization values from
Lyubetskaya and Korenaga (2007).

3.5 Conclusions

Both in-situ and wholerock PGE analyses document that-€tdphides are of mantle
origin and formed by separation of a PR@Ed Cuenrichedsulphide liquid from an IPGE
enriched mss cumulate. Despite some minor variations, PGE abundances are similar between
the different Cesulphides across the LoolekoPipe, suggesting that a common source
contributed to Ctsulphide ores. The low PGE contents of tugphides may have resulted from
low-degree partial melting of the mantle. The similar PRINgxmalized trace element
distribution @tterns among alsulphide phases of the Loolekdpipe are consistent with
multiple S and Sr isotopic data from previous studies, suggesting incorporation of -surface
derived material, although the source remains unclear.

Coppersulphde precipitation occued during several successive stages (Bi§. (i)

Initially, a PPGEand Cuenrichedsulphde liquid exsolved from an iss, crystallizing a-@ad
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PPGErich sulphide phase within the banded carbonatite and phoscorite. (ii) Magmatic
sulphdes were locayl affected by fluids, which formed chalcocite and covellite along their
outer rims. (iii) High-temperature hydrothermal fluidemobilized the issand precipitated
chalcopyrite with cubanite exsolutions in a stockwork within the pipe. (iv) Finally, magmat
and hydrothermadulphdes were leached and (partly) remobilized by crustal fluids resulting in
the formation of valleriite around primasylphide assemblages and in fractures across all rock
types.

The bornitedominated mineralization is common to tlhhophoscorite and banded
carbonatite, showing similar trace element compositions. Bornite exsolved chalcopyrite in
response to reheating of the assemblage during emplacement of the transgressive carbonatite or
hydrothermal fluid circulationThe asociatiom of magmatic bornité chalcopyriteassemblage
with magnetite within the carbonatitei phoscorite sequenceonfirms that (i) banded
carbonatite and phoscorite were derived from a compositionally similar melt, and (ii) torsion of
the LoolekopPipe facilitaed the formation ofulphde-rich magnetite cumulates through
gravity separation.

Valleriite is ubiquitous as a lattage secondary alteration mineral within all the rock
types around and within magmatic and hydrothermak@phides. Derivation of vadriite
from primary magmaticand hydrothermal Gaulphdes is supported by similarity of trace
element compositions and textural associations. Valleriite is associated with alteration features
of primary sulphdes indicating a daulphurization by oxidizingfluids and the formation of
valleriite and magnetite. Valleriite precipitation in veins is abeerved withirthe carbonate

gangue suggesting that Cu was remobilized from theulhdes.
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Chapter 4
Three-Dimensional Textural Model of Sulphide Minerdization from the Loolekop
Intrusion, Phalaborwa: An Indicator for Ore -Forming Processes and Carbonatite

Phoscorite Emplacement

This chapteiis intended to beubmitted for publication tMinerals asa manuscriptentitled

A T h-dimensioml textural model of sulphide mineralization from the Loolekop intrusion,
Phalaborwa: an indicator for eferming processes and carbonapitdh o scor i t e empl a
by Loic Y. Le Bras Robert Bolhar, Lunga Bam, Bradley M. Guy, @r#¥. BybeeandPaul A.

M. Nex

4.1 Introduction

The LoolekopPipe of the Phalaborwa Igneous Complex (PIC) is unique in hosting an
economic Cesulphide deposit within a carbonatploscoritesequenceThis deposit has been
mined since 1956 by the PalaboranMig Company Ltd mainly for Cu but also for other by
products, such @seandU. Coppersulphide mineralization within the Loolek®&ipe has been
extensively studied since the middle of th& 2éntury (Lombaard et al., 1964; Hanekom et al.,
1965; Eriksson, 1982; Groves and Vielreicher, 2001; Wu et al., 2011; Giebel et al., 2017).
Despite extensive research aimed at defining and describisgl@hides in the Loolekdipe,
oreforming and latestage alteration processes are notagitquatelycharacterized (Heinrich
et al., 1970; RlaboraMining Company Ltd Staff1976; Vielreicher et al., 2000; Milani et al.,
2017a, b; Le Bras et a020. Previous research was based on optical and electooosto
observations as well as on microprobe analysis e6@phides (Rudashevsky et al., 2004,
Giebel et al., 2017). While such methods provided important constraints on textures and phase
compositions, the informatiagerived from thenis not represstativeof the entireCu-sulphide
mineralization due to the small surface exposure of the epoxy mounts and thin sections,
potentially causing biased interpretations concerning the metallogenesis. Accurately describing
the heterogeneity of the Gulphide @posit within the Loolekoipe is critical considering
the spatial variability of mineral associations and textures. A sufficiently comprehensive study
usingabovementionedanalytical methods would require a significant number of samples and
analyses. Té use ofthreedimensional analytical methodsould provide a sufficiently
comprehensive dataset to establsmore adequatdassification of the Loolekeposted Cu

sulphides.
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Due to its ability to examine internal features, structures and densityiMasiamicro
focus Xray tomography (microCT) has been successfully used to characterize various types of
mineralization §. J.Barnes et al., 2008; Godel et al., 2010; Chudde and Boone, Rad&s
et al., 2016Barnes et al., 2019). Such analysis isipalarly useful in deciphering textural
relationships between ore minerals, and consequently identifyirigroneng processes. This
method is advantageous as it is {u@structive since it is based on the collection of-two
dimensional (2D) Xray projectims of a rotating sample followed by an image reconstitution
to produce a thredimensional (3D) model by compiling the projections.

Coppersulphide mineralization in the Loolekdfipe is particularly complex. The high
spatial variability and thdiversityof sulphide phases make the identificatiothefparagenesis
challenging. Threglimensional microCT analysis of drill core pieces from different rock types
of the LoolekopPipe provides comprehensive and representative informategardingthe
distribuion, shape and mineral association of thesGlphideaggregatesSpatial relationships
between the different Cearing phases can also be identified. The use of this method for the
characterization of Gaulphides of the LoolekoBipe of the PIC constites a novel approach

for contributing to the understanding of the metallogenesis of this unusual deposit.

4.2 Copper sulphides in the Loolekop pipe

Chalcopyrite is known to be the dominant sulphide within the Lool&kop (Palabora
Mining Company Ltd Staff 1976). It occurs as two different types defined by mineral
association and textures. The first type is characterized by the presenceveftmab veinlets
occurring in wide zones (up 8everalm) along fractures within the transgressive carbonatite,
constituting the largest part of the sulphide mineralizatioalaBoraMining Company Ltd
Staff, 1976; Vielreicher et al., 2000). In this type of mineralization, chalcopyrite tends to be
associated with cubanite, the latter being present as exsolutiondametirains (Lombaard et
al., 1964; RlaboraMining Company Ltd Staff 1976; Le Bras et al2020. The second
chalcopyrite type is characterized by the presence of dispersed grains (50 to 500 um) within
both banded carbonatite and phoscorite associatdd imtricate intergrowths of bornite
(PalaboraMining Company Ltd Staff 1976). Disseminated grains of chalcopyrite have also
been observed within the host rock.

Bornite has been reported as the second most abundant sulphide in the LBiplelkoml
thedominant phaswithin the banded carbonatitephoscorite sequenc# is associated with
dispersed chalcopyrite in banded carbonatite and phoscorite, but may also asclated

grairs. Both bornite and chalcopyrite may be isolated within the carbdmgieguealthough
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they are also associated with magnetite and apatite cumulates. Chalcocite has been observed in
association with bornite, either as small veinlets within the grains theatedgestogether
with covellite as a replacement phase.

Late-stage valleriite occurs as alteration produdf primary sulphides along cracks and
along the edges of these minerals. Various trace sulphides have been observed in the Loolekop
rocks, such as pentlandite, millerite, bravoite, tetrahedptelerite, pyritandgalena Several
PGM have also been detected in sulphide concentrate sar(ipldakh et al., 1998;
Rudashevsky et al., 2004).

4.3 Sample and methods
4.3.1 Samples

A total of 45 pieces of drill coreof variable lengthgrom two boreholes wereskected
from the RilaboraMining Companydrill core collectionfor this microCTFbased studyThe
drill cores have an initial diameter 8tm anchave been cuh quarters along the drilling axis.
A guarterwascollectedfor each sample faanalysis In sane casedhalf of the drill corewas
taken.The boreholes that were sampled were drilledisaiizontally at the second lift level of
the mine, approximately 1250 m below the surface. Twelve samples from different rock types
were chosen for microCanalysis based on their high Gulphide contents, to ensure an
optimal characterization of the mineralizatigkppendix H. After the tomography, a polished
epoxy mount was prepared franespecific piece of drill core to be used for the identification

of the different ore phases.

4.3.2 Tomography

Analyses were performed at the Midaxrus Xray Radiography and Tomography
(MIXRAD) facility at the South African Nuclear Energy Corporation (NESCA), Pelindaba,
South Africa. The drill core samples were placed Rlexiglag cylinder and held in place by
pieces of polystyrene to avoid any movement of the samples in the cylinder dusogrthang
The system is a Nikon XTH 225 CT with a muttetal (Mo, Cu, Ag, W) reflection target-X
ray tube (source). To optimizbe image contrasthe exposure time was set to 4 s dmel
source voltaggo 100 kV. A 0.5 mm Cu filter was used to mininaéi the impact of beam
hardening and to improve-¥y penetrationA 16-bit dynamic range Perkin Elmer fiaanel
detector was empl@g to capture the projections. This detector has an effective size of 400 mm
X 400 mm and a pixel size of 200 um x 200 um. The devesdescribed in detail by Hoffman
and De Beer (2012 he dtenuation 2Dprojections or radiographsere reconstructedsng
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CT Pro 3Dsoftware andthestructure and mineralogical make of the samples weraodelled

using VGStudidvax 3.2according to the procedure described in Eid.

1cm

} Acquisition of 2D attenuation projections

2 Selection of sulphide phases through
sequencing the grey level variation range

‘(\3)‘ Creation of a 3D model of the mineralization
by compiling all 2D projections

Figure4.1: Description of the method applied for data processing, from data acquisition to the 3D model creation.

4.3.3 Mineral Liberation Analysis

Mineral Liberation Analysis was carried out asulphiderich epoxy mounto obtain a
detailed overview of both sulphidd@ses and textures, and therefore optirtereographic
data processing. The polished mount was prepareddidniti core piecepreviously analyzed
by 3D tomography to usi as a benchmark to differentiate between minerals with similar
attenuation coeffients.

The MLA was performed on a FEI Quanta 600 FEG MLA combined with two Brucker
Xflash X-ray detectors at the University of Johannesburg. Analyses were conducted at a
working distance of 13 mm. The acceleration voltage was set at 25 kV and the dutihent a
surface of the specimen at 10 nA:rd&y detectors were calibrated usingCa standard.
Calibration of the Back Scattered Electron (BSE) grey level was performedw;itGu and
guartz standard€ollection timefor sulphide and gangue phasesre set at 10 ms and 30 ms,
respectively. Mapvascreated using the GXMAP mode, consisting efay analysis according

to a grid with a point spacing set at 23 pum.
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4.4 Results
4.4.1 Spatial resolution
The MLA results assembled to phace the 2D attenuation image allowed the
identification of the sulphide phases of interest as well as their textunesh in turn allowed
the attribution of a grey level interval to the different minerkig.(4.1). Mineral Liberation
Analysis also regaled limited spatial resolution of the microBD um; Hoffman and De Beer,
2012) Smaltscale mineralization features visible on thmeralmap cannot be distinguished
on the corresponding 2D linear attenuation projection. Therefore, only main trehdsagm
features of the sulphide mineralization can be observed and interpreted with microCT analysis
(Fig. 4.2)
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] Chalcopyrite
[T valleriite
] Magnetite
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I Fluorite

Figure4.2: (a) Raw microCT 2D projection of sulphide phases (medium greyjarbanatte matrix from the sample HD027
¢ 17 (Appendix H)YbHectron microscopic picture of the same slice, shgwigher spatial resolution. (dJigh-resolution
mineral map corresponding to a part of the picture (b).

4.4.2 Mineral associations

According to combined microscopic observations and microCT results, three distinct
typesof sulphide phases can bbservedwith (i) ganguehosted isolated Caulphides, (ii)
chalcopyrite veins, and (iii) secondary sulphides associated with the twtypiest(Fig. 4.3
and Table 4.1

Coppersulphides isolated in the gangue typicalbmprisefine-grained (ip to500 pn)
dispersed chalcopyrite, locally associated with bornite within banded carbonatite and phoscorite
(Figs.4.3a,4.3, 4.4a,and4.6a). Chatopyrite is also present as small interstitial veinlets (~20
pm wide, maximum ~400 pum long) connected to fdrgergrains (Fig. 4.3c, 43d). Single
bornite grains (~200 300 um) are observed in association with chalcopyrite and locally with
magnetite (ls. 4.3a, 4.3, 4.4c, 4.4d, 4.5d, 4.5d ocally, bornite alteration and replacement
by chalcocite can be observed (Fig. 4.5d and 4Gealcopyrite associated with bornite is
mainly present as exsolution or replacement lamellae in the grains, but also at the contact with
the surrounding ganguksolated Cesulphides can also be present as flat and elongate phases
up to several mm lond-{gs. 46a and 46b, Appendix ). Threedimensional models indicate a
length of >10 mm in some cases, but observations are limited by the diameter of the drill core.
The irregular but rounded surfacef these elongate sulphide assemblages suggest a genetic

link betweerthese phaseenddispersed chalcopyrite and bornite graiipgendix ). Isolated
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Cusulphides are also present as chalcopwattumulationg~3 mm thick in thisstudy; Fig.
4.6a).

Figure4.3: Photomicrographs of different sulphide assemblages observed in the Loolekop Pipe. Bn = bornite, Cbn = cubanite,
Ccp = chalcopyrite, Mag = magnetite, V = valleriite. (a) Typical bornite grain associated with chalcopgrisediis the

gangue. (b) Similar features to (a), with a valleffitked fracture network, and association of magnetite with bornite. (c) and

(d) disseminated grains of chalcopyrite within gangue, with small chalcopyrite interstitial veinlets betwegre gainerals.
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Table4.1: Summary of sphide typesand their respective textures within the Loolel&ipe.

Type Textures Corresponding sulphide associations
-Small-sized (< mm) subspherical grains -Bornite and chalcopyrite grains (Figs.
4.3 and 4.6a)
-Flat, elongate mm- to cm-long assemblages -Chalcopyrite and bornite aggregates

Sulphide layers (Figs. 4.6a and 4.6b)

- mm-thick accumulations (Fig. 4.6a) -Chalcopyrite
-cm-wide veins (Fig. 4.6¢) -Chalcopyrite
Veins
-Adjacent veinlet network (Fig. 4.6¢) -Chalcopyrite
-In veinlets across primary sulphides and at grain  -Valleriite across chalcopyrite and
boundaries (Fig. 4.6d, Appendix I) bornite
Alteration
-In small fractures in proximity to primary -Valleriite around chalcopyrite and
sulphides (Fig. 4.3b) bornite

The second major sulphidgpeis characterized by wide chalcopyrite veifgy6. 4.5b,
4.5c and 4c). The width of such veins is highly variable araeh reach-1 cm in this study
(Fig. 46¢).

Microscopic observationsand microCT analysigeveal the presence of secondary
sulphides as latstage valleriite associated with chalcopyrite and boragewell as with
magnetite(Figs. 4.3b, 4.3d, 4.5f and6gl). However, its distribution among tleamples is
heterogeneous. Some samples \akeriite-free (Figs 4.60 and 46¢), while others host a
significant amount of this alteration mineraFig. 46d). According to microscopic
observations, valleriitss very finegrained(Figs. 4.3b and 4.5f)/alleriite can also be observed
in veinlets across the gangue (Figs3b and 4b). MicroCT analysis revealthe presence of
valleriite associatedwith all types of chalcopyrite and bornite mineralization (dispersed,

elongated assemblages and cumulatesg thechalcopyrite veins (Fig. 8).
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Figure4.4: Photomicrographs of different sulphide assemblages observed in the LoBlpkoBn = bornite, Cbn = cubanite,
Ccp = chalcopyrite, Cc = chalcocite, Mag = magnetitént@sytitial chalcopyrite and magnetite between gangue grains. (b)
Parallel magnetitefilled veinlets, also hosting chalcopyrite in thakial zones(c)Bornite grains with chalcocite alteration
within the gangue close to magnetite. (d) and @3persed grains of magneti@nd bornite with interstitial chalcopyrite
veinletswith locallyinterstitial bornite veinlets across the gangftep of pictured). Presence admall chalcopyrite interstitial
veinlets between gangue minerals. A§semblage of cubanite and magnet#éthin carbonat gangue.
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Figure4.5: Photomicrographs of several sulphide assemblages within the LodRge@Bn = bornite, Cbn = cubanite, Ccp =
chalcopyrite, Cc = chalcocite, Mag = magnetite, V = valleriit€ofaplex assemblage of cubanite and chalcopyrite hosting
both pyrite and magnetite. (bjlydrothermal sulphide assemblages with both chalcopyrite @nghnite cut by latestage
veins filled by magnetite and valleriite. Bornite, together with magnetitedisseminatedvithin the gangue. Bornite may host
significant amounts of chalcocite. Ganghested parallel magnetite veinletare observed. (f)nterstitial magnetite between
gangue grains with latstage valleriite.
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elongate assemblages elongate bornite-chalcopyrite assemblage

cumulate
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disseminated bornite-chalcopyrite grains
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C

sulphide alignments valleriite alteration

Figure 4.6: Synthesis of the different types of primary sulphides. Picture (a) shows large patches of bornite (purple) and
chalcopyrite (orange). Sulphide textures in (b) display alternating layers of sulphides with different textures. Thes sulphide
picture (c) show strong alteration leading to the formation of valleriite (green). Picture (d) displays a massive clealeapyrit

at the top and underlying parallel sulphide layers.

4.4.3 Planar sulphide layers
Dispersed sulphideform planar layers withinthe banded carbonatité phoscorite
sequenceSuch layers are composed of either small grains, ortmomlong, flat, elongatd
assemblages anm-wide sulphide cumulated.ayers of a certain sulphide texture may be in
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contact with layers of another (Fig.64). The alternation between dispersed sulphides layers
and flat elongate chalcopyritornite assemblages as wellsagphide cumulates are common
and form macroscopic banding.

The orientation of such sulphide layers in the samples and tHeosizbntal dip of drill
core samples suggest that they are\gertical and parallel to thieanding in thenterlayered

phoscorie and banded carbonatite and the edges of the LooRgegAppendices H and) |l

4.5 Discussion
4.5.1 Textures and origin of magmatic sulphide mineralization

Characterization of sulphide textures enables the recognition of diffeypes of
mineralization Figs.4.3 to 4.6,Table4.1). The first sulphide assemblaiype present irboth
banded carbonatite and phoscorite as layers of isolateslihides, is of magmatic origin
consideringthe specific texture of the ore minerals. As indicated by microCT resuitsl}
size dispersed sulphides are isolated in their host rock without association with structural
features, indicating a synchronous emplacement with carboRatesdes and silicate@-igs.
4.3ato 4.3d, 4.4a, 4.4c to 4.4f, 4 Ga)elongated assemblas, bornite is mainly present inside
the aggregatesAppendix |, sample 22 making its recognition within the 3D model
challenging. The relationshietweerborniteandchalcopyrite can only beffectivelyassessed
by sequential observation of Zidtenuation projectionsr by optical microscopyFigs. 4.3a,
4.3b, 4.4d and 4.4e, Appendix IThe lower resolution of microCT compared to electron
microscope imagery does not permit the recognition of chalcopyrite exsolution or replacement
in bornite asvell as other micrometescale textural featurdfig. 4.2)

The presence of both chalcopyrite and bornite within banded carbonatite and phoscorite
in the LoolekopPipe indicates a magmatic origin of dispersedddiphides and sulphide
cumulates. MicroCTesults also show a clear dominance of chalcopyrite over b{Fitet.6)
while microscopic observations rather indicate a bowhiieinated mineralization suggesting
a heterogeneous distribution of the mineralization across the intrusive pipe. Tiee rela
proportions ofbornite and chalcopyrite show a substantial variation between the different
sulphide layers (AppendiX), suggesting the successive involvement of different sulphide
liquidsin the developmertdf Cu-sulphide mineralizatiom the LoolelopPipe. Sulphide liquids
of different composition may have contributed to the formation of distinct sulphide assemblages
during the emplacement of the banded carbonrplitescorite complex and cooling of the
system (Cabri, 1973).
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The sharp contacbetwea chalcopyrite veinsand gangue material suggesta
hydrothermal origin of this ore phagéig. 46c, Appendix ). Only one occurrence has been
observed in this study. Such a sulphide texture contrasts with isolatea@udes, which are
characterized bgn irregular contact between ore phases and gangue @y. s unclear if
the planar sulphide alignments parallel to the vein are of hydrothermal origin. The absence of
dispersed grains and isolated cumulates sugtesdtsuch alignments resulttdm the filling
by sulphides of gaps within the gangpessibly by precipitation during a fluid circulation cycle

associated with mineral dissolution during the hydrothermal episode (Le Bra6f@l.,

4.5.2 Sulphide layer formation processe(s)

Subvertical sulphide layersre parallel tathe banding in th@hoscorite and banded
carbonatite (Fig2.2, 4.6 and4.7, Appendix ), suggesting that the procassponsible fothis
very specific feature may be the same as forftrmation of thebanded carbonatité
phoscoritesequencelsolated sulphide layer textures do not show a clear spatial correlation,
indicating the operation of several independayeri forming events.

The involvement of different sulphide liquids coiméd with presence of suertical
phoscoritecarbonatite and sulphideandssuggest the successive emplacement of different
magma pulses in the Loolek&jpe, with decreasingeoxide, apatite and silicate contents from
early to late stages of the intrusion process. Magma immiscibility during pulse emplacement is
most likely responsible for the presence of #iternatingbanded carbonatité phoscorite
layers (Krasnova et al., 88a and b Giebel et al., 2019). The emplacement of a carboriatite
phoscorite sequenda several intrusion stages has likewise been observed for the Kovdor
intrusionin the Kola Peninsula, Rusgidrasnova et al., 20@} The preferential emplacement
of phoscoritealongthe external boundaries of the LooleKéipe can be explained by density
separation during rotational movement of the magma (Basson et al., A&y on the
intersection of fractures and shear zones, and rotation of their segmeius tetate another
Subvertical sulphide layers may have formedthe same process. Alternatively, a significant
number of magma pulses of limited volume may have been emplacesime#taneouslyeach
forming a banded carbonatite phoscorite banding(Figs. 2.2b and c;Heaman and
LeCheminant, 1993; Reischmann, 1995; Wu et al., 2011). In this case, textures may be linked
to the emplacement conditions of the melt pulSé& tdalcopyritei bornite assemblage may
be present as small, dispersed grainstdube emplacement of a limited volume of melt and,
therefore, of sulphide liquidilhe mm to cmscale elongated magmatic sulphide assemblages

may have formed by emplacement of moderate melt/sulphide liquid volumes, forming large
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sulphide patches with amegular surface. This surface indicates that the assemblages may have
formed by merging small sidegrains together, most likely by magma flow, forming flat,
elongated sulphidaggregateparallel to the layestrike. Sparse crwide cumulates (Fig..8b)

may have formed by the involvement of larger volumes of magma and sulphide liquid, pushing
sulphides towards the contact with the rock that was emplaced during a previous melt pulse,

and therefore formingym-wide cumulategFig. 4.6a)

4.5.3 Formation of hydrothermal sulphides

Hydrothermal veins show meatcontact with the host rock, indicating that chalcopyrite
precipitated along fractures during this stagddPoraviining Company Ltd Staff1976). Such
sharpedges of hydrothermal veins can easiy distinguished from the magmatic cumulate
texture, which rather shows an intricate association with the gangue. Sulphide planar alignments
parallel to the veins can be obseruetheir immediate proximity. The corresponding 3D model
does not show any lknbetween such alignments and the hydrothermal vein itself. The
resolution of microCT imagery may be insufficient to allow the identification of small fractures
that may have acted as pathways for hydrothermal fluids within the host rock. A cogenetic link
between hydrothermal vein and adjacent sulphide phases may be a reasonable assumption.
Similar Fe isotope compositiorizetweenhydrothermal chalcopyrite analdjacentsulphide
veinlets indicate precipitation of chalcopyrite from hydrothermal fluids intoetwark of
veinlets along the contacts to hydrothermal mineralization, whiwths further support tihis
hypothesigSection 6.3.4.2)Le Bras et al.2020.
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/ P d -Successive intrusion of melt pulses
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4 -Preferential emplacement of phoscorite at

the external boudaries of the pulse

-Formation of subvertical sulphide layers

® e -Occurence of a structural event forming a
fracture network with the pipe

-Circulation of high-temperature hydrothermal
fluids

-Precipitation of chalcopyrite and cubanite
along the fractures

-Late fracturing of the pipe

-Circulation late-stage fluids leaching the
primary and hydrothermal mineralization

-Formation of valleriite by desulphurization
of pre-existing sulphides

Figure 4.7: Model of the sulphide mineralization formation within the Loolekop Pipe. The first step shows the successive
intrusion of melt pulses, each forming phoscorite along their external boundaries and carbonatite towards the core of the
intrusion as well asubvertical sulphide layers. The second step is characterized by a structural event and the precipitation of
chalcopyrite from highlemperature hydrothermal fluids along the fractures. The third step shows the appearance of valleriite
associated to latestage fractures in chalcopyrite and bornite layers.
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4.5.4 Late-stage alteration characteristics

Threehypotheses exist regarding the origin of valleriite within the LooldRipp: (i)
ateration and replacement of magmatic and hydrothermal sulphides by va{lsyntbaard et
al., 1964; RlaboraMining Company Ltd Staff1976; Giebel et al., 2017; Milani et al., 201,7a)
(i) dissolution of magmatic and hydrothermal sulphide phases gmeceitation of dissolved
material as valleriite (Giebel et al., 2017; Milatial., 2017} and (iii) deposition of a thin
valleriite film on the primary sulphides gRboraMining Company Ltd Staff 1976). The
hypothesis (ii)throughdesulphurization of primary sulphides by an oxidizing fluid resulting
in the formation of both valleriite and magnetitepresentshe most likely pssbility (Figs.
4.5a and 4.5b)Le Bras et al.2020.

Microscopic observations and microCT analysisvslan alteration of magmatic sulphide
by latestage fluids as well as their dissolution angbrecipitation as valleriite along adjacent
fractures (Figs4.3b and 46d, Appendix | sample 57). A dissolutioh (re)precipitation cycle
related to latestagefluid circulation is very likely, but valleriite may predominantly be the
result ofin-situ magmatic sulphide alteration as shown by the dominant presence of valleriite
at the external boundaries and along fractures within magmatic sulphide phaset3Figs.
4.6). Gangudfilled fracturesin proximity to valleriite i magmaticsulphide assemblages
support fluid circulation andh-situ replacement of primary sulphides by valleriite. Three
dimensional models do not show any major fractures filled withniédl@cross the host rock
(Appendix | sample 53)implying a limited transpomf the dissolved material.

Valleriite is heterogeneously distributed among the samgdese samples do not show
any alteration othe chalcopyritei borniteassemblagew® valleriite. Circulation of latestage
fluids may have been facilitated by a structural evéhe latter formed fault and shear zones
in the pipe,postdating the emplacement of magmatic and hydrothermal mineralization (Fig.
4.7). The absence of fractures and veins, convergalgyentedfluid circulation and

consequentlytheformation of valleriite leaving primary sulphide assemblages intact.

4.5.5 Gas bubblesas potential carriers of sulphide liquid
Phlogopite dispersed within the carbonated gamgseen tde surrounded by a sulphide
aureole most likely chalcopyrite and/or bornitgig. 4.8,Appendix|, sample31). Valleriite is
unlikely to occurin this context due to the relatively high brightness of the phase of interest.
Iron sulphides are also not plausible since these phases remained at depth as indicated in
Chapter 3This rare feature, only observed in one sample, may suggest transp&daiioa

of the sulphide liquid by exsolveghsbubbles, which further crystallized as gangue minerals
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as suggested by the subspherical shape of the disseminated phl@doapgell et al., 2015;
Barnes et al., 2019). The lack of evidence for this feahag be explained by emplacement of

one single pulse that waarrying gas bubbles

Gangue minerals

Figure4.8: Phlogopite (dark grey) surrounded by sulphide aureoles (light grey) in a calcite matrix.

4.6 Conclusions

MicroCT analysis of several drill core samples, representing three major rock types
(phoscorite, banded and transgressive carbonatites) within the LodRgkepreveal the
presence of sulgertical sulphide layers parallel &dternatingbandsof phoscorite and banded
carbonatite. Such layers are composed of (i) small (< 1 mm) dispersed sulphides, (ii) elongate
flat sulphide aggregates (> 1 mm) and (iii) chalcopyrite cumulates\(mae). The irregular
and granular surface of elongate aggregpaeallel to the layer axis suggests that they formed
by accumulation ofliscretesulphide grains. Modal proportions of bornite and chalcopyrite are
highly variable from one layer to another, suggesting the presence of compositidfeignt
sulphide ligquids producingmagmatic sulphide phases. The alternating distribution of banded

carbonatite and phoscorite within the LoolekBipe and the involvement of several ore
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forming sulphide liquids reinforce the notion that the banded carbonhatitescorite coplex,
as well as the sulphide layers, are the result of emplacement of several magma pulses. Such
pulses became more depleted indx@les, silicates and phosphate in the course of intrusive
activity. Melt immiscibility, rotation and involvement of sevieraagma pulses may have
resulted in the formation of alternatibgnds ofcarbonatite and phoscorite. Formation of-sub
vertical sulphide layers hosted by these two rock types is linked to the same processes. Sulphide
textures formed in response ¢banging conditions duringnagmaemplacement. Dispersed
sulphide layers may have formed from a restricted amount of melt/sulphide liquid. Sulphide
patches may be related to the association of dispersed sulphides from a moderate amount of
melt/sulphide liqid, and sulphide cumulates from largeolumes of melt/sulphide liquid,
pushing sulphide phases and phoscorite towards the external boundaries of the intrusive body.
High-temperature hydrothermal fluids precipitating large amounts of chalcopyrite along
fractures across the Loolekdfipe also circulated within small fracture networks adjacent to
the hydrothermal vein itself, forming smalzed chalcopyrite veinlets in the host rocks.
Valleriite was derived from the alteration of pexisting magmatic sulpdes. No
valleriite has been observed in fractures across the gangue, indicating a Gunitedbility.
The alteration is heterogeneously distributed across the LodRgi@@and was likely controlled
by the presence of fractures. Only sulphides in proxitaitfractures were affected by late
stage alteration and valleriite formatjoeaving parts of the magmatic and hydrothermal

sulphide layers unaltered.
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Chapter 5
Copper and Iron Isotopic Analysis and Spatially Resolved SamplingA New Method
for Ore Characterization

5.1 Introduction

Over the years, Cu and Fe isotopic analyss proved to be a useful tool for the
characterization of various geologigalocessessuch as partial melting, metasomatism or
fractiond crystallization(Dauphas et al., 2014; Zambardi et al., 2014; Liu et al., 2015; Savage
et al., 2015; Dauphas et al., 2017; Moynier et al., 2017; Johnson et al., 20pPerandFe
isotopic canpositioral variation in sulphides and oxidesshiaeen used to characterize ore
depositsthrough analysis oimineral separates. However, this method has a significant
drawback:small-scale isotopic variations cannot be properly measuredtheckfore, som
oreforming processes remain undetectidsitu sampling techniquescombinedwith ion
exchange chromatography fioaction purification priorto mass spectrometryay solve this
problem and provide spatially resolved results for optimized paragamntetigretation

Sulphide and oxide samplday in-situ techniques however, carcontain significant
amounts of Cu and Fe andonsequently need specific chemical processing during
chromatography to avoigotopic fractionation during elution or poor recoveBgeveral ion
exchange chromatography procedures already exist to handle silicate samples, tarenone
dedicated to sulphidew oxides This chaptedocumentsa new method specifically designed
for theion exchangeeparation of Cu and Fe fractions from sulphide and oxidenorerals.
This method ighenapplied toprocessing and measuremeniCaf and Fe isotopes fro@u

sulphidesof the LoolekopPipe as described in Chapter 6

5.2 Background
5.2.1 Isotope fractionation processes

Iron isotope systematics have been extensively usedvéstigatedifferent types of
geological processes for a better understandingaath formation and evolution ev time
(Beard and Johnson, 1999¢hoenberg and von Blanckenburg, 2006; Weyer and lonov, 2007;
Chapman et al., 2009; Sossi et al., 2012; Dauphas et al., 2017; Johnson et al., 2020). Since the
adventof multi collector (MC}CP-MS, in which mass bias is si@r to correct for tham TIMS
measurement§rhermal lonization Mass Spectrometry), the use of Fe isotopesxpasded
significantly over the last two decades (Beard and Johnson, 1999; Belshaw et al., 2000
Dauphas et al., 2009Millet et al., 2012. Several types of fractionation processes can account
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for variations in Fe isotopic compositions in rocks and minerals. They can bedlinidwo

categories: (ikinetic and (ii) equilibrium processéauphas et al., 2017; Johnson et al., 2020)
The first category consists of diffusion, thermal diffusion, condensation, evapoeaion

well as various other kinetic processes. Diffusioa smple processvhich is based on the

ability of light isotopes to move more easily than the heavy ones. This is also the case for

thermal (or Soret) diffusigiwhere light isotopes move towards thgthtemperaturgars of a

system and the heavy towlarthe coldr regions(Lundstrom, 2009; Zambardi et al., 2014)

Such phenomenon can be characterized and quantified by the following equation:

- — (5.1)

where D and O are the diffusivities of two isotopes i and j, with amd m representingtheir
masses, respectivelideta (b) is between 0, where no fractionation occurs, and Wttere
equipartition of monoatomic gas energgcurs(Dauphas et al., 2017). Soret diffusion can
explain various Fe isotopic fractionation phenomena during gealogiocesses and Fe
isotopic compositiosof different rock typesRichter et al. (2008 and b, Huang et al. (2010)
and Zambardi et a(2014)havesuggestdthat Fe isotopic variations in magmatic suites may
be related to thermal fractionation. Heavy Fe isotaquexentrateéowards the colcéreaof a
magmatic suite during differentiation.

Condensation processes are poorly constrained, and c#merefore be properly
guantified. However, evaporation can be characterized and modelled by thékigisen
equation (Dauphas et al., 201Hotopic fractionation occurring during evaporation can be
calculated as follow&Richter et al., 2002, 2007; &iter, 2004; Dauphas et al., 2015)

W W P — W (5.2)

where P is the vapour partial pressurexPh e pr e s s ur eegqididnthesisotopicr at i or
fractionation factoraé q u i | i b ideitdefinesl asd

(%) pPpTITTH — p (5.3)

wh e ri & n @aredhe evaporation coefficients of isotopes i and j, arahthnj, their masses,
respectively.
High-temperature evaporation processes are rare. Moghesh occur as stellar

phenomena, such as Fe evaporation fisotar nebulae Mullane et al., 200bor planet
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collisions (Poitrasson et al., 20043otopic fractionation related to chemical reaction kinetics

is the least understood isotopic fractionation phenomenViost workthus far hasocused on
redox reactionsunder experimentalconditions (Dauphas et al., 20)7 Kinetic isotopic
fractionatiors are complex processes, which are difficult to quantify and characterize. They are
most likely the combination of several processesich mayproduceisotopic fractionation

such as redox and diffusion.

Equilibrium isotopic fractionation processesmineral-mineral (Dauphas et al., 2004;
Dauphas et al. 2007; Shahar et al., 20@8heratmelt (Schuessler et al., 2007; Poitrasson et
al.,,2009Shahar et al . 20 15,;fluidSloids(¥elch et al.d2003;cHMend! | , 2
Schauble, 2008nd fluidmineralpairs(Skulan et al., 2002Viesli et al. 2004; Wu et al., 2010;
Saunier et al., 2011, Frierdich et al., 2ptdnalsobe constrained by the use of Fe isotopic
analysis. An equilibrium process is the isotope exchange between two phases until
thermodynamic equilibrium is reached. In such processes, isotopic fractionation is directly
related to Fe bond strength, coordination and redox stéy,(1947; Dauphast al., 2017).
Isotopic fractionation is dependent on the bond strength of Fe emvisonment (Bigeleisen
and Mayer, 1947). Heavy Fe isotopes are characterized by high valence and low coordination.
AccordingtoO6 Ne i |, the BAoBi6 equilibrium fractionation factor between two phases
A and B is defined as:

| YT rY7 (54)

This coefficient formulates the fractionation between two phésssabove, with R
beingthe abundance ratio between the rare isotope (i) and the abundant one (j). It can also be

written as following:
W T p T TH (55)

or, alternatively as:
W primaE | aEf (5.6)

The latter is based on calculations and is not measured, which is a significant advantage
since the error is smaller. Such calculations are madg @@nsity Functional Theory for the
determination of 1000l nb to compute the &ele
chemicalspecies Blanchard et al., 2009; Rustad and Dixon, 2009ji et al., 2014). Other
calculation approaches exist such the Hartred-ock and Mgller Plesset methodss
mentioned by Fuji.i et al . ( 2 Ofacto) calculatiors are me t h
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explained in detail in many studies (Anbar et al., 2005; Wells et al., 2005; Hill and Schauble,
2008; Ottonelloand Zuccolini, 2009; Schauble et al., 2009)

In the case of equilibrium processes, Fe can tefharacterie two types of systems.
The first one consistsf the complete exchange of isotopes between two phases and is referred
to as a closed system (Jabn et al., 2020)According to Criss (1999),he isotopic
fractionation values for this setting can be approximated as:

70 10 o (5.7)
where E is the element of interest, A andrBthe two phases of the systesach that
0 PTTT P (58)

As mentioned above, several types of equilibrium processes occur in gectetficals
The first type involves minerahelt and mineramineral fractionationMany studies focused
on the fractionation of Fe isotopes between minerals and melts (Sossi et al\WAD4A&rs et
al., 2018;Ding et al., 2019;Peters et al.,, 20)9providing imprtant information on the
behaviour of isotopes during meltingfoactiond crystallization.In studiesof natural isotopic
fractionation between minerals and melt, experimental work has been successfully carried out
under high pressure and temperaturendions for the determination of Fe isotopic
fractionation in different systenisShahar et al ., 2008; Poitrasso
2017) The presence of significant amount of S in a métal phase tenslto encourage the
fractionation ofheavy isotopes in the tat (Poitrasson et al., 2009; Shahar et al., 2015)
Mineralmineral and minerainelt fractionations are controlled, like most of the isotopic
variation, by Fe coordination and valence in the minerals concerned and the associated redox
reactions (Sossi a ffluid acdofidNdefluid ftactiona&i@n s gayticularMi ner a l
complexto quantify sinceit is difficult to reach equilibrium in such systems experimentally
and kinetic processes are most likely involved during the isdtaptionation processes. As
for most of theequilibrium and kineticriaictionationprocesses, equilibrium betweer?Fand
Fe* in solution plays a significant role (Johnson et al., 2002; Welch et al., 2003), but
temperature, more so than in other systems, plays a preponderant role grddcerea
significant change in fidionation (Saunier et al., 2011).

The constant removal of a phaBefrom a systemA during a Rayleigh fractionation
process causes isotopic fractionati@ayleigh fractionation occam open and closed systems,
in both equilibrium and kinetic environmenihe isotopic fractionation in such conditions is

modelled according to the following equatidtafleigh, 1902
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— Q (5.9)

wheref is the remaining fraatn of A and[R"]; is the initial isotopic ratio. As mentioned by
Johnson et al. (2020), the phagesduced bya Rayleigh fractionation are isolated from the
system and cannot be involved in further isotopic fractionation. The fact that the products are
isolatedsuggests thdarge variations imsotopic compositionvill result.

High-temperature processes haveerbeextensively investigated through Fe isotope
systematics since the end of the 1990 with a specific focus on sikeatle and mantle
processs It has beemlemonstratethatthe Earth has a heavier Fgotopic composition than
chondrites (Poitrasson &k, 2004). This may be related to a vaporisation procesedbatred
duringa hypothetical collisiobetweenEarth and another planethich subsequentlgause
isotopic fractionation(Poitrasson et al., 2004). A recent stuady Lesher et al. (2020) has
suggestedhatthe Fe isotopic fractionation process is related to Soret diffusion involving the
mantle as cold end of the system and the earth caisehet end. Multiple studies (Wiams et
al., 2005; Weyer and lonov, 2007; Wiliams and Bizimis, 2014) have focused on the
characterization of mantle processes at the origin of Fe isotopic fractigreatednas partial
melting and metasomatism. Successive processes of depletion-fantilization may have
initiated a heterogeneous mantle in terms of Fe isotopic composition. However, mantle values
systematically overlap witthe chondrite Fe isotopicange(Williams et al., 2005; Saenberg
and von Blanckenburg, 200Bauphas et al., 27; Craddockand Dauphas2011; Poitrasson
et al., 2013; Dauphas et al., 2017). Craddock et al. (2013) found similar Fe isotopic ratios in
abyssal peridotite and chondrite. Williams and Bizi(2i314) have shown that partial melting
events produce enrichmat of the melt in heavy isotopes. To explain this Fe isotopic
distribution Weyer and lonov (2007) proposed partial mekielgted isotopic fractionation
based on Rayleigh distillation of a peridotgeurce rock and founda residuemelt Fe
fractionationvalueof 0.1-0 . 3 a . B yisotopid fraagionation model exclusively driven
by changes in Fexidation state during partial melting, Dauphas et al. (20@8und similar
fractionationv a | u e s at@ 00%datt@l melting).

Iron isotopefractionation also occaiin crustal silicate rocks. The enrichment in heavy
isotopes seems to be positively correlated \thisr SiO, content Poitrasson and Freydier,
2005; Heimann et al., 20p&hyolites and granites are enriched in heavy isotopasivelto
other crustal rock types. Several explanations have been suggestsdribethis feature. The
first proposes$-eleaching by CGirich fluids, preferentiallyremobilizing light isotopes (Chapman

et al., 2009). Isotopic fractionation through Saliéfusion has also been suggested (Zambardi
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et al., 2014). However, the most likely option remains fractional crystallization combined with
diffusion (Sossi et al., 2012).

Iron isotopes have been successfully used for the characterizationrsafphele ad
oxide ore deposits (Graham et al., 2004; Wang et al.,, 2015 Weis, 2013; Wawryk and
Foden, 2015; Hiebert et al., 2016; Zhu et al., 2016; Gunther et al., 2017; Zhao et al., 2019).
Variations of Fe isotopic composition in ore minerals have heeful to characterize the ere
forming mechanisms of a deposit, in particular the presence of low ostdnglerature
processes. Significant differences exist betweetbdaging sulphides in terms dfeir Fe
isotopic composition.

In a similar way Cu isotope systematics have been used to characterize geological
processes since the pioneering work of Maréchal et al. (1999) and the use|GPNICS
instead of TIMS for isotopic analiys with standaresample bracketing (SSB) and elemental
doping (Belshaw etla 2000; Mason et al., 2004; Peel et al., 2008; Larner et al., 2011; Sossi et
al., 2015). Copper isotopic fractionation mechanisms are simillaose that contrdte. As for
Fe, many studies investigdteCu isotopic fractionation processes by deterngnithe
equilibrium constant A{iniiocalcukstiors based on wave fulction g e |
of atoms (Fujii et al.,, 201014 Sher man et al ., saldvihe Jirect Suc h
calculation of isotopic fractionation between two phasethomt any measurements as
describedy Equation5.6.

Copper isotope systematics have been used for the characterization of rocks and rock
forming processes (Ben Othman et al., 2006; Li et al., 2009; Fellows and Canil, 2012; Lee et
al., 2012; Liu et al., 2Ib; Savage et al., 2015; Huang et al., 2017). Significant work has been
done over the years on determinthg Cu isoto compositionof chondritesrevealing a wide
variation rangel(uck et al., 2003, 2008arrat et al., 2012). Such variations may be ttue
mixing of different components during early solar processes (Moynier et al., ZBg&&licate
Earth alschaswide Cu isotop compositioml variations (Liu et al., 2015). Such variatioas,
with Fe isotopic ratios, depend on the different successive partial meigsomatic
processsin the mantle, ands withFe, the Cu isotopic ratio for Bulk Silicate Earth is therefore
particularlydifficult to estimatgMoynier et al., 2017). Several stad focusing orCuisotopic
ratios in various rock types (komatiitesgean island basajtgranites, peridotites) suggest
limited Cu isotope fractionation during partial melting (Ben Othman et al., 2006; Li et al., 2009;
Lee et al., 2012). Unlike igneousckswhoseFe isotopic signatussaresimilar tothat ofthe

mantle, surficial processes, such as weathering, initiate very strong Cu isotopic fractionation.
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Severalstudies (Graham et al., 2004; Fernandez and Borrok, 2009; Mathur et al., 2010;
Ikehata €al., 2011; Asadi et al., 2015; Mathur and Fantle, 2015; Baggio et al., 2018; Kim et
al., 2019; Zhao et al., 2019) have successfully investigated ore formation processes by
measuringCu isotopic variations. It is noted that magmatic mineralization isactenized by
~-1a ®CuWw < ~ 1a, while alteration minerals ha
-16.5a to 10a). The main parameter controlli
related to the distribution afs isotopesamong minerals witlCu in differentoxidation states
throughvariations in Ceanionbond strength and coordinatiohCu speciegZhu et al., 2002;
Ehrlich et al.,, 2004; Mathur et al.,, 2005)he large isotopic variation of supergene
mineralization in many ore depos#fected byweathering processespportgshe predominant
role of redox reactiong Cu isotopevariations (Asael et al., 2009; Mathur and Fantle, 2015;
Baggio et al., 2018; Zhaet al., 2019). Despite a probable influence of phase equilibrium
fractionationon Cu isotopic budgetthe influence of such processmay not have been
predominant (Markl et al., 20@6Moynier et al., 2017).

5.2.2 lon Exchange Chromatography

lon exchangechromatography (IEC)vasdiscovered in the middle of the?6entury and
has beemsed sincehento separate specific chemical elements ftheir hostmatrix (Kraus
and Moore 1953; Nelson and Kraus, 1958his versatile process is used in varidisgiplines
from isotopic geochemistry for research purposes to industrial mining procebses it is
aimed at the recovery of matesalf economic interest. Several variations of the separation
procedure hee been suggested, involving different types and volumes of acid at various
concentrations.

Pioneeringvork by Maréchal et al. (199®stablishedeparation of Fe, Cu and Zn by ion
exchange chromatography, from several rock types and geological star@idosksquently,
several changes concerning the chemical procedure have been su@@eapedan et al., 2006;
Borrok et al., 2007Larner et al.,, 2011Sossi et aJ.2015), as well as for MOCP-MS
measurement parameté®hu et al., 2000Weyer and Schwietsy 2003 Arnold et al., 2004;
Mason et al., 2004; Millet et al., 2012; Liu et al., 20Chen et al., 20)7 Much research
focused on sulphide ore depositscluding mineralization processes hypogene and
supergene deposits, by Cu isotopic analysjs and successfully identified different
crystallization/precipitation events (Markl et al., 2@08lathur et al., 2010). Howeven most

of the casespre deposits haveot been investigated usirgpupledCu and Feisotopes, with
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only a fewexceptions (Graham et al., 2004), whioly limit our understandingf the ore
forming processes.

The necessity to use combined Fe and Cu isotopes to charactersdp@ide ore
deposisis described in detail in the following parts of this chagteadition, a modified ion
exchange chromatography procedure based on the work of both Maréchal et al. (1999) and
Sossi et al. (2015% also suggestetd beapplicableto sulphides fronvariousCu and Fe ore

deposits.

5.3 Sampling

Various studies aiming at understanding the mineralization prodess€x ore deposit
haveusal handpicked sulphides for Cu and/or Fe isotope analysis (Graham et al., 2004; Markl
et al., 2006; Mathur et al., 2010, Wang et al., 2011; Mathur et al., 20&2adi et al., 2015;
Wang et al., 2017; Baggio et al., 2018). However, in the case of complex ore assemblages
where mineralogy can change at the scale of seflvenalredum, such a procedure is inaccurate
and doesiottake into account potential smaltale oreforming processes. As a matter of fact,
in the case of smaficale ore assemblage variations, corresponding isotopic fractionation
processes cannot be detected by lsgpe sampling. When using whateck or large sulphide
sample, the resultarisotopic ratios will reflect an isotopic averagepotentially manysmalk
scale process(et)at affectedhe assemblage. The use of spatially resobaedpling such as
laser cutting andnicro-drilling, may avoid this problem and improve thederstanding of

sulphideparagenesis ore deposg.

5.3.1 Laser microtomy

Laser cutting as a sampling method has been considered in this study to solve the small
scale isotopic fractionation problerfisogue et al., 208). Its high spatial resolution makes this
method particularly relevant for complex assembla§eseral studielsave already used a laser
to performin-situ stable isotope analysis, by connecting a mass spectrometer to tH{&eker
et al., 2006 Chmekff et al., 2008Gilbert et al., 2014Frick et al., 201p However, sucln-
situ analysis does not separate the element(s) of interest from the,mdtick may cause
major interferences during measurements. lon exchange chromatography is the nimest suita
method toseparatéhe analyte from a geological matrix.

The laser cutting methaglas employedh thisstudyon a standard thin section to provide
precise, controlled and spatialigsolved sampling of Gsulphides. Sulphidech areas were

defined ondrill-core pieces from which a 100 to 150 um thpekishedsection wagprepared
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Crystalbond 509 resin was used during the preparation of the thin section. This resin easily
dissolves in acetone, making it possible to extract the area of interest from the rest of the thin
section after laser cutting. In this study, we used a New W&/€13 (213 nm)aserwith a
Nd-YAG ESI TempestlO source. The most suitable sampling area is defined based on sulphide
assemblage size and texture. Once cut, a small volume of acetone is applied to the area of
interest and the resin below the sample suleseity dissolved. A small volume of acetone is
necessary to avoid the dissolution of all the r@sthe polishedsection. The extracted sample
is thentransferrednto a drop of MilliQ HO and taken with a pipette for further processing.

Laser tuning i|2 necessary step to avoid melting or disaggregation of the target. Several
parameters were optimized to determine the optimal laser cutting parameters for sidphbfdes
as the spot size (55, 30, 15 and 12 um), the laser repetition rate (10, 12, Blaié,2D Hz),
the energy output (50, 60, 70, 80 and 90%), and the number of passes over the designated path.
The laser speed at the sample surfaasfixed at 70 um.3 for an optimal comparison of the
other parameters.\Wwasobserved during laser cutgriests that medium amigh-energyoutput
(>50%) and repetition ras€>12 Hz) trigger melting of the sample surfaas well asalong the
walls of a cut fragmentSince there are no homogeneous isotopic certified sulphide standards,
it is impossible todst ifthe meltingcausedany isotopic fractionation by thermal diffusion. In
comparison with the size of the samples, this effect could be negligible, but further
investigations are necessary before ruling out the possible influence of this proces&eSpot
does not have any influence on the laser cutting efficiencygffedtsacetone infiltratiorinto
the resin bed. Fast infiltration may promote the dissolution of acetama significant surface.
On the other hand, if the cut is too narrow, thenressolution will be too slow or even
insufficient to ensure optimal extraction of the sample. Optimal parameters for laser cutting are
a repetition rate of 10 Hz combinadth a 50%energyoutput to avoiceventualmelting of the
sample. Since both the repetition rate andethergyoutput have to be maintained at a low
level, the number of passes has to be high to cuentiee sulphide/rock slice and reach the
resin bed. Tests revealed that a minimum of 60 passexessary to reach the resin requiring
a very long time (up to i) to delineate the target.

The Crystalbond 509 reswmasanalyzed by ICRMS to detect trace elementghich may
causeproblems during sample processing (TahlB. The presence of Cunad Zn at the ppm
level in the resin requires careful cleaning of the resin from the sawiglEh givenits sticky
state once dissolved by acetone, can be delicate. Considering the usually small amount of
sample extracted from the thin section, it is Nkitlat the resin may affect the isotopic analysis

results. Afterdeliberatingthe abovementioned observations and required parameters, for
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mattes of convenience, time and cosptimization, laser cutting, despite its high spatial
precision is not the massuitable method for sulphide samplira;d was consequently not
implemented for routine sulphide sampling for isotopic analysis in this study.

Table5.1: Trace element composition of the re€inystalbond 509.

Element Resin Crystalbond 501 (ppm)

Li 0.024
P 16.102
Sc 0.033
Ti 0.138
\Y, 0
Cr 0.726
Co 0.031
Ni 0.502
Cu 3.639
Zn 3.244
Ga 0
Rb 0.008
Sr 0.088
Y 0.002
Zr 0.167
Nb 0
Ba 0.084
Sn 0.121
Cs 0
La 0.153
Ce 0.058
Pr 0.005
Nd 0.031
Sm 0.004
Eu 0
Gd 0.004
Tb 0
Dy 0
Ho 0
Er 0
Tm 0
Yb 0
Lu 0
Hf 0.001
Ta 0
w 0.143
Pb 0.168
Th 0.006
U 0
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5.3.2 Dirilling

The second sampling techniquwestigated in this study is able to provide high spatial
resolution. Itutilizes a Dreme? 4000 drilling tool with a Dremé&ldiamondstainless steglrill
bit (1 mm @) to drill into sulphideich drill core pieces mounted in epoxy resin. The procedure
isasfollows: first, the work spacand the drilling tod areprotected with plastic film in order
to avoid any possible contamination of the sample by external material from surrounding
surfaces or the metallic parts of the Dretnébol. Before drillinga dr op of 118. 2
MilliQ H 20 is addedonto the region of interest. The sulphide is then carefully drilled at 4000
rpm. The resulting MilliQ HO-hosted sulphidpowderis taken in a pipette and transferred into
a Saville®® 15 mL capacity beaketosedwith a lid. The polished mount surface is rinsed three
times with MilliQ H.O to ensure thall of the drilled material is collected. The samples are
then evaporated to dryness and weighed before being dissolved. Between samples, the drill bit
was placedin an ultrasonic batlior 30 minutesbefore being rinsed successiveljth both
MilliQ H 20 and aetone.

The drilling technique, despite a lower resolution than laser cutting, is easier to carry out
since it does not require heavy equipment, is comparatively fast and can be performed directly
in a dedicated spage the chemistry lablimiting potental sample contaminatioiowever,
this method is limited in terms of spatial resolution by the diameter of the drill bit, which may
be toowide for some complex mineral assemblages. Moreover, sulphide assemblages are
visible only onthe surface of polishechounts,and their nature may be different beldvat
surface. The laser technique, due to the use of a thin section instead of a polishedvuoinant
this problem. A potential issue for polished mount drilling magdraplecontamination by the
drill bit itself. Thisproblemis exclusively related to the type and quality of the drill bit used,
and canbe consequentlfixed by changing the drill bit. During implementation of the
technique, quality controlvas consideredo be necessary tevaluatecontamnation of the
sample by the drill bit (Tabl&.2). Quality control was achievday drilling into a natural quartz
crystal. Both the sampled material and wndrilled piece of quartavere analyzed for trace
element concentratisiwith a Thermo Scientific ICAP IGRIS for comparisonNo perceptible
difference inelementconcentratioa was determined for nearly all the analyzed elements,
indicating the reliability of tis technique. In fact, a natural sample may have a slightly
hetepgeneous trace elemardmposition and variations of Cu and Zn contenke higher Ni
contentin the drilled sample may suggdbe presence of Nich inclusions in the natural
material.Contamination of the sample by the drill bit during drilling cagdine Ni anomaly

cannot be entirely ruled out.
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Table5.2: Trace element composition of drilled natural quartz against the composition of undrilled sample.

Element Drilled (ppm) Non-drilled (ppm)

Li 5.031 6.358
P 5.785 4.749
Sc 0.043 0.024
Ti 5.705 3.778
\% 0.234 0.1
Cr 1.164 1.308
Co 0.056 0.066
Ni 217.001 3.374
Cu 2.612 3.586
Zn 6.4 4.737
Ga 0.04 0.036
Rb 0.276 0.131
Sr 2.339 0.634
Y 0.029 0.017
Zr 0.281 0.406
Nb 0.021 0.011
Sn 0.155 1.032
Cs 0.037 0.007
Ba 2.558 1.66
La 0.177 0.138
Ce 0.052 0.363
Pr 0.007 0.007
Nd 0.031 0.028
Sm 0.005 0.006
Eu 0.002 0.001
Gd 0.005 0.006
Tb 0.001 0.001
Dy 0.005 0.004
Ho 0.001 0.001
Er 0.004 0.004
Tm 0.001 0.001
Yb 0.005 0.004
Lu 0.001 0.001
Hf 0.024 0.012
Ta 0.019 0.013
w 0.089 0.048
Pb 0.3 4.131
Th 0.011 0.02
U 0.011 0.008
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5.4 Chromatography mechanisms and method choice

The separation aZu, Fe and Zifrom a matrix by ion exchange chromatography is based
onthedifferentadsorption propertiesf these metals with respecta@olymercomposed resin.
Ther adsorption is dependent on the molaatythe acid (HCI for this proceduresed for the
elution (Table5.3). Elements can therefore be adsorbed and eluted by successive changes of
HCI concentration, exploiting these characteristics (Kraus and Md®88).The equilibrium
factor D, defined aghe mass of an element on resin divided by the mass of this element in
solution multiplied by 100, islso an important parameter to determine the behaviour of
chemical elements during the ion exchange chromatogrdieyAG MR1 resin isthe most
commonlyusedmediumfor the separation of Cu, Fe and Dy ion exchange chromatography
(Maréchal et aJ 1999; Archer and Van¢2004; Borrok et aJ 2007; Dauphas et ak017).1t
is well accepted that th&G MP-1 resin has an excellergtention capacityor Cu (van der
Walt et al., 1985) and is therefore used when all Fe artth€to be recovered for independent
isotopic analysis (Liu et al., 2014). However, if the purposdsisto separate Cu from Fe, the
equilibrium factor ratidrd/Dcu must be theleterminingeriterion for the selection of the resin
and the chromatography procedukecording to van der Walt et al. (1985), the A& resin
is the optimal resin téulfil suchrequirements. AGL1 resirege able testrongly retain Fén its
ferric form. Despite a lower retention of Cu in the AG1 resins, careful examinatitrec@u
elution timing relative to the matrix makes their use possible. The presence of a significant tail
of the matrix elution peak is due to the presence of mdérked cationgn some test samples,
therefore a second chromatogragitgcedureneeds to beystematically performed to obtain
pure Cu and Fe fractions. The D factors for the elements of intehest applyinghe AGE
X8 resinrange froml3.1to 21.2 for Cd* andfrom 340 to 3400 for F& at 6mol L"* HCI (Table
5.3; van der Walt et al., 1985). It has been demonstrated that the sample composition gifluence
thefirst elution step: Sossi et al. (2015) mentions that the breakthrough point of the resin is
different for two different standardsvhich impliesthat the matrixhosted cations eluting
immediately are responsible for such a phenomenon. In the case of pure sulphides, such a
problemmay be considered negligible due to the tiasel of other chemal elements
However, in case of complex sulphide assemblages associated with gangue, suchsprocess
have to be taken in account. Thmossibility highlights the importance ahm- to pm-scale

spatially resolved sampling.
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Table5.3: Distribution coefficients D for Cu and Fe for several ion exchange resins depending on the molarity of eluting acid
(modified after van der Walt et al., 1985).

HCI molarity (mol L)

Resin lon 3 5 7 8 9
AG MP-1
Cu?* 13.2 27.2 39.9 39.0 36.4
Fe3* 19.6 158 1390 3100 3800
AG1-X2
Cu?* 3.8 8.6 14.4 15.2 14.6
Fe3* 5.0 30.0 256 570 1170
AG1-X4
Cu?* 2.3 7.4 15.4 15.6 15.8
Fe3* 9.7 75 694 1550 2740
AG1-X8
Cu?* 4.0 13.1 21.2 23.1 21.2
Fe3* 35.6 340 3400 7500 >10%
AG1-X10
Cu?* 4.2 15.2 23.1 25.7 23.6
Fes3* 31.0 319 2700 7200 >10%

The complexity of sulphide assemblages, natural ones bgiraally heterogeneous in
composition makes the calculation of the maximum amount of matevisch can be put on
the resinchallenging Therefore, extra care required wheicalculating the mximum amount
of sulphide samplé be loadedn the resin. Indeed, the exact nature of the sample remains
unclear because only the surface of the sulphide is exposed during drilling. The amount of Cu
and Fe passing through the resin can only be appréedhia the case of natural sulphides in
complex assemblages. It implies that the breakthrough point must be maximized to avoid
overloading. If the sample amount exceeds the resin capagviyylid initiate the early elution
of fractions of interestis wédl asinduceisotopic fractionation. It has to be highlighted that such
approximation requires quantitative anaysior tomass spectrometry tiptimizedilution. In
the case of a bornigominated sample, the optimal sample amount for chromatograpig ne
to be calculatedssuming the idedlornite compositiofCusFeS;). As a matter of fact, under
oxidized conditions and after conversitinchlorideform, Cu reacting with the resin will be
CuCF4 (Anbar et al., 2000; Maréchal and Albaréde, 2002). This ion will consequently occupy

two sites in the resin according to the following reaction:

2(R-Cl) + CuCF4sé 2R-CuCFP,+ 2Ct (5.10)
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Iron, on the other hand, willorm FeCls speciesin chloride form andin an oxidized

environment and wilbond tothe resin as described by the following reaction:
R-CI'+ FeCisé R FeCls+ CI (5.11)

The use of EO2 during the elution of the matrix and @uessential to keep the elements
of interest oxidized and therefore to prevent their early elution. This is particdhantfor
Fe which needs to be in trivalent state to be properly fixed onto the resirdéraValt et al.,
1985; Dauphas et al., 201T¥)illbold et al. (205) suggestdthe addition of ascorbic acid in
the eluent(s) to avoid resin overloading amdptimize separatiotHowever, such a procedure

would reduce F¥ to Fe**, making thecompleteretention of Fémpossible.

5.5 Chemistry
The chemical Cu and Fe separation procedure for sulphides described in this section is
based on the Cu and Fe ion exchange chenasttinedby Maréchal et al. (1999) and Sossi et
al. (2015). Chageswereimplementedo adapto the sample tymespecific to Phalaborwand
to optimize theprocedurdor increagng element adsorption on the resin due to the presence of
significant amounts of both Cu and Fe in the samples.

5.5.1 Material

The sample procesig was performedntirely in the WIGL (Wits Isotope Geoscience
Lab)facility at the University of the Witwatersrand. Laminar flow class 100 hoods were utilized
for sample digestion and evaporatiomhereas a laminar flow class 10 hood exclusively
dedicaed for the Ctie separation was used for the ion exchange chromatography. The reagents
used during the chemical separation procedveee producedrom double distilled Merck
HCl, HFand HNQd i | ut ed wictrhMilliQ 8. Diddajution was performed in
dedicated 15 mperfluoroalkoxyalkane PFA) Savillex® closed beakers to avoid any potential
cross contamination with other sample ty@&smL capacity PFA Savill€kopen beakers were
used for fraction collection during tien exchange chromatography. BioRdX8 x 4 polyprep
columns were selected for the chromatography. Eluents contaipidgnére preparednly a
few hours prior to ion exchange chromatography due to the instabilityQfii solution.

Pipette tips, cenfuge tubesas well as chromatography columngre washed with 5%
HNOs. The PFA vessel was refluxed with 6 nhiot HNOs, and subsequently cleaned in PFA
jars with successivbatches ofoapy MilliQ HO and 50% HN®at 100°C for 48 and 72h,

respectively.
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The standard used for Fe measurements was |IFg28h prepared in the WIGL. A
suitable piece of IRMM524b wire was dissolved in concentrated BN{Dd the resulting
solution diluted to reach a 2% HN@oncentratiorat 100 ppm. The standard IRMB&24b was
subsequently normalized to IRMBIL4 during measurement result processing (Dauphas et al.,
2017). The Cu standard used for the measurements was NISTO3&M a 2% HN®@solution.
Copper NIST SRMB76 was prepared according to the same method as for HBR4b] but
dilutedto 10 ppm in 2% HNQ

5.5.2 Dissolution

The samples were digested in sulphitdglicated 15 mL SavillékPFA closed beakers
with a12 mL mixtureof 1HCI:0.5HF:0.2HNQ, with concentrationsf 10 molL™2, 23 molL™?,
12.5 molL™?, respectively (Sosgt al., 2015). The beakers were ligit 48 hourson a hotplate
at 130°C. The bottom of the dissolution beakers was then carefully examined to detect
potentialy undissolved material. The beakers were left an additional 36 hours if any solid
residue was visible. The beakers were left to cool down, opened and dried down on a hotplate
at 95°C until evaporation was complefa/ery 46 hours,0.5 mL of concentrated HDk was
addedo the mixtureo avoid the formation of insoluble fluorides. In addition, H\@ersthe
advantag®f maintainng sample oxidtion A mixture of HNQ with HCIO4 and/or HO. may
also be an option to oxidize the solution. Some laboratoridsrpeisuccessive cycles of
dissolutionrevaporation to avoid the formation of fluorides (Dauphas et al., 2017). However,

the addition of supplementary acid may significantly raise the procedural blank level.

5.5.3 lon exchange chromatography

The modified chemicalseparation is based on the procedure published by Sossi et al.
(2015) using 1 mL BioR&IAG1-X8 (200400 mesh) resin with 0.8 x 4 BioRagolyprep
columns (Tablé.4). Minor changesvereintroduced to the separation procedure. In order to
keep Fe oxidized.001% of HO, was added to 6 mal™ HCI during the elution of the matrix
and Cu (Maréchal et al., 1999). One mL of A8 (200-400 meshyvasadded in the colunm
the day before thehromatographyasperformedVolumeloss must be taken into account as
the resin compacts overnight and the volume is usually reducetid® in this procedure. If
necessary, the remaining space is filled up and left to settle. The resin has been successively
washed with 10 mL of 3 mdl™* HNOs, MilliQ H 20, as well as washed and conditioned with
10 mL of 6 molLt HCI + 0.001% HO». The samplewereremobilized in 1 mL 6 mdL*HCI
+ 0.001% HO> and the beakers heated for 30 to 45 min at 35°C to ensure optimal uptake. The
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beakersvereleft to cooldown, and the samples loaded on the resin once the 10 mL of 6 mol
LT HCI + 0.001% HO: for resin cleaning and conditioningaseluted (Tablé.4). The matrix
wasthen eluted by 5 mL 6 mal™ HCI + 0.001% HO: (Fig. 5.1, Table 5.3. After elution of

the matrix, 2 x 7 mL of 6 mdl™* HCI were successively added to elute the Cu fractidiowed

by the addition of 2 x 4 plus 1 mL of 0.5 mof HCI for the elution of Fe in the same beaker
as Cu in preparation for a second chromatogcgmdss. Zinc wasthen eluted in the waste with

5 mL 3 molL? HNQOs.

The collected Cu and Fe fractiongrethen dried down and remobilized with 1 mL 6
mol LT HCI + 0.001% HO.. The ion exchange chromatography procedure described above
wasrepeated onctor further purification (Savage et al., 2015; Dauphas et al., 2017). Copper
and Fe fractionsvere collected separatetiuring the secondtage The Cu and Fe fractions
were therevaporated, dissolved in 1 mL 12.5 adiHNO3 + 0.001% HOto remove eventual
organic material from the resin and to ensure the taaoval of Cl, which may cause
interference during the measurements. Fractieerethen dried down and takempinto 1 mL
of 2% HNGQ for Cu and 0.2% HN&for Fe fractions from wizh the appropriate dilution was

performed for the ME@CP-MS measurements.
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Table 5.4: lon exchange chromatography procedure implemented for Cu and Fe separation from sulphides. Procedure
modified from Maréchatt al. (1999) and Sossi et al. (2015).

Step Eluent Volume
Cleaning HNO3 3 mol L 10 mL
MilliQ H20 10 mL
Cleaning and conditioning HCI 6 mol L't + 0.001% H202 10 mL
Sample loading HCI 6 mol L'! + 0.001% H202 1mL
Matrix elution HCI 6 mol L'! + 0.001% H202 5mL
Cu elution HCI 6 mol L1 + 0.001% H202 7 mL
HCI 6 mol L1 + 0.001% H202 7 mL
Fe elution HCI 0.5 mol L 4 mL
HCI 0.5 mol L 4 mL
HCI 0.5 mol L 1mL
Zn elution HNO3 3 mol L1 5mL
6 mol L™ HCI + 0.001% H,0, 0.5mol L' HCl 3 mol L' HNO,
6x10°
] 7 \
5x106 =
. Fe
— 4x106 = Zn
‘(ﬂ 4
g E
- Co
g 4 Cu
> 3x10° §
8 TMatrix
E E
= .
— 2x10° 4
1x108 -
0 T T T T T T T T T T T T
0 5 10 15 20 25 30

Volume of acid eluted (mL)

Figureb.1: Elution curve for the ion exchange chromatography procedure described in Table. 5.4 for Cu and Fe separation.
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5.6 Measurements
5.6.1 Copper

Copper fractions were diluted to 1 ppmL? and measuredising the MGICP-MS

instrumentat the University of Johannesburgractions were measured on a Nu Plasma Il

instrumentusing wet plasmaetup equipped with a sefispirating Expansion MicroMist-U

series nebulizer with an uptake rate of 200min™. The nebulizer was coupled to a Peltier

Glass Expansion Twister Spray&hber cooled at 7°C. Cup configuration is described in Table

5.5, with a mass separation of 0.5 amu.

Table5.5: Cup configuration of Nu Plasma Il MCRPMS for Cu measurements.

Cup | L6 L5 L4 L3

L1 AX

H3 H4 H5 H6

GONi

62Ni

63Cu

64Ni + 64Zn BSCU GGZn

All measurementaereperformed in low resolution mode with a sensitivity of 14pfm

' mL. Detailed device parameters are described in TaBleCopper fractions must bea-

free for measurements due to poterfiibla’®Art and?Na*°Ar* interferences.

Table5.6: Characteristics of Nu Plasma Il and Thermo Scientific Neptune PIBRMIS formeasurements of Cu and Fe,

respectively.

Device Nu Plasma Ii Thermo Scientific Neptune
Plus

RF Power 1300 W 1200 W
Acceleration voltage 6000 V -2000 V
Sampler cone 1.15mm @, Ni Jet 1.1 mm @, Ni
Skimmer cones 0.6 mm g H-type 0.8 mm &, Ni
Coolant Ar gas flow 13L m? 125L m?
Auxiliary Ar gas flow 0.8L m? 0.7-1L m?
Nebulizer 200 pL min?t 200 pL min?t
Analyte solution 2% HNOs 0.2% HNOs3
Sample uptake time 60 s 130s
Wash time 400 s 300 s
Cycles per analysis 40 40
Blocks per analysis 1 1
Integration time per cycle 10s 4194 s

The mass bias was corrected using the SSB technique atapingthe sample with 1

ppm mL1 Ni (Inorganic Ventures single solution). The exponential lawas used for the

correction of°CufCu by®2Ni/®°Ni. Nickel is particularly useful as a doping element duiésto

different ionization behaviour compared to Gleasurements of Cu isotopes with the MC

ICP-MS must becorrected by element doping by exponential law according to the following

equation:
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— — (5.12)

with bthe mass independent fractionation factor defined as:

I A gé——— Ja ¢ — (5.13)

The Cu isotopic ratiog the sampleare normalized by the average of the Cu isotopic
ratios of the bracketing NIST SRBI76 standards according to the following formula:

o ()
Ll 1
L) - Y
1T 006 pmTTy P (5.14)
IF P - & 1
L W rl
Uy o U

with Standard 1 the bracketing NIST SFM6 measurement before, and Standard 2 the

bracketing NIST SRMB76 measurement after the measurement of the sample.

5.6.2 Iron

Iron isotopes ardlifficult to measure due to presence '8R*°Ar*, ®0%Ar* and
H1O%Ar* interferencesoverlappingwith the Fe peak Peaks are almost superposed and
measurements have to be done on a narrow shoulder of the Fe peaks (Dauphas et al., 2017).

Iron fractionsweremeasured with a Thermo Scientific Neptune Plus at the CE&RfEe
NormaleSupérieure de Lyon in France. The Thermo Scientific Neptuneifdtramentwas
used in medium resolution and wet plasma. Technical details concerning the device set up are
given in Tables.6. The Fe fractions were diluted to 1 ppmit. The masse¥'Fe,*%Fe,*Fe,
8Ni and ®2Ni were measured simultaneously. The resolution was 15 Vppid! with a
progressive drift to 11 \ppnt! mL? at the end of the measurement sessaboit 56 h).
Quiality control of the results is given by a #sotope correlation graph in Fi§.2.

As with Cu, the SSB technique was used to correct mass bias, combined with a Ni spike
(Poitrasson and Freydier, 200%)ne single sample was measured between each standard.
Correction of the Fe isotopic ratidsy Ni doping was done using the exponential mass

fractionation law a$ollows:
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with bthe mass independent fractionation factor defined as:

Ta €

(5.15)

(5.16)

0°°Fe/**Fe

Intercept

Slope
Residual Sum of Square
1.0 = Pearson's r
R-Square (COD)
Adj. R-Square
5°'Fe/*Fe

Figure5.2: Three Fe isotopes correlation graph for measurement quality control.
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Isotopic variations relative to the bracketing standard IRMM, known to have the

same isotopic composition as chondrite (Craddock and Dauphas, &&t&ported according

to the fdlowing equation:
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5.6.3 Optimization

Various Cu solution concentrations were tested to optimize the signal stability (100 ppb,
150 ppb 300 ppb and 1 ppmMeasurementshowthat a concentration of 1 ppm resulted in an
optimal signal stability without saturating tRaraday cups (empiric limit at 20 pprt mL™Y).
Measurements with a sample concentration below 1 ppm did not producecgatjsfasults.

Iron isotopic measurements on the Thermo Scientific Neptune Plus revealed that the Ni
doping of the fractions is inefficient for this study. It produces instability during the
measurements, resulting in a higher error than for the uncatréetasotopic ratios. The
absence of elemenbtherthan Cu and Fe in the sulphidgaecludesny potential matrix effect.
Furthermore, since the IEC has been performed twice to ensure high purity of the fraction, no
element other than Fe and Cu has besraled in the standardsingmass scan. Therefore,

the uncorrected Fe isotopic ratios have been used for processing and interpretation.

5.7 Conclusions

Two differentin-situ sampling techniqueseretestediasemicrotomyand drilling. The
laserbased sampling method tested on a thin segionedto be inconvenient, as it requires
adedicated lasdmrcility, as well as the transportation of the sample from the laser room to the
chemistry laboratory, and the resin usedfierthin section is especialtyallengingo handle.
The drilling technique is significantly more convenient as it can be implemented directly in the
chemistry labratory, as long as all the exposed metal surfaces are protected against
contamination anthe drillingdonein a dedicated room. Drilling can be carried out on a simple
polished mount (Fig5.3). The powderobtained bydrilling is easier to handle than a
micrometersized piece of thin section. Therefore, drilling is preferred to laser cutting.

The isotope separation procedure preferred for sulphide processing is based on the
method developed by Sossi et al. (2015) due to the use of thexB&dsin. This resin is the
most suitablanediumdue to its propensity to preferentially adsorb the elesnehinterest in
this study (Tabl&.3). Howeverjn contrast to the original method,® was used during resin
conditioning, sample loading as well as matrix and Cu elution to maintain Fe in an oxidized
state (Fig.5.1, Table 5.4. It was also observedhtit one chromatograjghseparations not
sufficientto obtain a satisfactory purity of the fractions and that a second is necessary. The
fraction purity obtained after two chromatograpmuns make the addition of a Ni spike
unnecessary and even countedarctive since it resulted in signal instability during the Fe

measurements.
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Figure5.3: Summary of the procedure, from sampling to measurement, for sulphide Cu and Fe isotopieteationation.

The measurement of samplastained exclusively by micrdrilling may notbe able to
detectthe presence, or absence, of lasgaleisotopic fractionation processes. It is therefore
necessaryor characterization of ore deposits by is@ogtio analysis to use these two sample
types to obtain a comprehensive overview of all the cherarajhhysical processeasvolved

in the development ahineralization.
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