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Abstract

The Witwatersrand Basin is the single largest gold source ever found. Gold exhibits a strong
association with carbon and as much as 40% of the gold mined from the metasedimentary basin is
found in carborbearing reefs. Carbon also contains high concentrations of uranium minerals.
Although the carbon, gold and uranium association is -detlumented, there is little consensus
about the formation of these associations. Thus, a detailed geological investiga®nndertaken

on material from 12 carbobearing reefs throughout the Central Rand Group from across the
Witwatersrand Basin. Concurrently a novel experimental component of the investigation was
conducted in an attempt to simulate, for the first time evdhe AuU-C associations in the

Witwatersrand Basin.

Petrography revealed that in more than 60 samples from caifiearing Witwatersrand Reefs, gold
most often occurred between carbon spindles, as minor inclusions within carbon spindles and as
coatings o the carbon forms. Furthermore, gold within the conglomerates occurred as veinlets, rims
on oxide grains, as micqmarticles in phyllosilicates and secondary quartz and as inclusions in
secondary pyrite grains. These textures were interpreted as secorfdatyres formed during
metamorphism and alteration of the Basin. Hydrocarbons displayed textures that were also
interpreted as being secondary; these included nodules that infilled interstices within the reef matrix
and multiple phases of hydrocarbon eoséd within spindles comprising carbon seams. Electron
microscope images were taken of a hydrothermal carbon nodule enclosed in cubic pyrite. The images
revealed sheetike hydrocarbons and fibrous/tubkke forms. Critically, the hydrothermal carbon
nodule also contained micrparticulate crystalline gold and pyrite within vesicles or gas bubbles
within in the nodule. In the carbon seams, uraninite occurred within the spindles. The uraninite
appeared fragmented and displaced by hydrocarbon growth strusturéerefore, it was suggested

that uraninite was the precursor to secondary hydrocarbon and gold precipitation.

Detailed petrography revealed the textures of particulate . associations in the Witwatersrand
Basin but elemental mickrmapping was necasary to determine the distribution of metals, major
elements, trace elements and rare earth elements within carbon seams and carbon nodules.
Carbonaceous materials were closely associated with disseminated elemental sulphur, mobile
elements and rare eartlelements. The occurrence of mobile elements and sulphur disseminated

through the hydrocarbon suggested that the carbonaceous matter was formed from a fluid phase.
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Organic sulphur compounds in fluids derived from sedimentary organic matter are theorised to
enhance the solubility of various metals in hydrocarbon phases. The occurrence of Au, As, Ag, Ti, V,
U, Hg, Fe, Co, Cu, Cr, Mn and other metals in the hydrocarbons in the Basin indicated that a process
other than radiolytic polymerisation may have beendiwed in the concentration of certain metals

from a liquid phase. The similarity of metals concentrated in Witwatersrand carbonaceous matter to
those of modern day crude oils and petroleum liquids derived from the degradation of Type |

kerogens provided potential mechanism for remobilisation in the Basin.

These observed AU-C associations laid the foundation for experimental simulation. Catalytic
Chemical Vapour Deposition experiments used acetylene and hydrogen gas to precipitate solid
nanocarbon mate&ls onto uraniurdbearing powders. Results showed that for increasing uranium
concentration, greater masses of carbonaceous materials were deposited onto the uraaanng
powders. Therefore, carbonaceous product deposition was confirmed to be correlétfedranium
concentrations. When uranium was leached out of the samples, the mass of carbon deposited was
significantly decreased. The growth of carbon started at 300°C, was physically visible at 450°C and
completely encapsulated the powders forming a giwot similar to Witwatersrand carbon seams at
600°C. Raman spectra indicated that the experimentally formed carbonaceous products had similar
signatures to those of Witwatersrand carbon. The simulation-bf &sociations was confirmed by
electron microscpy, which showed that carbon nanotubes, carbon nanofibers and dheset
materials precipitated onto uraninite grains under experimental conditions. These experimentally
formed structures were comparable to those observed in Witwatersrand seam carbortj&bpthe

sheetlike and fibrous/tubelike materials.

It was suspected that gold distribution in carbon seams could provide useful data for hydrocarbon
formation processes. Consequently miromputed tomography, in conjunction with automated
electron dipersive spectra, was used to examine the distribution of gold in three dimensions. The
sample analysed was a carbon seam from the Carbon Leader Reef that contained exceptionally high
gold grades. Gold in this carbon seam was found to occur most concehtbmisveen carbon
spindles in addition to small particles within spindles. Furthermore gold concentrations were highest
at the footwall and hanging wall contacts and decreased towards the centre of the seam. The
hydrocarbon spindle form also changed fronmbmus at the contacts to more uniform and elongated

in the centre of the carbon seam. It was therefore suggested that hydrocarbon growth and gold
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crystallisation in carbon seams was akin to crystal growth in quartz veins, where spindles are

elongated pardel to the principal stress direction.

In order to experimentally simulate AkC associations, gold in solution at high pressures was
required. Solvothermal experiments that used an autoclave and sucrose in solution were undertaken.
Sucrose representeda@ammon component found in petroleum liquids derived from Type | kerogens,
similar to what is postulated for the Witwatersrand Basin. The experiments showed that
hydrocarbons could precipitate at lower temperatures compared to temperatures observed in the
Basing c.a. 180°C. In addition, the effect of pressure was to enhance the breakdown of sucrose into
more sheetlike carbonaceous products when 800 kPa of nitrogen gas was added to the reaction
vessel. Finally, a solution of 0.01 M aurichloric acid was Gdoléhe experiments to determine if

gold in solution would be precipitated during hydrocarbon precipitation. Results showed that almost
all the gold was precipitated from solution as crystalline and Raawdiculate gold. Strikingly, gold

that precipitated was enclosed by hydrocarbons and was also seen to adhere onto the surfaces of
sheetlike carbonaceous materials, indicating that the gold and hydrocarbon are intimately

associated and that hydrocarbons facilitate the precipitation of gold from solution.

Although experimental conditions could not match geological conditions exactly, the experimental
products were comparable to the Witwatersrand-BkC associations. The results from this research
show that catalytic electron promotion of uranium and otheretals play an important role in
hydrocarbon structuring and precipitation. The model of fluid remobilisation of hydrocarbons and

gold is further enhanced by the evidence presented in this study.

In conclusion, remobilisation textures were seen in thelAG associations from the Witwatersrand

Basin. Similar associations were experimentally precipitated using a hydrocarbon amatlydlaid.
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1 Introduction and GeologicBlackground

1.1 Introduction

The Witwatersrand Basin is unique in terms of its geology, mineralisation and economic
significanceThe Basirhas yielded as much as 40% of all gold ever mined since its discovery in
1886 (McCarthy, 2009)The Basin remains 10 times larger than the second lagsdt field
(Grasberg Igneous Complak¥covered to datgPhillips and Powell, 2011yhe Witwatersrand
Basinis also a well preserved Archean Basin, and provides insight to a much youngétieth

et al., 2016) Research on the Witwatersran@®n spans over 110 years and almost every aspect
has been investigated in some capacity. However, controversy still surrounds the origin and

formation of the minerakation in the Witwatersrand Basin.

Given its economic and cultural relevangwld is tle most researched mineral within the
Witwatersrand Basiite.g.Phillips and Law, 2000) he source of the golhdthe mineralisation
processes thiainfluenced the gold, haviengbeendebated(Minter, 1999; Frimmel and Minter,
2002) Other minerals such as pyrite, uraninite and platinoids have provided evidence for
speculationabout the origins ofthe mineralsaion in the BasinCousins, 1973; Simpson and
Bowles, 1977; Larget al., 2013) but researchremains focussedon the processes that
concentratedgold. Gold in the Witwarsrand Basirexhibitsa unique association with carbon
and uranium. As much as %0of the gold foundn the basinis associated with carbonaceous
materials(Mossmanet al.,, 2008) This association has garnered mwattention and itis clear
from the research that the relationship between the two is sidt fully understood Englancet
al., 2002; Heinrich, 2015)

The focus of this researgiroject was to thoroughly examine anceplicate the various AW-C
associations in the Witwatersrand Basin in order to better understand the processes that resulted

in this association and their impact gold distribution.
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1.2 This Study

This research sought expand on the current wealtlof knowledge and by experimentally
replicating the AdU-C associations ardevelop a more advancadhderstanding of the processes
that led tothe formation of the Witwatersrand BasirHence the primanaim of this research
project was to examine and thenexpeaimentally simulate a possible mechanism fahe
formation of golduranium-carbondepositswithin the Basin To accomplish thigshe research
conductedhad to be a collaborative effort of geological and chemical investigations. The dual
nature of thisresearch meant thatwo sets of objectives and hypotheses/key questions were

set.

The main hypothesis tested was that the carlbat is observedn carbon seams and nodules in
the Witwatersrand Basin @reformed bystructured nanocarbogrowth around grans of detrital
uraninite, or a similar process thereofA more traditional geological investigation was
undertaken to characterise the carbon forms that occur within the Witwatersrand Basin. The

objectives of the geological investigation included:

1 Aninvestigation into thegold variations within the Witwatersrand Basin,

1 Examininghe microscopic and macroscogdmrms of carbon in the gold bearing reefs,

1 Determining the chemical composition and signature of carbonaceous materials and
surrounding minerals @ecially metamorphic and hydrothermal minerals),

1 Characterisation of the AU-C associations to guide experiments,

1 Developing and adding to the models of formation for gold and hydrocarbons,

From a chemical perspectivéhe experimental growth of carb@weous productavas found to
be commonplace in catalysis and strong materials reseé@diemaret al., 2006; Covillet al.,
2011) There were a number @& useful experimental techniquethat, if adapted would have
suited a vapour/liquid-solid (VLSyrowth mechanism of structuredanocarbonmaterials The
techniques adapted wereatalytic chemicalvapourdeposition(CCVD, as ifMoshkdyov et al.,
2004) and solvothermal synthesis(Kuanget al., 2004; Deshmuklet al, 2010) In order to
experimentally replicate carbgras it was observedn the Witwatersrand BasjinCCVD and

solvothermaltechniqueswere adapted to simulate conditionthat may have brought about its
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formation. The aim of thehemicakxperiments was to replicate one or more of the carbon forms
associated with uraniurbearing mineralsas wasobservedin the Witwatersrand samples. The

objectives of the chemical experimis included:

1 Determining if CCVD amlvothermattechniques were suitable f@imulating processes
that may have formed AW-C associations in the Witwatersrand Basin

1 Establishing whetheuraniumbearing minerals were suitable catalysts/substrates for
nanocarbongrowth,

1 Ascertainingwhat effects temperature, particle size and uranium centrationhadon
CCVD product formation,

1 Ascertaining the effectthat pressure, temperature and fixed concentration of gold
solutionhad on solvothermalproduct fomation, and

1 Comparing the formand Ramansignatures of the chemically formegbroducts tothose

of the carbonaceous materials from the Witwatersrand samples

The results of the geologicahd chemicainvestigatiors were then comparedwith one another.

1.3 Sratigraphy and Sedimentology

South Africa is host to the Witwatersrand Basin, a MesaaaniBasin spanning some 300 km

across Gauteng, Mpumalanga, the NeWrest Province and the Free Stgtemith and Minter,

1980; Phillips, 2011¥First discovered in 1886 by George Harrison on a farm near what is now
Johanneburg, the Witwatersrand Basin is the single largest source of gold on Bda@arthy,

2009) Initially the gold s mined from quartz pebble conglomerates in the Johannesburg area.

[ FGSNI) SELX 2Nl GA2y +FEt26SR F2NJ 0KS SELIYyaAzy
(Frimmel and Minter, 2002)The Witwatersrand Ban is approximately 7 km thick and was
deposited between 3074 and 2714 NRRobbet al,, 1991; Kogliret al., 2010b) Age data for the
Witwatersrand Basin is well constrained fromPU isotope data obtained from zircons
(Armstronget al, 1991; Kogliret al, 2010b) Zircon data and metamorphic minerals also

constrainthe timeline for the formation and subsequent alteration of the Basin (k& The
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Witwatersrand Basin is composed of dominantly siliciclastic sediments: quartzite, shale and
conglomerate, interlayered with minor volcani¢éoung, 1917; Smith and Mer, 1980) Figure

1.1 shows the extent of the Basin and the location of the mgjoid fields.
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Figurel.1 Geological Map of the Witwatersrand Basin in South Africa
Showing the outline of taBasin the major Groups and gold fieldslative tothe Kaapvaal Craton in South Afrit

(Modified afterPretoriuset al., 1986)
The Witwatersrand Basin is underlain by the Kaapvaal CratoludingArchean granites and

greenstones,as well asthe Dominion Groupsediments (McCarthy, 2009) The volcaneo

sedimentary sequence that comprises the Witwatersrand Basin is the erosional remnant of
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sediments deposited into two different tectonic environmergsan extensional basin and a
foreland basin (Stanistreet and McCarthy, 1991; Robkb al., 1997) Figure 1.2 shows the

stratigraphy of the Witwatersrand Basin including the reefs and ages thereof.
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Figurel.2 Stratigraphic Column of the WitwatersranBasin

Showing the major stratigraphic subdivisions, the ages of certain markers, the dominant litbblegymatiors
and the positions of the most important reefseefs sampled in this research highlighted greefere are
variationsin nomenclaturebetween gold fields, dter Frimmel and MinterZ002)
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Stratigraphically the Witwatersrand Basin is divided into the Central Rand G@iR@and the
West Rand GroupVRG), based on depositional environmEACS, 1980he West Rand Group
comprises the sedients deposited into an extensional basin in a shallow inland Stnistreet
and McCarthy, 1991; Roldt al., 1997)after which the Central Rand Group was deposited onto
a foreland basin overlying the West Rand Gr@ullor and Banks, 1916f%edimentation of the
Witwatersrand Basin was terminatedby the extrusion of theVentersdorp Supergroup flood
basals (Van der Westhuizeret al, 1991; Hallet al., 1997) Following this, the Transvha
Supergroup was deposited ontbe Witwatersand Supergroup to the North after whidhe
Bushveld Complex intruded the Transv&aipergroupat approximately 2054 M#&Zehet al,
2015) The Vredefort impact structure was formed when a meteorite struck the Basin atose
the centre approximately 2020 M@eimold and Gibson, 1996Jecent tectonic events areoh

thought to have affected the Witwatersrand Basin in any significant mafiRelbet al., 1997)

1.4 Gold fielé

Gold has been mined fromgdld fieldsacross the Witwatersrand BagilcCarthy, 2009)shown

in Figurel.1l. Miningstarted in the Central Rar@dold fieldand focussed on the Main Reef, Mai
Reef Leader and South Reéfeung, 1917)The Central Ran@old fieldcontinues west to a fault
system called the Witpoortjie GafcCarthy, 2009)Exploration further west of this break in
mineralisation revealed the West Ra@Gald field(McCarthy, 2009)Further westhe dWest Wits
Linet is located, comprising the Potchefstnmoand Carletonvillé&sold field. Thelastgold field
discoveredwda &a2dziK ¢Said 27F (K SheKler&doipGokdfleld & lodatkdy S =~ &
(McCarthy, 2009)Further south the WelkonGold fieldalso yielded significant gold production.
East of the Central Ran@old fieldthe East Rand, Evander and South R&uld field also
produced significant amounts of galdMining of thesegold fields focussed on the Central Rand
Group, which contaied higher concentrations ofold than the West Ral Group(Phillips and
Law, 1994) Naming of economicreefs varies betweengold fields (SACS, 1980)Tre
conantrations of goldalsovaryin the reefs betwea gold fields, some reefscontainless gold

and were uneconomicto mine. Large portions ofjold in the Witwatersrand Basin have been
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mined out, however significant operations continueKlerksdorp and Carletville (Smith and
Minter, 1980) The result of the great proliferation of gold from thasin means that current
mining operations must run at depths ofputo 4 km and at great expeng@nglogold Ashanti,
2015) Mining operationsare greatly affected by diminishingrades,intrusive bodiesand

structure.

1.5 Metamorphism

The key to the debate surrounding the Witwatersrand mineralisation controversy is the
metamorphism of the Basihe entire Witwatersrand Basin is seen to have undergeg®nal
metamorphsm togreenschist faciedMetamorphicconditions have been constraed by silicate
mineral assemblage® approximately 300°€ 350°Cand 150,000 ¢ 300,000kPa Common
slicate minerals that formed due to metamorphism include: pyrophyllite, chloritoid, chlorite,
muscovite remobilised quartz and sericit@hillips and.aw, 2000; Rasmussenal., 2007) Other
metamorphic minerals are rargthese include andalusite, kyanite, garnet and cordieaitel
these also indicatehigher localised temperatures (Phillips and Law, 1994) ocalisedhigh
temperature metamorphism wa associated with granulites close to the Vredefort Dome, where
temperatures could have been up to 700hillips and Law, 1994)herefore, metamorphic
temperatures associated witkilicate minerals are well constrained and tate the average
temperature and pressures across the Witwatersrand Badwetamorphism in the
Witwatersrand Basin is largely attributed to paftposition burial, extrusion of the Ventersdorp
Supergroup and emplacement of the Bushveld Complex about 10Qokitine North at
approximately 2054 M&Phillips and Law, 1994; Robtal., 1997; Rasmusse al., 2007; Phillips
and Powell, 2011; Zett al., 2015)

However it should be noted that there are cases for higher temperattines are more
widespreadin the BasinFluid inclusiorstudies found both gold and hydrocarbons in inclusions
from quartz veingDrennanet al., 1999) Addtional pressure and temperature conditions were
obtainedfrom extensive fluid inclusion investigatisrHydrocarbon rich fluid inclusionsdicated

that temperatures could have been as much as 500°C during fluid remobilisation in quartz veins
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(Drennaret al., 1999) Cubiestriated pyrite occurs in reefs throughout the Witwatersrand Basin,
research shows that these striations are related to temperature caly éorm in conditions
where temperature is higher than 350{®lurowchick and Barnes, 1987; Drennan and Robb,
2006) Therefore, a framework is provided for fluid remobilisation of minerals at temperatures
of 350°C on average across the Basin, with higher localised temperatures of up toffed®°C
fluid inclusions and 700°C for granulites near the Vredefort DArhas experimental work can

be constrainedy metamorphic temperatures within the Witwatersrand Basin.

1.6 Structure and Tectonics

Post deposition structure events arecognised as an importar¢ature of the Witwatersrand
Basin(Jolleyet al., 2007; Dankert and Hein, 2016plding andaulting affect theBasin, especially

in the northwest in the Klerksdorgold field(Catuneanu and Biddulph, 200Normal faulting,
reverse faulting and folding are related to compression, sagging of the Basin and post
depositionalevents(Dankert and Hein, 2010)Numerous studies point to multiple faulting and
folding eventgelated to tectonicsVarious researchers have pointed to a number of time periods
in which the WitwatersrandBasin was actively deformgticCarthy, 2009)These events can be
classified into 3 broad deformation events:

i) Syndepositionatleformation (2840¢ 2902 Ma) resulted during fluvial deposition of
the CRGlue to compression, this formed thrust faults that affedtsedimentation.

i) Middle Ventersdorp Agdeformation: as the compressional forces abated, the region
relaxed and faults were reactivated as normal faults. Additionally, new faults that
allowed for the Platberg Group to be deposited in depressiafter extusion of the
Klipriviersberg GrougStanistreet and McCarthy, 1991; Dankert and Hein, 2010)

iii) Post Transvaal Aggeformation: most notably affected by the emplacemaitthe
Vredefort Impact even{Reimold and Gibson, 1996)he deformation is seen as a
central dome within the centre of the Bmn, with a number of faults forming along

with the structure. These faults are also seen as bedgamgllel thrust faulting in the
gold fields.

Faults also contain evidence of gold and other mineral remobilisgfioteyet al., 2004) The
occurrence of gold in these faults has led to the theory that gofainium, carboaceous matter

and other minerals could have been remobilised in fault syst@nglancet al., 2002; Jollegt
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al., 2004) While the extent of remobilisation has been questioned, there is evidence for both
smallscale and regonal remobilisation of mineral§Robbet al, 1997; Jolleyet al., 2004)
However modern highesolution seismic techniques provide evidence of wsdalefaulting,
especially in the VCfRanziet al., 2012b; Manzet al., 2013) Seismic techniques also provide
evidence of water and methane movement along faults in modern mines, further enhancing the
view that faults in the Witwatersrand Basin proviéatensiveconduits for fluid movement
(Manziet al., 2012a)

1.7 Mineralisation

1.7.1 Gold

The gold mines use metedimentary structures to guide operatio{Gatuneanu and Biddulph,
2001) Gold grades within the Basin vary between very low concentrations in uneconomic reefs
to approximately 4 12 g/t on average for the ecmmic reefgFeather and Koen, 1975; Minter,
1976; Frimmel and Minter, 2002)ith highest grades afip 100 g/t found forthe Carbon Leader
Reef(Anglayold Ashanti, 2015)he form of the gold is the result of both sedimentédgtrital)
processes and postepositional hydrothermal processe$sold occurs asoundedabraded
toroidal micro-particles as well as interstitial crystalline particlé¢slinter et al., 1993; Minter,
1999) Particulate gold is very smallsize and ranges between 0.04 &h8@mm, although some
largerforms can be foundhowever,these are rargMinter et al., 1993) Minter et al. (1993)
dissolved the silicates from a sample amgborted that only 25% of gold extracted from the
sedimentary foresets of the Basal Reefas hydrothermal However, tlese figures are
representative ofust one exceptional sample, amelay not account formineralisation inall the
reefs.Gold also ocas as microcrystallinenclusions in pyrit€d Agangiet al., 2013; Larget al,
2013) Significantly gold is found remobilised in veins cras$ing reefs and disseminated within
carbon nodules within veingDrennan and Robb, 2006; Drennan and Robb, 20T&g
remobilisation of gold and thestrong association wittcarboraceous matter(see 1.7.4) is

explored in this research
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1.7.2 Pyrite

Pyrite is a mar constituent of the Basiand sulphides can form as much as 3% of the reefs
(Feather andoen, 1975; Larget al., 2013) Small amounts of chalcopyrite, arsenopyrite, galen
and other sulphide minerals we found as inclusions in pyrite or discrete mineral phases along
with pyrite (Saager, 1981; Maclean and Fleet, 1989yite is an area of strongsearch focus

within the Witwatersrand Basin. A number of pyrite types have been recognised:

i) Allogenic pyrite, emplaced at the same time as deposition via sedimentary processes
(Saager, 1981)
i) Porous pyritewhich isrounded andstrongly correlated with higher grades of gold

was postulatedo have originated adetrital & Y dzR  (Kbglinet &l¢ 2010a; Agangi
et al., 2013)

iii) Authigenic pyrite, hydrothermally emplaced oves-printed pyrite grains that wes
subhedral to euhedrglLargeet al., 2013)

The pyries in the Witwatersrand Basin wepredominantly allogenicwith approximately50 to
75% of the pyrites founddeingrounded all@enic pyrites deposited syngeneticglBaage 1981)
The size of pyrite grains is generally spebund 0.2 mm, although centimetrscalepyrites
have been identifiedn hydrothermally altered stratdFeather and Koen, 1975; Saager, 1981)
Geochemical studies on thaetrital pyrites reveatd that they may have been derived from
Archean greenstones and thatithigenichydrothermal pyrites were derived internally from the
Basin(Myers, 1993; Gugt al., 2012; Aganget al, 2013) Pyrites also appear to have some
influence on mineralisation anequire further investigation for their chemical interactions with

gold in the Witwatersrandasin.

1.7.3 Uraniumbearing Phases

Uranum-bearing phases the Witwatersrand Basin has a bimodal occurrepeanary rounded
uraninite grains and secondary remobiltseveinlets and finggrained masss have been

described(Feather and Koen, 1975; Smith and Minter, 19&3)mary uraninitevas deposited

28



by fluvial processedJO, with some minor WOs, derivedfrom a granitic Archean hinterland
(Minter, 1976; Pretorius, 1981; Rolebal., 1992) Uraninite grains contain small bright specks of
galena, which is likelyp have formedrom the decay of uraniumit is argued that this uraninite
has remained largeliy-situ due to the heavy immobile nature dhe 23*U isotope (Simpson and
Bowles, 1977; Smits, 1984; Mintet al., 1988) Uranium is also remobilised into secondary
coffinite, leucoxene and brannerite thaccurs concentrated as a firgrained mass or in veinlets
within the reefs(Feather and Koen, 1975; Mintet al., 1988) Additionally, secondary uranium
is found disseminated in carbon nodules from vdiDsennan and Robb, 20Q6lherefore,the
origin of the detrital uramite is widely agreed to bsom Archean grenstoneterranes(Simpson
and Bowles, 1977; Smits, 1984; Depatal., 2013) but it is also knan that uraniumwaslater
redistributed by postdepositional fluids.

1.7.4 Carboraceous Matter

The key to the mineralisation appears to be thelW€ associations in the Witwatersrand Basin.
Across theBasinthe highest gold grades are most often associatedh\wigh concentrations of
carboraceous matterand uranium(Grayet al.,, 1998) As much ad0% of the gold in the reefs is
contained in or associated withcarboraceous matte(SmiejaKrolet al.,, 2009; Phillips, 2011)
Carlon documented in te Witwatersrand Basin occurs i dzy RS R y 2 Rdzf Sa 2 NJ & T
reef horizons where multiple nodules occur in close proximity they can be stratified and the
largest portions of carbon forrthick friable seams ranging from a few imiletres up to 30 cm in
thickness(Englancet al.,, 2002) Figurel.3 shows the form of flyspeck and seararbon.Where

the carbon seams are weleveloped they haveatge spindles with fiborous morphology that
taper inwards and occur perpendicular to the bedding. The carbonaceous materials in these
seams contain rounded fractured uraninite grainthat are frggmented and completely
surrounded by carbonaceous mattemits, 1984; Drennan and Robb, 20@@ennan and Robb
(2006)found that carbon nodules were common in veins as remobilised inclusions and coatings
that contained significant amounts of disseminated Fe, U andfennan and Robb (200&)so

noted that numerous phases diiydrocarboncould be seen cutting previously emplaced
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carboraceous matter The forms of carbonaceous matter are well known, however the origin of

the carbonaceous matter has been hotly debat@dallbauer, 1975; Mossmaet al., 2008;

SmiejaKrdlet al., 2009)
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Figurel.3 Schematic Diagranshowing the form of Carbonaceous Matter
Schematic thgram showing the typical distribution of carbon in gold reefs within the Witwatersrand B

Modified afterGrayet al. (1998)

The origin of the carbonaceous matter has been determined using carbon isotope data that
points to a biogenic origin of the carbonaceous material from cyanobacteria within the
Witwatersrand BasifZumberg et al., 1978; Spangenberg and Frimmel, 2000he biogenic
nature of the Witwatersrand carbonaceous matter gained support afteéallbauer, 1975)
published electron microscope images of forms that purportedly represented the remains of
organic matter. Similar forms were reported (8miejaKrolet al., 2009) The organic matter was
viewed as algal mats that could have acted as traps for heavy minerals, including gold, in a
sedimentary settindHalbauer, 1975; Mossmaet al., 2008) However, textural evidence from

the carbon seams and nodules contradicts a syndepositional model for formation. The
occurrences of carbonaceous matter in hydrothermal cross cutting quartz (@mesnan and
Robb, 2006)aromaticity of the hydrocarbon&chidlowskil981) reflectance valuefGrayet al.,

1998) oil entrapment in fluid inclusions in quartz graifdennanet al., 1999; Englaneét al.,
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2002)and pervasive distribution of Au and U throughout carbonaceous materials yet lack of other
heavy detrital mineralgDrennan and Robb, 2006; Fuattsal., 2016a)are just some lines of

evidence that contradict a strictly syndepositional model of formation.

Instead a model was proposed that favoured Archean oil migration and then precipitation via
radiolytic polymerisation around uraninite grair{Schidlowski, 1981; Englaret al., 2002)
Furthermore, the isotope data and rare earth element (REE) sigemtindicate that the
carbonaceous matter coulchave been derivedfrom the lower shale ums within the
Witwatersrand BasitfiSpangenberg and Frimmel, 2001; Fuehal., 2016b) The significance of
fluid movement in the Witwatersrand Basin is examined further in Sedt@mlthough evidence

exists for post burial migration of oil (and gold), the model requires further investigation.

Consequently, the terms used for carbonaceous matter in the Witwatersrand Basin have
implications fa its formation. The technical terms for naming carbon in the Witwatersrand Basin

are:

1. a1 SNR3IASYy¢ F2NINBYYlLyild aAaSRAYSYUGl NE 2NBIFYAO
2. GoAGdzYSy ¢ F2N) a2t AR 2NJ 9Aa02dza NBAARdAzSa 2
poorly solublen organic solvents, or
3. AKERNROIFINb2yaé¢ HKAOK |NB |aa20AlF0SR gAUGK F
carbonaceous material®rennan and Robb, 2006; Mossmeanal., 2008) Drennan and
Robb (200§ proposed that almost all of the carbonaceouatter had been remobilised
FYR GKIFIG Fye a1SNR3ISyYy¢ (GKIFIG NBYFAYSR g1 a
GoAldzyYSy ¢ o
CKSNEF2NBE WOIFIND2YyQ FNRBY (KS 2A06F GSNANIYR . I a
Fa WOIFND2yl 0S2dza 2YIQI EGNB 0Ra QX AVYR2RNE QloSE O ND 2

1.7.5 OtherMinerals

The complexity of the Witwatersrand Basin is shown in the wide variety of minerals found in

small quantities. The dominantly quartz rich basin contains a number of phyllosilicatesdfo
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by metamorphism(Phillips, 1987)In addition to the silid@ minerals, and minerals mentioned
above, a number of other minerals can be found: platinuraugr minerals, rutile, ilmenite
chromite and diamondsZircon is also common throughout the reefs and has been used-for U
Pb dating studies that constrain theegof various stratigraphic horizo(esg.Armstronget al.,
1991b; Koglinet al, 2010b) Platinoids, occur as 60 pum small rounded grains within the
conglomerateqCousins, 1973)t is suggested that both chemical weathering and sedimentary
action was responsible for the morphology of the platiriddditionally, the geochemistry of
the platinum minerals indicates that the waters at the time of deposition were very saline
(Cousins, 1973; Feather, 1978he oxides preserved in the Witwatersrand Basin includde,
chromite, ilmenite and zircorfFeather and Koen, 1975; Tucker, 198Dhese oxides have a
detrital form (Feather and Koen, 1975lthough research has fodnsmall remobilised forms
within remobilised silicate material®hillips and Law, 1994; Fudattsal., 2016a) Diamonds are
also relatively abundann the reefs, espeally within the East Rand Gold figkeeather and Koen,
1975) Diamonds in the Witwatersrand Basin are clearly the result of placer emplacement
(Feather and Koen, 1975he isotopic signature has led to insights into the early plate tectonics
of the Eath, indicating that modern tectonics operated as early as 3.%Sbzartet al., 2016) It

is therefore argued thathe processes associated with modern tectonics may also have been
operating at the time of the formation of the Witwaterand Basin, even if atmospheric

conditions werenot the same(Heinrich, 2015)

1.8 Mineralisation Models and Phases

Mineralisation is the keydid of interest surrounding the Witwatersrand Basin currently. Most
recent research focuses on the formation of the prominent minerals in the Witwatersrand Basin
e.g.Frimmel and Hennigh (2015), Fuehsl, (2016a) and Heinrich (2013jowever, controversy

still surrounds the genesis of many minerals present. There are 3 major models used to describe
the origin or formation of the Witwatersrand mineralisation that have bgaoposedand

reviewedthrough extensive research over the ysar
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The first model ppposed by Mellor (1917%he placer modelpostulated that the sediments and
economic minerals in the Witwatersrand Basin were deposited by rivers. Fluvial actibe

placer modelvas responsible for the distribution and concentratiof gold, uranium and pyrite
together with pebble lags. Evidence supported this model in many vesythe shape of the
economic mineralsas well as the distribution, was usually correlated with sedimentary

structures(Smith and Minter, 1980; Smits, 1984; Mintdral., 1988; Minteret al., 1993)

Researchers also noted from an early stage that numerous economic minerals displayed
evidence of hydrothermal emplacement or remadation (Graton, 1930; Davidson, 13b In

order to satiate these findingain alternative hydrothermal modelwas developed, which
postulated that only a small amount of gold was emplaced by sedimentary processes and that
the bulk of the gold was brought in by hydrothermal fluids from some unknown source outside
the basin(Phillips, 1987; Barnicoat al., 1997; Jollewt al., 2004; Phillips and Powell, 2011)
While this model does provide some explanation for the strong hydrothermal signature of many
economicminerals, it does not reconcile why the gold has such a strong sedimentary control
(Frimmelet al.,, 1999; Minter, 1999)it also does not explain the age of the gold that was dated

at ~3.3GdKirket al., 2001)

wSaSIk NOKSNB G2RI& FIF@2dzNJ | Y2RSt (GKlahd al GAa
G K& RNER G KS NI fmédified dIRcSrimbde(RdbEeS al,, 1997; Drennaret al., 1999;

Stewartet al.,, 2004)agrees that the gold, uranium, pyrite and other minenakre washed into

the Basin by fluvial processes, howewbiese mineralsvere later remobiked in hydrothermal

fluids (Jolleyet al,, 2004; Haywaret al., 2005; Simanovich, 2009; Horscreftal., 2011) This

model favours multiple pulses of fluid movement and accounts for many of the mineralisation
features, however a number of questions still pergRhillips and Powell, 2011; Mathet al.,

2013)

Researchers cite numerous factors such as anomalous concentrations of gold, source material of
the gold, the unique AW-C structures, the lack of sizeable gold nuggets and the chemical
variations of pyrite as problems with current models for mineralisafidorscroftet al., 2011;

Agangiet al,, 2015) In addition to the three major schools of thought, recent research has

33



provided an alternate model for the formation of the Witwatersrand Ba@tnmmel and
Hennigh, 2015; Heinrich, 2015)hey hypothesise that gold may have been dissolved from the
land surface by highly acidic, meteoric waters and transported in solution into the Basin. Once in
the Basin, gold from solution could have been precipitated méagenic forms that released free
oxygen into the Witwatersrand sediments, altering the oxidation s{&emmel and Hennigh,
2015; Heinrich, 2015However, there are gittcomings with this view as it does not explain why
carbonaceus materialseen in thebasin are discontinuoysontain significant amounts of REE,
multiple phases of carbonaceous materials and are intimately associated with uranium bearing

phases.

1.9 Importance of Flul

Fluids are essential to understanding the ettef remobiisation in the Witwatersrand Basin
carbon(Drennaretald> M dppdT t F NSt X wmdpddriuidipdugichgt@dids | y R t
have found that at least 4 fluid systems exist within the Witwatersrand BastyQ@®, HO-CH-

CQ, CH-N: rich fluids as well as aqueous flui@®@rennanet al, 1999) These systems are

important as it was found that remolsed gold occurs within the faultsd veins that host the

fluid inclusions as well as in the carbon nodules extracted from the hydrocartorfluid
inclusions(Drennanet al, 1999) The peservation ofhydrocarbonsin fluid inclusions led

Drennanet al. (199%) andEnglandet al. (2002)to concludethat WilQ 6 2 NJ Ff dZAR K&RN
migration was a strong factor in the Witwatersrand Basin and had the potential to transport large
concentrations of goldsee sectiond.7.4and 1.8). The close relationship of carbon to uranium

provides an insight as to how the AHC associations may have formesichidlowski (1981)

proposed that theradiation from detrital uraninite caused liquid hydrocarbons to radiolytically
polymerise and form solid carbon that encapsulated rounded uraninite phaSestinued
precipitation resulted in fracturing andisplacement ofthese rounded uraninite grains tm

smaller, angular fragments, separated by interstitial hydrocari@ndaiset al., 1990; Drennan

and Robb, 2006; Drennan and Robb, 2015)
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Therefore many authors agree that there has been remobilisation of carbon, gold, pyrite and
silicate materialfFrimmel and Gartz, 1997; Frimmel and Minter, 2002; Kaglial, 2010.
However, the scale of the remobilisation in the Witwatersrand Basin is conteGadz and
Frimmel (1999) and Meiest al. (2009)state that remobilisatia occurred on a millimetre to
centimetre-scaleand did not play a large role in redistributing minerals after deposition. In
contrast, Jolleyet al. (2004) and Parnell (1999 nd Drennan (thesis) provide evidence of
remobilisation in the order of metres to hundreds of metres along faults and parallel to bedding,

that resulted in widespreadredistribution of minerals and metals in the Witwatersrand Basi

Therefore, aditional consideration should be given to the products that are generated from the
thermal degradation of sedimentary algal matter (Type | kerogens). Typically, Type | kerogens are
comprised of hydrocarbons (C atoms bonded to H atoms)#mel atoms that are grouped with
nitrogen, sulphur and oxygefPepper and Corvit, 19950 summary of the generation of

hydrocarbons is shown Higurel.4.

Kerogen
Initial Reactive Inert
Petroleum Component Component

Generation
Y Y Y
8 g CRACKING | Gas from Second. | Gas derived from ;
Residual Petroleum Oil (Cs+) > Cracking (C) Keroge (Gxs) Graphite
Expulsion
Oil (Ce+) Gas (C<s)

Figurel.4 Schematic Diagram of Petroleum Generation
The degradation of Type | kerogens as shown by kinetic m¢altés, Pepper and Corvit, 1995Df particular
interest to this research is the generation of residual petroleum that includes various oils and gasses.
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When organic matter degrades it produces oils and gases (petroleum) from the original matter

that is comprised of hydrocarbons and NSO compounds (compounds of nitrogen, sulphur and
oxygen that incorporate carbon and hydrogen bonded as complex molecAldditionally, the

resulting product also contains resins and asphaltenes (fragments of the original matter) and
non-hydrocarbon gasesNo, S and C&(Pepper and Corvit, 1995)he product generated by

the decomposition of complex hydrocarbons with high molecular weight into simpler
KERNROINb2ya A& TFdzZNOHKSNJ adzo RAGARSR® ¢KS NBadz
KERNRBOIFINDB2Y KIa wm Ol ND 2hgs 6lorimdré datbonafdthsk y W2
(Englandet al., 1987) A significant portion of the hydrocarbons formed from the pyrolysis of

G2 p

kerogens is also derived from the secondary cracking of the NSO compounds. The residual
petroleum formed from the decomposition of sedimentary organic matter thus contains various
liquid and gaseous components. The likely hydrocarbon composition of petroleum derived from
Type | kerogens is well constrainéthglandet al. (1987)showed the typichcomposition of an

average petroleum reservoffrablel.l).

Table1.1 Typicd hydrocarbon composition of a subsurfagetroleum from the Bruce Oil Figl(After Englandet
al., 1987)

Subsurface Subsurface Subsurface Subsurface
Components Petroleum Petroleum Components| Petroleum Petroleum
Liquid (wt %) Liquid (mol%) Liquid (wt %) Liquid (mol%)

CQ 1.1 19| Gs 2.6 0.8
N2 0.1 0.3]| Gz 2.3 0.7
G 10.9 49.9| Gs 1.9 0.5
G 3.3 8.1| Go 1.4 0.4
G 3.4 5.8| Go 0.9 0.2
G 3 3.8 Cu 0.9 0.2
G 25 25| G2 0.7 0.2
G 2.8 23| Gs 0.4 0.09
G 4.8 35| G4 0.3 0.06
G 6.3 41| Gs 0.2 0.04
G 5.1 29| Gs 0.1 0.02
GO 3.7 19] Gz 0.1 0.02
Cu 3 141 Gs 0.07 0.01
G 2.9 1.2 ] Go 0.04 0.007
Gs 2.9 1.1] Go 0.02 0.003
G 3 1.1 | Others 26.57 4.2
Cis 2.7 0.9 | Total 100 100
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In a typical mature petroleum most of the hydrocarbons contain 10 or fewer carbon atoms and
most of the more complex hydrocarbons still only contained 22 or fewer carbon genggand

et al., 1987) Therefore research provides a framework for the decomposition of sedimentary
algal matter into residual petroleum that can be used to guide experimental parameters for the

hydrocarbon source used in this research.

1.10Metal solubility in Oils and Brines

Hydrocarbons cald have represented a significant medium for the transportation of metals
within the Witwatersrand Basin. However, in order for experiments to simulate some of the
potential processes, an examination of metal solubility in oils was requiFeahsport of
elements in oils and brines is well documented in modern oilfigtslins, 1975; Filby, 1994)
Currently there is strong focus on metal transport within oils and brines in hydrothermal systems
(WilliamsJonest al., 2009; Sewardt al., 2013) Numerous metals have been detected in crude
oils, these include: V, Ni, Cr, Mn, As, Hgand Fe among othef{Shah and Filby, 1970}here

were alsoa number of metés that were found in oilfield brines, these include: Ca, Mg, K and Sr
amongst othes (Kharakaet al., 1987) The temperatures fametal transportboth oilsand brines

in modern analogues we within the ranges estimated for the Witwatersrand Basif100°C in
crude oils, and ~300°C in active hydrothermal systEesvarcet al., 2013) Tablel.2 lists some
common elements found in crude oils addition to the metals that are found in oilSold has

also been detected in crude qiShah andrilby (1970jound trace gold concentrations between

1 and 3 ppb. These concentrations do appear low, but this is to be expected as solubility for gold
in crude oils was found to be 2 to 3 ppb at 100u€as much as 50 ppb aigher temperatures

- 250°C(Zeziret al., 2007; Williamsloneset al., 2009) These fluids, along with the evidence of
hydrothermal activity in the Witwatersral Basin, provide some constraints that could be utilised

in experimental design. Therefore, modern fhuigetal solubility gives a suitable indication to the
metals and elements that can be dissolved within oils and brines. Given that chemically these
elements do have significant interactions with each other as ligands (oils) or complexes (brines),
consideration should be given to this form of fluid transport in the context of the Witwatersrand

Basin.
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Tablel.2 Compositions of various hydrothermal fluids compared to modern day sea water

Taupo Mississippi . . .
Sea Water Geothermal . : Crude Oll Chinese Oll
Fluid Oilfield Brines
Source (Sewardet al., | (Sewardet al., | (Sewardet al., (Shah and (Chifanget al.,
2013) 2013) 2013) Filby, 1970) 1991)
Temperature 2 275 107 - -
pH 7.8 8.01 5.65 - -
Na (ppm) 469 1154.697 76.25 - 298.4
K (ppm) 9.8 125.64 17.68 - -
Ca (ppm) 10.2 0.227 774.34 - -
Mg (ppm) 52.8 0.004 - - -
Mn (ppm) - - 1.16 - 6.532
Ni (ppm) - - - 163.11 43.28
Fe(ppm) - - 6.19 44.78 64.06
Al (ppm) - - - - 8.84
Si (ppm) 0.2 19.238 0.71 - -
Ba (ppb) 0.1 - 1056 - 9.74
Cu (ppm) - 4.45 0.02 - -
Cr (ppm) - - - 0.0085 13.46
Co (ppm) - - - 1.71 8.86
Ce (ppm) - - - - 0.114
Zn (ppm) - 0.185 222 29.78 30.11
Pb (ppm) - 0.023 53.2 - -
Mo (ppm) - 0.043 - - -
Sc (ppb) - - - 1.67 32
V (ppm) - - - - 1.85
Sn(ppm) - 0.84 - - -
Se (ppm) - - - 0.53 33.24
Cd (ppm) - - 0.83 - -
Ag (ppb) - 6 - - -
Au (ppb) - 16 - 1.35 -
As (ppb) - 17 - 2625.6 14
Eu (ppb) - - - 5.03 6
Hg (ppb) - - - 3236.47 -
Hf (ppm) - - - - 0.038
La (ppm) - - - - 0.62
U (ppb) - - - 59.57 -
Sb (ppb) - 0.004 - 55.36 322
Th (ppm) - - - - 0.008
Cl (ppm) 551.6 613.92 5614.69 - 34
Br (ppm) 0.8 0.45 13.03 - 27.71
F (ppm) 0.1 0 0.04 - -
B (ppm) 0.4 12.21 8.05 - -
SQ (ppm) 22.4 410.37 0.19 - -
HzS (ppm) - - - - -
S (ppm) - - - - 25400
HCQ (ppm) 2.9 48.261 - - -
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1.11 Carbon Nanostructures: Reactions and Applications

Inorganic compounds (such as uraninite) and organic compounds (such as light hydrocarbons) do
not bond easily thus making experiments considerably more compleXdditionally,
experimentally precipitateccarbonaceous productseeded tobe highly structured, similar to

the Witwatersrand carbonaceous materials. In order to replicate th&JATiassociationsegn in

the Witwatersrand Basin, techniques needed to be adapted from other disciplines of science.

Researchers in the field of heterogeneous catalysis have been producing solid carbon
nanostructures (CNSs) on metallic surfaces for a number of yBarauis, 2005; Covillet al,

2011) CNSs in the form of lighteight single and muhwalled nanotubes, nanospheres,
nanofibers and other nanoscale structures have been shown to display someoedimary
physical properties, including their: supstrength, variable electrical conductyj thermal
conductivity, etc.(Thostensoret al., 2001; Magrezt al., 2005) The ability of CNSdo impart
exceptionalproperties in composites has made them very interesting to chemists and material
scientistq Thostensoret al., 2001; Colemaat al., 2006; Covillet al., 2011; Shaikjee and Coville,
2012)

However, it is the organometallic association that is of importaimcthis investigation CNSs
have been grown in a reducing wronment from a gaseous phase to a solid phase, on the
surfaces of nanalispersed coppercobalt, nickel and goldDupuis, 2005; Zhoet al., 2006;
Durbachet al., 2009; Let al., 2009) Therefore, experiments that use a fluidggous carbon
source and create solid structured carbonaceous matter can be adapted to simulate the process
of hydrothermal fluids precipitating hydrocarbons onto uraninite grains. The catalytic growth of
CNSs onto a uraniwmearing powder is a novel idego date it is known that carbon and uranium
can bond, however the process requires strong catalysts and high reaction en@rpeseret

al., 1984) The interaction between radiation and carbonaceous matter has also been researched.
Previous studies showed tlegfects ofionisingradiation, where energised particles were shown

to disrupt the growth of CNSs by creating junctions asl sl welding CNSs together
(Krasheninnikov and Nordlund, 2004; Dupuis, 2005)
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1.12Publications and format of Chapters&

Thisthesispresents the findingshat were compiled as chapters anith certain instancesas
manuscriptsfor publication (AppendixA). The findings of the chapters for publicati@ame in
various stages of assessmeatin preparation, submittedr underreview.Additionally, findings
that were supplementary or unpublished are also presentethe thesis and ithe Appendices

For this reasorthe chapters differ from the publishéor about to be publishednaterials and
have been altered sthat they are moresutable for the format of ahesis Chapter2 outlines

the numerous techniques, methodologies and analytical conditions used in the research. Chapter
3 presents the detailed petrographic study the AuU-C associationthat were examined The
results from thisChapter guided the remainder of the research by providing samples (for
elemental mapping and tomography), featurgsit were further investigated and insights that
instructed experimerdl design.Chapter 4 presentthe results ofin-situ elemental mappingf
carbon seams and nodulesing PIXEChapter 5 presents the results of the CCVD experiments
and the characteristics of the experimental produdisat were compared to that of
Witwatersrand carbonaceous material€hapter6 presents the results from theomputed
tomography scans of the Carbon Leader Reef (CLR) thatawenpared with the mineralogy of

the sample using electron microscopy and traditional petrography.

The results foundrom the more traditional techniques (Chapter 3, 4 &\&re used to degin a
set of experiments that addressed crucial conditions needed to reprothe&Vitwatersrand
Au-U-C association€hapter7 details the results of theolvothermalexperiments and pressure
studies on CNS growtfihe most striking resultthat were found from introducing gold intdghe
experimental solutions are also presedtin Chapter 7.Each chapter contains a discussion
outlining the main findings of the research present&thally, inChapter 8, all of theresults are
discussed in entiretywhere possible implications/future studies aralsopresented as welas

the conclusions of this research
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2 Methodology and Experiment Set Up

2.1 Sampling and Sample Preparatio

In order to examine the AW-C associations in the Witwatersrand Basin a numbesooirces

were used. Samples were obtained from multiple historical collections as well as gold mines from
the Klerkslorp and Carletonvillgold field Table2.1 shows thelocality, number of sampleand
reefsthat samples were obtainefitom for this study.Thegold fieldsare distributed through the

Basin as shown iRigurel.l.

Table2.1 Reefs ampled and the bcality of the reefs in the Witwatersrand Basin

Reef Number of samples Gold Field
Basal Reef 8H.S.and 6 T.S. Welkom
Beisa Reef 2H.S.,1T.S.and 4 O.B. | Welkom

G/ ¢ wSST¥ 11 H.S., 7 T.S. and 4 O.B. Carletonville
CLR Reef 10 H.S.,4 T.S. and 1 O.B. Carletonville
Dominion Reef 2H.S.and 1T.S. Central Rand
Elsburg Reef 1H.S. Klerksdorp
Kimberley Reef 1HS.and1T.S. East Rand
Main Reef Leader 6 H.S.and 5.S. Central Rand
May Reef 1HS.and1T.S. East Rand
Middevlei Reef 2H.S West Rand
Rose Reef 2H.S East Rand
South Reef 1HS.and1T.S. East Rand
Steyn Reef 2H.S.and 2 T.S. Welkom
Vaal Reef 10H.S.5T.S. an@ O.B. Klerksdorp
VCR 2H.Sand 2 T.S. Carletonville

* H.S.¢ Hand Samples, T.&Thin Sections, O.B.Ore Blocks

From the available samples in the collections detailed in Appendix B, 61 hand samples were
examined further and 39 thin sections and 12 polished ore blocks were e par the various
petrographic studie§Chapter8, 4 and6). Sampledocussed specifically of the reef portion of the
economichorizorsthroughoutthe CRG where gold mineralisation was more prominearn@es

with the following featues were selected:

1. Excellenexamples otarbon seams, both thick and thin discontinuous seams
2. Nodular carborin reefs

3. Samples that lack obvious carbon but have good gold grades
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4. Samples with sulphide mineralisation in the reef

5. Samples in contact with faults veins

Additional samples were selected for exceptional features that provided insights into the
processes that formed thenThe complete list of samples and the features of each is shown in
Appendix A The samples obtained for this study are quiteque in that many come from
historical collectios and would otherwise not be obtainabl€herefore many of the features

seen in these samples have not been properly investigated.

Representativesamples were prepared as polished sections and ore bldt&paration of these
used a hardenecontaining triethyénetetramine, which was mixed in a 2 to 15 ratio with a resin
containing bispheneh, epoxy resin, oxirane and moderivatives These may contain traces of
elements that could be detected by PIXid EPMA Additionally, theglass slide onto which the
samples are adhered could also contain traceSIghs and CiThis was taken into account during

the current investigations.

2.2 Petrographic Microscopy

Thin sections and ore blocks were examined usingetftl and transmitted light microscopy on

the Olympus BX6and BX41 optical microscopeghe Olympus BX41 is a typical petrographic
microscope with a rotating stage. The BX41 was used to characterise and identify the mineral
and textural components, relate concentrations and associations therd@hapter3). The
Olympus BX6doused in the Microscopy and Microanalysis Unit (MMU) at the University of the
Witwatersrand is slightly different in that the stage does not rotate, however it is fully
mechanised. The BX63 was used to obtain stitched images of each of the prepared samples using
Multiple Image Alignment (MIAWith MIA a automated program shifts the stage égeach of

the images obtained arstitched together to givene complete image of the sample. MIA on the
BX63 using 4X magnification, allowed for better and more consistent petrographic studies, while

higher magnification images were obtathesing the moe easily accessibBX41 Thismethod
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using the Olympus BX&hd BX41 in conjunctioproved highly effectiveand allowed for a

digitised version of each section to be kept

2.3 Chemical Analyses

Powdered catalyst/uraniferous samplegsed in Chapter5 were analysed using -bay
fluorescence (XRF) spectroscopy at the Earth Sciences Laboratory at the University of the
Witwatersrand. Major elements were detected lnsing a fused disk methodology. Each sample
powder was heated to 1000°C and loss on ignition (LOI) was calculated, following this the powder
was mixed with a chemical flux and heated to 1000°C once more and then finally pressed into a
fused disk. The datwas collected using a PANalytical PW2404 XRF spectrometer. The trace
element analysis was based on a pressed pellet method. A small amount of sample was mixed
with polyvinyl alcohol and pressed into a moulde sample was left to dry out for 24 h. The
pressed pellet was then analysed for trace elements using a PANalytical PW2404 XRF

spectrometer.

XRF was not used to analyse the reefs sampled for thin sections/ore blocks. In order for whole
rock geochemical analyses to be useful the Au data would bereshjuGold data is only reliable
when obtained from fire assay analysis, however thehniquewas too expensivéor this study.

Instead qualitative values were obtained using petrographic methods.

Additional chemical analyses were required to determine themical composition of solutions

to be determined (Chapters 5 and 7). In order to achieve this Inductively Coupled Plasma Optical
Emission Spectroscopy (HOES) was undertakemhe analyses were conducted using a Spectro
Genesis Spectrometer with an etor specified method designed to detect As, Sr, Mo, Cu and

U. Allmethods wee calibratedusinga set of standard solutions before each set of analysse
completed The quality of the IGRES results were compared by using microwave digestion of
HILA9 sampe. Microwave digestion useal portion of solidnaterial and completely digestatl

into deionised water The total amount of U, Sr, Mo, ClAuand As was themeasured in

solution. These values are compared to the XRF data in Appendix H.
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2.4 ProtonIinduced Xay Emission Analysis

Protoninduced Xray emission (PIXE) micraapping of elements foungh-situ within their host
minerals is an underutilised technique in the study of sedirdesgted mineralisation. PIXE is a
non-destructive, welunderstoodand dependable method and should be used to determine the

distribution of mobile and immobile elements as they occur in the Witwatersrand Basin.

PIXE has previously been used to map elements within carbon nodules fronfengan and
Robb, 2006)and carbon material from the Carbon Leader Reef from the Witwatersrand
Supergroup and Black Reef from the Tra@\SupergrougFuchset al, 2016a; Fuchst al.,
2016b) and has provedseful in these studiesviultiple samples of weltleveloped seam and
nodular carbon were analysed using PIXEreas of interest within the sampleseve those that
included Carbon, Uranium and Gold in various proportions in seam carbon, nodular carbon,
veinlets cutting through carbon seam$éractured or displaced grains argilicate minerals
between carbon spindleg he thin sections and ore blocks tltantained features of interest for

the PIXE analyses wepgepared with a 60 nm layer of carbon coatitgy prevent charging
(Chapterd).

The analyses were performed using the nuclear microprobe at the Materials Research
Department of iThemba LABS, Somerset Wastith Africa. The facility usadb MV singlended

Van deGraf accelerator and Oxford magnetic quadrupole triplet for beam focu@dngzeskyet

al., 1995) A proton beam of 3.0 MeV energyand ~5001 1 L)'  OdzNNBy i o128 T2 Odz
spot and raster scanned over selected areas of sanmaibseither asquare or rectangular scan

pattern of variablesizes (up to 2.5 mm x 2.5 mm scan sizes were possible) and a variable number

of pixels (up to 128 x 128). PIXE spectra were registered with a Si (Li) detector {Z@tiaen

area, working distance 24 mm), positioned at a takkeangle of 135°. The effage energy
NBazfdziAzy 2F GKS tL-9 &e&-560 8W maasuadNibr indivilua y Y h
spectra. The Xay energy range was set between 1 and 40 keV. Proton elastic backscattering
(EBS) spectra were recorded with an annular Si surface bRrett SOG 2 NJ 6 mnn >Y (KA

at an average angle of 176°. Data were acquired in the elgetvent mode.Results were

normalisedusing the integrated beam charge collected from the insulated specimen holder.
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Each selected area was measured twic&@sno different Xray absorbers interposed between

the sample and PIXE detector. Application of the thicker absorber (100 um Al) restricted the
practical Xray energy range to above 4 keVlr@ys from the lighter elements were filtered out,

and the detetion of heavy elements was relatively enhanced). Additional measurements of low
energy Xrays (between ¥4 keV) were made using a 125 pm thick Be absorber. The proton

current in this case was ~280 pA in order to reduce the number of pileups in the Bp&etra.

Quantitative results were obtained using a method employing GeoPIXE Il so{fyae, 2000)

The calibration of the analytical system was tested by measurements of reference materials
pure elements, pure minerals and USQ@Jnited States Geological Service) standard4. BRiiRl
BCR2. Elemental mapping was performed using the Dynamic Analysis mdfRypah and
Jamieson, 1993; Ryast al., 1995; Ryan, 2000yvhich generates elemental images using series
of Xray lines (in this case K, L or M lines). The maps are (i) ovedalved, (ii) with subtracted
background and (iii) quantitative, i.e. reported in ppm or wt. % units. Maps were constructed
from the 7 analysed areas in the selected samples(Table 2.2) using bitumen matrix

compositions from scanned areas.

Table2.2 Samples selected for PIXE miemaps

Sample Reef Locality Figure PIXE Map
CREEFO01 a / -Reef Blyvooruitzicht Gold Mine | Figure4.1 Figure4.2
DFN10 CLR Doornfontein Gold Mine Figured.3 Figured.4
LGM3 Basal Reef Loraine Gold Mine Figured.5 Figure4.6
MGS6513 Vaal Reef Hartebeesfontein Golq Figure4.7 Figure4.8
Mine
PSGM Steyn Reef President Steyn Gold Mine Figure4.9 Figure4.10
VCR VCR Western Deeps Gold Mine| Fgure4.11 Figure4.12
CREEF EM2 | a / ¢tReef Blyvooruitzicht Goldline | Figure4.13 | Figure4.14

¢KS 9.{ YILA 2F OFINb2y RA&AUONAROdzIAZ2Y H6SNBE O2y:
subtraction. In addition, PIXE and EBS spectra were extracted from smaller regions of arbitrarily
selected shapes within maps. This selection was made on the basesrant distributions from
PIXE maps. PIXE spectra from these regions were fitted using a full nonlinear deconvolution
procedure(Ryaret al., 1990)
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2.5 Electron Probé&licro-Analysis

PIXEBnicro-maps were supplemented with Electron Proddecro-Analyses (EPMA)Vavelength
Dispersive Spectrometry (WDS) provided maps of selected elements and their concentrations
within Witwatersrand sample©nly a few maps were required, however the different dete

types and ability to validatthe presence of elements proved useful in supplementing PIXE data

(Chapter4, EPMAdata presented in Appendi®).

EPMAwas perfomed using a Cameca -SKE eleiton microprobe equipped with BNDS
spectrometers housed at the MMUAnNalytical conditionsised15 keV acceleration voltage and
abeam current 020 nA. Natural and syhetic standards were used to calibrate the microprobe

A focused electron beanmvith a 50 ms dwell timavas ugd during quantitative WDS analyses.

2.6 Laser Raman Spectroscopy

Laser Raman spectroscopy (LRS) was used toradhei spectral signatuseof experimental
products and of Witwatersran@arbon materias for comparisorf{Chapters & 7). Spectra were
acquired using the 5141m line of an argon ion laser on a Horiba Je¥on LabRAM HR Raman
spectrometerhoused in the MMU at the University of the Witwatersraridhe laser was focused
onto the sample via a microscope objective and the backscattered light was dispersed onto a
liquid nitrogen cooled CCD detector via a grating with 600 lines/Bpectra were processed by

removing the background interference.

2.7 Micro-CT scanning

High resolutionquCTscans of Witwatersran@arbon seam#ave not previously beepublished

even thoughuCThas successfully been applied in geological investigations of sulphide minerals
in ultramafic rockgGodelet al., 2006)and in gold grains in porphyry depodikyle and Ketcham,
2003) Computed tomography usexrays passing through a sample that is rotated through 360

degrees to visudéde material differences. Materials within the sample attenuatea)s to
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different extents such that dense materials attenuate more than less dense matdiile2.3

shows relative densities of a number of materials commonly seen in Witwatersrand Reefs. The
notable difference is the specific gravity of hydrocarbons (<2) compared to(§®ld), which
creates sufficient material contrast in the image stack generatedu®yto permit digital
separation of the two materials (i.e., segmentation) using VGStudio Max 2.2 (Volume Graphics
GmbH).

Table2.3 Specific gravity of minerals commonly found in Witwatersra@drbon seams

Mineral Specific GravityfCairncross, 2004)
Hydrocarbon <2

Gold 19.3

Phyllosilicates 2.5¢3.0

Quartz 2.66

Uraninite 7.5¢ 10

Pyrite 5

Il KAIK NBazfdziAzy AYl 3heéCLBampld vageéngraténsing alNikdnS T
Metrology XTH 225/320 LC dual source indusyui@ll system.The sample was placed on a
rotating pedestal, while the -Xay sourcewas fixed.The system is locateid the Paleosciences
Centreof the University of the Witwatersrandscan paramers include:210 kV 100 pA 2000

projections, and3.6 umof copperfiltration.

Acquired image data wengrocessed using VGStudio Max &/dlume Graphics, GmbH)sing
thresholding,gold was filtered oubf the image stack, which was subsequemtiynpaed to the
petrographic imagesA volumeof interest representingthe 3D distribution of the gold was
orientated at various positions in order to examine the 3D form and distribution of the gold
(Chapters).

2.8 Scanning Electron Microscof8EM) and\uto-SEM

After nondestructive uCT analysis (outlined above) the CLR sample wasuhand mounted
as a polished ore block in order torrelate the density data of theCTscanwith mineralogical

data. The gold distribution from th8D renderedquCTdatawas complimented using 2D mineral
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mapping AuteSEMEDS (scanning electron microscopy witlenergy dispersive X-ray
spectroscopy technology For this the sample was coateid 100nm of arbon. ACarl Zeiss
Mineralogic® systentomprisng an Evo LS15 tungsten filament SEM platform, combined with
multiple (in this instance 2) Bruker XFlash® 6|30 EDS detegtassused throughout analysis

The system is located at the iZg ofices in Johannesbur&cans were conducted at 25kV for
maximum energy resolution of most elements (up to and including uranium) and a beam current
of ~1.3 nA. Xay mapping was conducted at 8 um beam stepping intervals across the polished
surface. Xay ount rates were calibrate to 500000 counts per second &gold standard which

was also used as anry identification elemental standard-@lpha lines were used). THEDS

data was combined into &lsecolour mineralogical map, thattitched together28 fields to
create the finalmapt KS &ae2adisSy LINRPOSaaSR FyR OflaaAFTASR
protocols of Mineralogic®om the Mineralogic Explorer® prograrfollowing the protocols of

¢ 2y OS i AFor the purpegesiof classifying gold, uranimminerals pyrite and phyllsilicates

in ore blocks and thin sections, SEWS~as used to identify minerals (Appendd), provide

textural information and to broadly image experimental products.

2.9 Transmission Electron Microscopy

TransmissiorkElectron Mcroscopy (TEMyas used to photograptie experimental productshat

are reported in Gapters5 and7, as well as seam carbon material from the Witwatersrand Basin
The FEI Tecrfi120kVT12 TEM was used to image thaterials. Powdered materials were used

for the experimental products, and a small portion of carbon from\fievatersrand Basin was
ground into a powder for comparison. The powdered samples were suspended in methanol and
disaggregated using a sonicating bath. A drop or two of the methaowter mixture was then
placed onto a lacgarbon, copper TEM grid. Saraplwere placed into the vacuum chamludr

the FEI Tecn&' TEMandimaged.
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2.10Thermal Analysis

Thermogravimetric analysis (TGA) was used to aealy® products ofthe CCVD and
solvothermalreactiors (Chapters5 and 7). TGA analysis was performbg a Perkin EImer STA
6000 thermogravimetric analysedpproximaely 10 mg of each sample was placed in a ceramic
pan and then placed in the instrument furnace. The temperature of the sample was increased

from room temperature to 900°C at 10°C/min under an oxidative atmosphere (air, 50 mL/min).

2.11 Experimental Growth dfarbon Nanostructures (CNSs)

In this study, the catalytic chemical vapour deposition (CCVD) technique was adapted in an
attempt to grow carbonaceous materials onto uranio®aring phases The uraniferous
materialswere found in granit and metasedimentay powders were used as the substrate

order to simulate the @ associations that have been seen in the Witwatersrand BEssnCCVD
process was selected as it provided a cost effective, simple,-sp&iem reaction that is well
known (Section 1.11) anehlsily repeatable with high levels of accuracy. Although it is obvious
that these experiments initially represent different conditions to those in geological settings, the
experiments are vital in order to determine whether uraniearing minerals are auitable
substrate for hydrocarbon precipitation. Acetylene was selected as the hydrocarbon source as it
is very reactive in even slightly reducing conditions, very pure (no other hydrocarbon
components) and represents a light gas hydrocarbon that carelieet! from the decomposition

of Type | kerogens (Sectidn9). The conditions, time, gas flowrates and analytical techniques
were selected to minimise the amounf variables involved in the reactions. The objective was

to obtain a data set that satisfied good chemical experimental methods and that were applicable

within the broadest geological constraints for the Witwatersrand Basin.

Approximately 100 mg of eithegranitic or metasedimentary powders, with U concentrations
varying from 4207900 pg/g (sedlfable5.1, Chapterss), were placed under CCVD conditions,
equipment set up is shown ikigure2.1. Although the chemical composition of each was

somewhat similar, the granite powder represented a relatively unaltered source that was similar
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to that postulated for the provenance of the Witwatersrand Basin. Due to health and safety
concerns, he powders selected were also constrained by the maximum uranium content that

was safely allowed for use in the experiments.

l H, (9)

Ar(9) Quartz Reaction Vessel Gas Outlet

[(=—

Quartz Boat + Powder Sample

T csz (g)

Figure2.1 CCVD experimental seip.

The experimental set up in a quartz reactitube with gas inlets for: 41GHz and Ar and a gas outlet. A quar
boat with 100 mg of powder is loaded into the tube which is sealed and placed into a temperature con
furnace.

Additionally, themeta-sediment powder represented sediments thatre exposed to surface
processes, beedeposited and then metamorphosed to a low grade. Both source rocks were
from Hildenhof Uranium prospect and the Swakop Uranium Mindamibia. The powders were
sievedinto two different size frattons: <32 um and 32 um75 pm to establish ithe powder

size played any role in these reactions.

The @CVD techniquased a quartz boat loaded with either mesadimentary or granitic powder.

The loaded boat was placed intocuartz tube, into which hydrogen ¢H a reducing gas),
acetylene (eH. ¢ a carbon source) and argon (the inert carrier gas) were passed. The quartz tube
was sealed and heated in a temperatwentrolled furnace from room temperature up to
reaction tempeatures of: 300°C, 450°C and 600°C at 10°C/min for various experirDemiisg

the heating procedure argon was continually passed over the sample. Once the reaction
temperature was achieved, hydrogen and then acetylene were introducddrareaction was

run for 2 hfor all experiments.
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In order to establish if uranium had played any role in these CCVD experiments, powders of both
size fractions (i.e. <32 um and 325 um) of HILG19 were used where the uranium had been
leeched from themThe aim of leechipthe Uranium was to provide a comparative samypith

ozerce uranium to determine whether other catalysts play a role in structured nanocarbon
growth. A mass of 1 g of each powder size fraction of HILG19weasd with20 mL of a 0.1 M
solution of sodiumbicarbonate (NaHG and agitated on a shakable for 6 hours.After
leachingeach mixture was centrifuged and the resulting powder separafédnd dried at 50°C

for 12 h The concentration of U that wdsachedin each case was quantified using inductively
coupled plasma optical emission spectroscopy DES). Thieeachedpowder was loaded into

the quartz reactor and reacted using the same technigseutlined above.

2.12 SolvothermaExperiment Setup

Solvothernal synthesis of carbon is a relatively new technique in material scieBodsothermal
techniques can produce nanostructured carbon at much lower temperatures than CCVD
techniques(Kuanget al., 2004) Thesolvothermaltechnique was adapted in order to produce
materials at lower tenperatures and higher pressures @ closedsystem with a limited
hydrocarbon source to provida better proxy to conditionpostulated forthe Witwatersrand

Basin at peak metamorphisrBolvothermal experimentsome with a unique set of challenges.
Although they are able to attain higher pseses than those in the CCVD experimeptsessures

arestill much lower than those postulated for the Witwatersrand Basin. Solvothermal techniques
are not as wellinderstood and therefore not as widely reported on ccemgd to CCVD
techniques, especially with respect to the effects of various carbon and hydrocarbon sources
(Deshmukket al., 2010) Therefore, the solvothermal experimentsdto be designed to utilise
previous research and the data obtained from the CCVD experiments. Research shows that many
KERNRBOINb2y a2dz2NOSa dzaSR Ay a2f @20KSNXIf NBI O
represent likely compounds derived from kerogen detation) or require impossibly high
reaction temperatures (e.gpolyethylene at 68°Cin Deshmukfet al., 2010. Ideally, experiments

should use a mixture of hydrocarbons that roughly represent the composition of an oil derived
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from type | kerogens. Howey, experimentallyt would not be practical to use a wide variety of
hydrocarbons in a solvothermal reaction. Therefore, sucrose was selected as the carbon source.
Sucrose is pure, previously researched and requires low temperatures for reactions fdede
(Kuanget al.,, 2004) The objective of the solvothermal gariments was to provide details on the
effects of pressure, a limited fluid hydrocarbon source and the effects of gold in solution in the
formation of experimental AW-C materialsin order to apply this technique a custom built
autoclave was requiredThe autoclave, showrnn Figure 2.2, was manufactured from solid

stainless steel and holes were drilled for valves.

Thermocouple

,Q’ressure Gauge Additional Gas-in‘\lal/e

Teflon Inner Cup

—— Heating Jacket
Stainless Steel
Autoclave |

Sucrose
Solution

O Q[0

Powdered Sample

Figure2.2 Schematic diagram of a solvothermal experimentgt-up
Section through the cylindrical autoclave that was purpose built for solvothermal reactions. The body is
from stainless steel, the lid is bolted on to seal the vessel and then heated using a heating jacket.
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The valve fittings were welded oma the entire pressure cell was certified up to 300 GTHD
While this proved useful, it should be noted that welding could provide weak points. Therefore,
maximumpressures were limited. However, the manufacturer did suggest that future equipment
use Swaelok® fittings which could be fitted without welding them. The valves allowed for a
thermocouple, pressure gauge and release/gas input valve on the top of the auto€levéop

of the autoclavecontained a small groove for a Teflon ring, this providedagght seal that
allowed the autoclave to be pressurised to higher pressures than the CCVD equipmsétd.

the autoclave a Teflon inner cup was machinathva volume capacity of 100 mExperiments
involved the use of 100 mg of granitic powders,rstirinto an 80 mL solution of 0.08 sucrose
(Gi2H22011). The solution was prepared with >99.5% sucrose grains dissolved in deionised water
at room temperature. The solution was loaded into the Teflon inner cup and the pressure cell
was sealed and placedto the heating jacket. The autoclave was heated to resctemperature
180°C, over 3 h and run for 18Aifter the vessel cooled to room temperature the resulting liquid
was drained through filter paper in a Buchner funnel, and any solid product owdlie of the

Teflon inner cup was scraped onto the filter paper.

The mass of solid product extracted from the liquid was measured. The filtered liquid was
reserved for analysigigure2.2 shows the experiment set yphe autoclave was placed within a
fume hood for safetyThe temperature, particle size and sucrose concentration were all constant
for the solvothermalexperimens. Onlytwo uraniferouspowder samples were used: <32 um
HILG19 and <32 um HILG19 granite. The pressas varied by pumping either 400 or(BkPa

of N2 gas into the sealed pressure cell at room temperature. Finally, one additional set of
experiments wereconduced in which a 20 mL solution ~OM aurichloricacid (HAuG) was
combined with 60 mL of 0.0 sucrose solution and run at standard temperatures and
pressuresThe resulting solid products were analysed using TEMand TGA. Thiguid solution

filtered off from theproductwas analysed using I€FES, as describgaeviously
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3 Petrographic Study

3.1 Petrography and Variation of AlHCFeatures oVarious Witwatersrand Reefs

The39 thin sectiosand 12 ore bockamples selected from acrodse Witwatersrand Basi(see
Section2.1, and Appendix Bdisplaya wide variety of features. These featuresd more
specifically the AW-C associationsre listedin detailfor all samples i\ppendixC.The results
presented in this chapter are a summary of the most important featares textures observed
in the full petrographic study shown in Appendix C. Additionalict uranium minerad and a
catbon nodulesamplefrom a vug in a quartz vemequired confirmation usinGEM and EDS, the
results of theanalysesare shown in Appendix Ohis Chapter supplemergd and guide the
overall investigation of this thesis. However, tlisapter is not intendedor publication at the
time that this thesis was submitteas many of the features discussed are already publisbed
Feather and Koen, 1975; Mintet al., 1988) abeit not for allof the reefs sampled in this study
In this section the details and features of the variations iRLAGand, to a lesser extensulphide

mineralsare examined

3.1.1 UraniumBearing Phases

Occurrences of uranite within the samples studiedra dominantly roundednd occurred at the
base of the reefs. Thgrimary uraninite grains generally range from fén to 200 um, and can
containbrighter specks of galen&igure3.2). Many samples dmot contain optically identifiable
uranium minerals(e.g. MGS4071)Uraniumbearing phasesare also seen in samples as
brannerite and coffinite, thesera certainly secondary phases forming a fine grained interstitial

mineral phase between gnas of quartz, sulphides and phyllosilica{gsggure 3.1)
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Figure3.1 Reflected light image ofscondaryphases of brannerite andadfinite minerals in BDN2

Sample from the Dominion Reef showingcendary uranium phases (Bran/Coff) within a quartz pebt
conglomerate (Qtz), the sample contains abundant alteration minerals as a phyllosilicate matrix (Phyll)
grains (Py) and laths of chlorite/chloritoid (Chl) along the edgedarhaquartz pebble.

Interestingly, where secondary uraniuphasesare observedthere is not always abundant
carbon nodules or seanmsesent(Figure3.1). However, where carbons presentit tended to be
in close proximityo the secondary uraniurminerals Relict grains afraniniteare also common.
In relict grainsboundaries of a previgsly rounded uraninite graiare identified, however the
centresare partially replaced by fengrainel phyllosilicate minerald={gure3.3). The ©omposition
of these grains igonfirmed using EDS and backscatter SEM images (Appenddotb)the
uraninite andsecondary brannerite/coffinite dmot contain visit# gold within them. Where gold
is present, especially iassociation withbrannerite/coffinite, itis invariably associated with
pyrite/carbon/phyllosilicateg@nd merely in contact witthe uraniumbearing phaseUrannite in
well-developed carbon seanawaysoccursas rounded grainthat are fractured within carbon

spindles. Uraninitein these weHldeveloped seams sl a 0-8zRJdry fragmented
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configuration, vinere carbon filled in the fractures amdisplacedvarious parts of the grains

(Figure3.2).

_C Spindle.

Figure3.2 Reflected lightimage oflc Nb 2y & St Y & LJA y R {-&lafradite/iniCREFEMY 3 6
/' Nb2y aSlk Y &l yRekfSectiolReN peipéhiculartodhe long axasthe hydrocarbon spindle:
(C Spindle).f@ndles contain uraninite grains (U) displadsdthe hydrocarbon with phyllosilicate minerdizhyl),

gold (Au) and silicate between the spindl@he bright whitead & LIS O1 a ¢ ¢ A (i K A \jalefigka8d
radiogenic halosround uraniniteare seen within the hydrocarbon material

Uraninite grans also ha halos around themn the carbon where the radiogenic naturef
uraninite causedapparent bleaching@f the carbon butthis is not seen to have an effect on any
other minerals. Finally, nodular carbonsheery little visble uraninitewithin it, only at amicron-
scalecan small amounts olraninite grairs be sea. Even though goldsinot always directly
associagd with uranium minerals, gold ialways ircloseproximity to the features that hosted

uranium phases.
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Figure3.3 Reflected light image of elict uraninite grains in MGS4063

Sample from the Main Reef Leader showimgninite grain outlines (relict U) with thguartzite The centres ol
the grains areeplaced by fine grained phyllosilteaminerals.The pyrite (Py) in this sample is also extensi\
affected byfine-grainedsecondary quez and phyllosilicate minerals

3.1.2 Gold

Gold within the samples rangérom barely visibl@nd less thari0 pmpatrticlesto visible nuggets
and stringerdetween carbonspindlesof 2 mmlength. Gold within the samples tends to fill in
spaces in fractures and veins as well as the interstices between grains. In generialshajul
asrounded micrenuggets or interstitial masses of golkehnforming to theboundaries ofthe

surrounding mineralsHigure3.4).
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Figure3.4 Reflected light image of gold in veinlets and phyditicate matrix minerals in MGS4071

Main Reef Leader sample showinguamber of gold features in a sample with no visible uranium mineral
carbon. Gold is seen here as veinlets (Adjactured quartz clastgnd irterstitially between quartz grains ithe
phyllosilicate matriXAu in Phyll)

In many samples, even though the sedimentary features seem to be timéndat texture, gold
particlesare found within alteration/secondaryminerals and smablcalesecondary features.
Gold in some samplés not visible, and in other samples abundant ad easily identifiable.
Many variations of gal distribution, size and texturelsetweenare noted in thesampled reefs
For instance in MGS65X3bld occurswithin the pyrite grains, and almost nowhere elsehin

the samplegFigure3.5).
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Figure3.5 Reflected light image of gold within euhedral pyrite in MGS6514
Sample from the Vaal ReeWith euhedral to subhedrahuthigenic pyrite graingPy) that are closely packe
together in quartz (Qtz). There is a smalttam of phyllosilicates (Phyladhered to the face of some pyrites.

In contrast, in manpther samples goldccursin close proximity to sulphides but only ass or
separate grainsCarbondisplaysvariations in gold occurrencas well. Inwvell-developedseams
with spindlesgoldoccursbetween thespindles otarbon Inter-spindlegold s skeletal and quite
large seeSection3.1.3 Howeverwhere the carbon desnot havewell-defined spindles gold
occurs as minute inclusions that teneld to occur randorly throughout the carbonaceous
material old is also noted within phyllosilicate matrixmaterial that includes sericite,
phlogopite, pyrophyllite, muscovitesericite and quartz.In the phyllosilicate matribpgold s
skeletal andnfills the interstices between larggvhyllosilicategrains, within the matriXFigure

3.6).
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Figure3.6 Reflected light image of various gold forms MGS4071
Main Reef Leader sample showing various forms of gold. Gold axswims on rounded oxide grai(®u Rims),
as interstitial forms between quartz grains (Int. Au) and as misgaieAu in porous spaces in silicate miner:

(1 Au).

In sampleMGS4071, goldsiexceptionally abundant and not associated with splides or
carbon. Instead goldsicontained within silicates as inclusions in porous spaces, as veinlets, as
rims, as rounded grains and interstitial to silicate grakigyre3.6). However, sample MGS4071

is an exceptional sample. In general thest common and abundamhineral forms associated

with gold arecarbon nodules and seams

3.1.3 CarbonForms

Carbonaceous materiabntent in the sarples rangsfrom less than 1%f tiny nodules (~1 mm)
up to 3cm thick seams with wetleveloped spindles and gold mineralisati@omprising 35% or

more of the reef) OneBeisa Ree$ample contas a 25 cm thick cdion seam with multiple
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centimetre thick visible phase# gold. Hhwever a standard polished sectiof the Beisa Reef
samplecould not be made that wouldeflect all of thesehick carbonphases The nodules iall
samples tendgo be roundedor globular Nodular carbonis also abundant throughout reef

samples.

Figure3.7 Reflected light image of rounded carbon nodules in CREEFQ7

& / ¢EReef sample showingunded carbon noduleg 2 NJ & F f & & id% Eojglbometate Ndbdnyiddules(C
Nod)are associated witphyllosilicatesand secondary quartz (QtZJhe nodules also form near pyrite gra{Ry)
but they form in association with the pyrite grains

Although the nodulesippeaed rounded in hand samplehen viewed under the microscope it
is clear that for the most part noduledléd up interstitial spacesgiving trem an irregular
appearance Kigure 3.7). Carbonaceos materials weresecondary to the sedimentary clasts.
Although the carbonaceous materiale alsocut by secondary features e.g. chlorite infilling the

carbon nodule irFigure3.8.
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Figure3.8 Reflected light image of an irregular carbon nodule in VICR

Carbon nodule from the Ventersdorp Contact Reef (VOR).carbon noduléC Nodhas an irregular shape as
infills the interstitial space betweemuartz grains(Qtz) in a large pebble conglomerate. A small amount
phyllosilicate minerals surround one side of the nodule, with a small portion of ch(@ifitBpartiallyinfilling the
nodule. The phyllosilicate materigcludes some micrscale AU Au) and fine grained pyrophyllite (Pyraph

Nodular carbon contaed some minor pyrite and uraninitemicron-scale grainsthat occuis
sporadically<0.05mm). Carbon seams range from small clugfiensm thick)of nodular material
with no spindle formsKigure3.9), to seam 3nm and greatewith visible spindlesCarbon seams
includefibrous spindlesof carbon thatwith gold, quartz, pyrite and minor sericite between the
spindles (Figure3.10). This materialvas investigated further in Chapter Seam carbon can also
includerounded foms of nodular carbon within the elongated carbon spinpl€:M3 displays
good example of these multiple carbon formSetion4.2.3, with a nodule surrounded by

spindles of a later carbon seam
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Figure3.9 Reflected light image of a thin discontinuous carbon seam in CREEF07

a / ¢gReef sample showingthin carbon seam (C seam) here is a number of smaller nodular materials that
agglomerated to form aeam. There is a small amount of gold in the quartreni (Qtz) as well as on the
boundary between the carbon seam and a pyrite grain (Py).

Carbon seams tend to be discontinuous ammhtainedportions ofsecondary quartz grainsr
guartz pebbles between them. The quartz contained in seam carbon isabiafractured and
infilled with sericite and minor pyrophite, although thesenfilled fractures @ not continue into

the seam material. In the case sampleDFN10 from the CLR, calcite veins cut through the

thinner carbon seam material and fracturgdartzphyllosilicate materialKigure3.11).
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C Spindle

Figure3.10 Reflected light image of carbon spindles with gold betwete filaments in WD20

Carbon Leader Reef sample showingpebon seanthat has weldevelopel spindle structures (C Spinjliseen
from the variations in reflectance within the carbaBold (Au)s found both between the spindles and within tf
fractured pyite grain (Py). There are also a number of smaémondaryquartz inclusions in the seam (Qtnd

micro-particles of uraninitgUran)

However, in the same sample there is a thickarbonseam portion that wa not cut by the
calcite veinlets, thiportion of the seam also contained significantly greater concentrations of
gold Figure3.12). The orientation of this seam appeared to be different from the thinner
discontinuous seam, with rounded spindles presented in this section. The sduokedr seam
region also displayareas with little or no uraninite grain€arbon seanbasesoccur alongjuartz
pebblesbeds(in the footwall) andthe tops abut againsguartzte (in the hanging wall). The
carbon seamsiclude pebble materisdeemingly from the conglomerate footwallarbonaceous

materialsare also closely associated wiglyrite grains.

64



Calc. Veins

Figure3.11 Reflected lght image of a carbon seam cut by calcite veins in DFN10
Sample from the carbon leader re€alcite veingCalc. Veins) cutting through a carbon se&@Bgamas well as
the secondanguartz inclusionsGold (Au)s located within the quartz portioas well as within the carbon seat

C Spindles

Figure3.12 Reflected light image of carbon seam spindles with less U and no calcite veins in DFN10

Same CLBame sample aSigure3.11, although the seam here is not cut by the calcite veins and#leon seam
shows rounded forms characteristic of a section taken perpendicular to the long axis of the spindles E3)S|
Gold Au) as well as secondary quartg) and phyllosilicate minerals (Phylbetween the rounded forms of the

spindles
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The best example of carbonaceous materials associated witte pyiseen irFigure3.13- Figure
3.15. The sample was taken from a vugpidykethat cross cus the Witwatersrand ReefsThe
sample displays multipleubic pyrite forms that encl@sa carbon noduleRigure3.13). Sriations

are observemn the surfaces of the euhedral pyrite grafégure3.13).
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Figure3.13 Electron Microscope Image of the Carbon Nodule in Recrystallised Pyrite
BSE image of carbon nodule encapsulated in cubic pyrite from a vug sampled in a dyke thatlitsridss Beisa
Reef. The nodule contains a number of other mineral phases withiisib. seen are micrescale inclusions o

carbon throughout the recrystallised pyrite.

The carbon nodule contaga a number of minerals that required electron microscopy in order
to more closely examine the mineral contenBack scattered electron (BSE) images shuav t
carbon noduleis rounded andharrows towards the centréFigure3.13). The carbon nodule
containsglobules of pyrite both on the exposed surface and inside the nodule. Interestingly
pyrite crystalsalso containglobular microrscale carbonaceous materialBhese microrscale

inclusions a@ dispersed throughout the pyrite crystals, especiallgsest to thdargenodule.
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Figure3.14 Electron Micoscope Imageshowing the microrscaleinclusions of minerals

BSE image of (gyowth structure of carbomn the exposed irgrior surface of theodule containing microiscale
gold, pyrite and silicate minerals. Additionally, the nodule contains gas bubbles within its structure, (b) an el
view of these gas bubbles shows micisrale skeletal goldithin the gas bubbles.
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Sheet-like carbon
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WD = 20.0 mm Photo No. = 31 Time :16:36:29
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Time :11:33:49

Figure3.15 Electron Microscope Image showing the micrfarms of carbonaceous materials

BSEmage ofother carbon forms from the vugample show (a) a fractudecarbon nodule where the shedike
nature of the cabon is evident and, (b) a bundle of fibrous/tubke carbon contained in the space between cul
pyrite grains. Additionally, gold and pyrite is seen adhered to the swsfadde fibrous carbon bundle.
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Closer inspection ofhe largest carbon nodule realsa number oflineaments,describedas
growth structures radiating outwards from the centre of the carbon nodukagure3.14a). The
nodule also containeemnantgas bubblesKigure3.14a & b). These bubbles caah micronscale

to nano-scale crystals of skeletal gqéigure3.14b). The carbon nodule contaicarbonaceous
materialsexhibiting a closely packed structure. With the exceptiothefgas bubbles, therera

no gaps in the form of thiargenodule Eigure3.14b). However, the sample also contaiadess
structured carbon nodule Figure3.15a). The lesstsictured noduledisplay the sheetlike
structureof carbonaceous materials at the micrsnale Additionally, in one of the gaps between
euhedral pyrite grains theries a bundle of fibrous/tubdike carbon materials, confirmed by EDS
spectra(Figure3.15b). These fibrous carbon forms appear to have formed in a space between
the pyrite grains thats noticeably less restricted than the closely packed arrangement of carbon
and pyrite inFigure3.13. The fibrous/tubelike carbon bundle also contamgold and pyrite
crystals ranging from <1 ugi30 um in size, these crystals adhered to the surdaafehe bumlle.

As with previous nodular samples no uraninite waserved in this sample.

3.1.4 Sulphides and Pyrite

Thesecondmostabundant mineral after the dominarmuartz in the suite of samples examined

is pyrite. Pyrite, as the literature describes (s®ection1.7.2 occus in a number of forms:
rounded grains, euhedral grains or as spongy rounded forms (these may be concentrically
laminated as weJl Most common pyrite gainsare rounded to subrounded grains with solid
textures or spongy/porous textures that include other sulphides and silicate minérajaré

3.16). Replacement textureare also common in the pyrite grains with skeletal or globular
textures within the grains where secondary silicate minevadse seen, as in sample MGS4355

(Appendix C)
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Figure3.16 Reflected light image of typical rounded pyrite textures in LGM6

Sample from the Basal Reef showingmdedto subroundedforms of pyrite including a porous or spongy pyri
a relativelyunfracturedgrains and a severely fractured pyrite gréfimactured Py)Additionally there is a carbol
nodule adhered to the surface of the porous pyrite gréforous Py)The sample is dominatday quartz (Qtz)
with very few phyllosilicate minerals.

Euhedral pyrite grains occur less regularly than rourglaghs, but grains with wetlefined cubic
and hexagonal crystal faces are commbig(re 3.17). These a&e also the most common grains
that hostedvisible gold inclusions$Secondary fracturesere present in all forms of pyritand
these fractures ee often infilled with gold, secondary quartz, phyllosites and other sulphide
minerals Figure 3.17). Other sulphide mineralthat occur interstitially or as solidolutions with
pyrite include: chalcopyrite, pyrrhotite, pentlandite, gerstitie, cobaltite and sphaleritée.g.

MGS6513, BND2 in Appendix C)
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Figure 3.17 Reflected light image of euhedral pyrite within a phyllosilicate véshin LGM16

Basal Reef sample showing a phyllosilicate veifile¢ dotted white line shows the extent of the phyllosilice
veinlet within the sample (as seen from transmitted light). Within the veinlet are a number of euhedral p
(Euhedral Pyand some anhedral formgAnhedral Py) Tte veinlet cuts through a quartich (Qtz) pebble

conglomerate.

Figure3.18 Reflected light image of multiple pyrite forms in a single grain in MGS6513

Vaal Reef sample containing allogenic pyrite grains from the VaallR&®@E sample it is clear that multiple pyrit
forms occurred in a sgie grain. Pyrite 1 is a subhedral grain with a small amount of silicate material surrou
it. Pyrite (Py 2) encloses Py. 1 and is more euhedral. Py. 3 has ovetgtwearlier pyritephasegPy 1 and Py
2) and the composite grain has undergone roungdi
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Sulphidesalsooccu sporadicallythroughout the reefsor asalignments with bedding planen
sample MGS6513, a subunded pyriteis surrounded by a ma euhedral pyritgphase, whichg
in turn surrounded by a final phase and the whole greasroundedandclearly allogeni¢rigure
3.18). This sample showcases the@merousprocesses that affecpyrite grains.Secondary

mineral phasesr& abundant not only within pyrite, but in AU-C associations as well.

3.1.5 Alteration and Otlkr Minerals

Altered minerals and secondary phases of metamorphic minaralsommon in every sample.
In general the minerals formeaccur asa small (<0.2 mm) grounthass between quartz, pyrite
andcarbonaceousnaterials.Appendix C highlights the variatis in proportions of phyllosilicate
materials. The finegrained alteration minerals include: sericite, pyrophyllite, phloggpite

muscovite, secondary quartehlorite/chloritoid and other minor mineral phas€gigure3.19).

Larger grainsof alteration andbr metamorphic minerals are commeptor instance large
metamorphic chloritegraing laths of chlorite/chloritoidnear pebble boundariesKigure3.20),
large grains replaced by pyrophyllite/sericite and flakes of phlogopiese graimrange from 3
mm to 20 mm in siz€see alteration in Appendix CJhe alterabn minerals are most often
associted with the quartz as a matrix.dwever, gold, primary and secondary uraniwearing
mineralsand pyrite are also locatedwithin this groundmassAccessoy minerals seen in the
samples are noted theseincluded: zircon,hematite, chromite and rutileamong others. The
associations between thegariety of minerals examined here and the distribami of Au-U-C

associations demonstratébee complexity of the various mineral phases.
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Figure3.19 Transmitted plane-polarisedlight image of alteration mineralsn BDN2

Dominion reef sample showing firgrained alteration mineral matrixThe phyllosilicate minerals in the matr
includesericite (Ser) closely agsated with secondarquartz. @lorite/chloritoid (Chl) laths fill the space arour
quartz grains (Qtzinuscovite (Musg also occurs in these areas. There is asamall amount of fine graine:
pyrophyllite (Pyroph). All of these phases are fairly amorphous except faphguesecondanpyrite grains (Py).
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Figure3.20 Transmitted light image of alteration minerals within matrix of BDN2

Dominion Reef sample showing replacement of a large quartz dgrmiegrained alteratim mineralin the matrix
includesericite (Ser.) closely associated with secondary quartz. Chlorite/chloritoid (Chl) laths fill the space
the large quartz grain (QtzJ here is also a small amount of fine grained pyrophyllite (Pyroph.). All ofphases
are fairly amorphous except for the opaque pyrite grains,(Biygonand secodary brannerite/coffinite (Brahn
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3.2 Petrography Discussion

Mineralisation in the Witwatersrand Basin has been attributed to initial sedimentary deposition
and then later components of remobilisatigRobb and Meyer, 1995; Robb and Robb, 1998¢

extent and resultant textureare indicativeof remobilisation @ries for gold, uranium minerals,
carbon, pyrite and phyllosilicate minerals. For example certain researchers have provided
evidence for sedimentary control of mineralisati¢e.g. Minteret al., 1993) whereas other
research provides edence of remobilised gold and hydrocarbdesy. Drennan and Robb, 2006;
Phillips and Powell, 2011)Clearly there is an abundance of textural and mineralogical
information for the Witwatersrand Basin, and it would be difficult to present amy findings in

this regard. Although many of these features have been described in past studies, the samples
for this study reflect undescribed material made available for this research from previously
inaccessible collections. The features examined md¢hapter provide renewed evidence for the
extent of hydrothermal/alteration features with regards to gold and hydrocarbons. Thus, focus
was given to the gold and carbon in the samples and the processes represented by the form and
textures obseved. Gold in the samplexcursas veinlets, rims on oxide grains, as mipesticles

in phyllosilicates and secondary quartz, as inclusions in secondary pyrite grains and as inclusions
in carbon seams and nodules. All of these features indittzdé gold in these instances ve&a
formed by remobilisation. This contradicts the view that only 25% of the gold is hydrothermal in
nature (Minter et al., 1993) In fact the distribution and morphology of Igan this sample suite
suggestghat most of the gold associated with carbonaceous rdefsa strongcomponent of
remobilisation. This supports a modified placer model for theAD associations, as suggested

by Robbet al. (1997) and Drennan and Robb (2006)

The carbonaceous materials in the samples contained gold inclusions in between the spindles as
well as smaller particles within the spindles indichtbat remobilised gold was present at the

time of the formation of the carbon seams. Carbon seams also include quartz clasts and pyrite
clasts in between spindles. Additionally migrarticles of uraninite are contained within carbon
seams, and these particles are fragmented and displaced by the carbons matter between

the grains. It is diffidtito reconcile these featurewith a syndepositional modeif formation. In

order for organic matter to trap dense minerals such as pyrite, gold and uraninite; high velocity
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water would berequired. However, his would remove low density carbonaceous materials at
the time of deposition. Also it does not explain why carbonaceous materials are associated with

secondary phyllosilicates and skeletal gold between the spindles.

Instead the features examined in tharbon seams supports the view of migrating ¢tmgland

et al, 2002) and radiolytic polymerisation around uraninite grairfSchidlowski, 1981)
Addtionally, multiple phases of carbon were noted in this study as well as other studies of carbon
remobilised in quartz veinDrennan and Robb, 2006)herefore, most of the carbonaceous
products and gold anot appear as inherently primary mineralkhis s further supported by the
electron microscope images of the sample from a vug in a-@uaisisig dyke, @arly a secondary
mineral feature. The presence of carbon from the vug suppdite view that carbon wa
secondary. In addition, the secondary carbon contained in the vug sample diptays/tube-

like forms. These complex structures are viewed at thtereicronscale and clearly cannot be
the fossilised remains of Archean Hi@ms as suggested by other research@allbauer, 1975)
Instead, the complefibrous carbon bundles must be the result of ordered carbon structures

produced by hydrothermal precipitation.

Pyrite in the sample suite ocams both rounded forms and euhedral forms in the phyllosilicate
matrix and veins. Therefore, it appedinat therounded pyrite was deposited by fluvial processes
as suggested bpaclean and IEet (1989) and Kirlet al. (2001) However, euhedral pyrite and
pyrite found in phyllosilicate veinwas clearly remobilised. Thus pyrite in these sampges
indicative of multiple concentration processes as propose@Amangiet al., 2013; Larget al.,
2013) Pyriteis contaired gold inclusions that appear to be secondary phases filling in around
pyrite and within euhedral pyrite grainsmportantly, phases of chalcopyrite, galena and
pyrrhotite are been attributed to later generations of sulphidg¢sgangiet al., 2013)and

intrabasinal scavenging fluidsargeet al., 2013)

Phyllosilicates in the samples contain sericite, pyrophyllite, phlogopite, muscovite, secondary
guartz and chlorite/chloritoid. These minerals have been characterised as metamorphic (see
Section 1.4). These alteration minerals contain mygaaticles of gold, and occur between the

spindles of carbon seams. As such it would appear that the metamorphosed phyllosilicates have
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interacted with the gold and carbonaceous materials. Due to the-dgrained naure of the
phyllosilicates itis difficult to determmne what this effectis with petrography aloneThe fine
grained nature also niesit difficult to ascertain what percentage of alteration minerals were

present before gold and hydrocarboarfation.

Therefore, while an initial sedimentary component is important for distributing gold, uraninite
and pyrite, a secondary fluid component for mineralisation needs to be considered. Fluid
inclusion studies provide evidence of both gold and hydrooamemobilisation (see Sectidn9).
Consequently,t is desirable to know the elemental distributions within mineral phases in
carbonaceous materia in order to understand the possible chemical mechanisms with respect

to remobilised hydrocarbon fluids.

3.3 Conclusions

1 Petrographic samples show variations ofl8«C minerals and pyrite across the sampled
reefs, samples contain sedimentary features inatggdirounding and bedding

1 However, sedimentary featuresere overprinted by hydrothermal features, including
secondary gold and pyrite infilling fractures and occurring as overgrowths on rounded
primary grains, and secondary uranium phases such as brame¢ci

1 Hydrocarbons displafeaturesthat includefibrous/tube-like forms, sheetike materials,
crosscutting features and multiple hydrocarbon phases.

1 Numerous phyllosilicaterad pyrite minerals g intimately, but variably, associated with
the secondary mineral phases, especially within the matrix of the conglomeratic harizons

1 Hydrocarbon and gold textureare not consistent with synsedimentargeposition,
therefore fluid remobilisatiorshouldbe considered as erucialprocess in the formation

of AurU-C associations in the Witwatersrand Basin
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4 PIXE Study of Elemdistributionwithin Carbon Forms

4.1 Introduction

In order to determine what elements are associated with & in the Witwatersrand Basin,
PIXHEnicro-mapping was undertaken. Resuttisthe petrographic studyChapter 3)ndicated that
hydrothermal fluidshad affected mineralisatiomeeded to be consideredBoth nodular and
seam carborforms were investigatedo establishto determine the effectthat they hadon
mineralisation withinthe Basin. Furthermore, PIXE data was used in an attempt to establish

possible mechanisms associated with carlpoecipitation
The results of the carbon seam materiamshis Chapter were submitted for publication as:

Woods, T.H., Drennan, G.R., and Przybylowicz, W.J., 2016b, EleMientahaps of AdU-C
associations in Carbon Seams from the Witwatersrand Basin: Evidence foCbfuftionent,

Multi-Fluid Remobilisation of Mineralisation: Ore Geology Reviews, Submitted.
The result for the carbon nodules will form part of a second paper.

The PIXEicro-maps were performed by the author of this thesis under the supervision of Dr.
W. Przybylowicz aThemba LAB#)e nuclear microprobe facility in Somerset West, South Afric
¢KS RIF{dF TReeiSampléivds obtaired in conjunction with M&. Mbungana. The
publication and main ideas were synthesised by the author. Additional technical corrections were
made by Dr. W. Przybylowicz, and ideas on fluid components wekeded by Prof. J. Kinnaird

and Prof. GR.Drennan

4.2 PIXE Elemental Maps of Seam Carbon

From the carbon seara examined inChapter 3 14 siteswere selected for PIXE elemental
mapping. Samples that represented average seam carbon fasnsell as seams eiiiting
unique featureghat included gold, uraninite and pyritgere examined for elemental variations.

Guided by the petrography (Chapt8rand Appendix 4 sutable PIXE mapsf carbon seams
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were further examined Thefour mapsin this sectiontherefore, representtypical elemental
distributions and variatiors within carbon seams. Additional PI¥&aobtained for seam carbon

samples are shown in Appendix E.

421 46/ ¢ wSSFT OFNDB2Y aSLY Ay O2yilF OO0 g6A0K

¢tKS a/ ¢ wSST al YLX S aéarbordsa that was in koatactiwitt] agddifgNE Y
parallel quartz vein. The seam carborFigure4.1 was cut perpendicular to the long axis of the
spindles i.e. par#dl to strike.Rounded spindlesare evident envelopingiraninite grains that

exhibit varyirg degrees of fragmentation. I§ iclear, however, that these fragments comprise
particles that would have originally formed a rounded composite grEiehighly fragmented

and angularuraninite particles have carbonaceous materiakeparating them, apparently

displacinghe fragmentsof uraninite

0 500pm

Figure4.1 Reflected light inage of carbon spindles and gokhalysed in CREEFO1

{OFYYSR NBIA2Y 2F I OFNDb2y &SI Y-RdefffomBRyodriiticht GaidiMink
in Carletonville The rounded spindles (C Spindlesitain fragmentediraninite grains, between the spindles
a phyllosilicate matrix (Phyland interstitial gold (Au).

The sample also contambundantgold in between the spindles. Thealsoabundant silicate
minerals between thearbon spindlesthese fine grained minerals includsericite/muscovite,

chlorite, chloritoid and pyrophyllite. The PIXEcro-maps(Figure4.2) shows the distribution of
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elements throughout the seam carb@md interspindlematerial. The silicate material between

the spindles contains Al, Si, Fe and K associated with phyllosilicate minerals. The concentrations
of Cr indicate muscovite with Cr inclusiof#terestingy, thereare small areas enrned in Ni and

Y. Hbwever, there B little S associated with other elementsthe mineralsbetweenthe carbon
spindles.The presence of Wdicates the possiblepresence of micrexenotime crystals in the

phyllosilicate matrix

Light Element Filter

Increasing Concentration E—

—
0 S00um

Heavy Element Filter

EBS

Figure4.2 PIXE elementahicro-maps of CREEF01
PIXBmnicro-maps of elements within CREEF01 sample, detected using GeoPIXE and the DA mkthadson
mapwasobtained using EBS method.
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Sulphuris strongly concentratednd disseminated throughouhe carbonaceous material, which
cannot be seen in petrographic images. TBBSmicro-map of 6C ¢ Reef confirmed the
occurrence oflispersedSin the C Gold in the sampleas strongly concentrateth between the
spindles andbccurs with As and Ag. NotablySwas absent inthe areas containing Aulsome
carbon spindles displaysns enriched in Ce. Ti also occurshese Cerich regions, these regions
were alsoenriched in uranium, whicindicated brannerite was possiblydispersedaroundthe
carbon spindlesThe uraninite fragments exhibé#d a strong associabn with U, Pb and Th

occurrences

4.2.2 CLR carbon seam crem# by calcite veinlets

Maps shoving carbon spindlesn section (Figure 4.3) with calcite veirdts crosscutting the

spindles.

Calc. Vein

. esssn s—r 3
0 S00pm

Figure4.3 Reflected light image of carbon seam cut by calcite veinlets in DFN10

Calcite veins cutting through the C Seam and quartz inclusiotise CLR from Doornfontein Gold Mine
Carletonville There are small inclusions of micrecalephyllosilicate mineals between the fractures in th
quartzon the left of the image.

80



The carbon spindles contain shabncentrations of S, Cl anddisseminatedthroughout the
carbon seanfFigure4.4). Thereare also significant concentrations of Ti and V in lineaments along
the spindles of the carborand there are no particulate minerals associated with these
concentrations Between tle spindlesSi concentrations re associated with quagt and minor

phyllosilicates.

Light Element filter

Heavy Element filter

Increasng Concantration sy
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Figure4.4 PIXE elementahicro-maps of DFN10
PIXEmicro-maps of elements within the DFN10 sample, obtained using GeoPIXE and the DA mbthadbon

and oxygen mapwere obtained using EBS method.
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The most prominent feature of the samplethe @rbonateveinletsthat crosscut the sample.
Theveinlets conéin very high concentrations of Ca, and small concentrations of Mn, Fe and Sr.
The sample contagsmall rounded concentrations of Pb associated with galena, and Y, Pb, Th
and U associated witlragmenteduraninite. Thereare a few rounded concentrations €o, Ni,

Cu, and As associated with cobaltite/gersdorffite. Small concentrations afefassociated with

Ag and Hg. Additionally, strongraentrations of Zare dispersed to the left of the sampland

theseare likdy associated with zircorthat are not identifiable in petrography

4.2.3 Basal Reef carbon spindles

Sample LGM3 vgtaken parallel to the spindles of a carbon sed&figyre4.5). The sample

displayed multiple carbon formg small nodulesvere enclosed by spindles of the carbon seam.

C Spindles

O — — ) 0 S0um

Figure4.5 Reflected light image belongated carbon spindles in LGM3

Reflected light opticaiicroscope image of the Basal Reef sample from Lorraine Gold Mine in Wekphne
samplewastaken parallel to the elongated axis of the spindles in the carbon seam, with quartz (Qtz) aed
(Py) grains at the base of the sedim).A zoomed in view of one of the spindles reweshlounded carbon nodules
enveloped by the spindle. There wasnumber of uraninite grains (Uran) and gold (Au) within the enclc
nodules and the spindles.
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As with previous carbon seamd?IXEmicro-maps Figure 4.6) carbon seamsexhibits high
concentratiors of disseminateds. Within the seam high concentrations of Cl betweencdmdon
spindlesare associated with phyllosilicate mineralhere are dfuse concentrations of Within
the carbonaceous materials seemingly not associated with a mineral. There are a mindtzer

concentrationsassociated with a particulate mineral thia not identifiable from petrography
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Figure4.6 PIXE elementahicro-maps of LGM3
PIXEmicro-maps of elements within the LGM3 sample obtained using GeoPIXE and the DA method. Cart
obtained using BS method
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The most prominenélementalfeature of this samplésthe thin, intense Ti lineaments, best seen
in the betweenwo adjacent carbon spindleStrongly concentrated along with the Tibbetween
the spindless V and Fe with some minor QMhile the Fe and Qs likely concentrated in mion-
scalesulphide minerals, petrographically & unclear what phasis associated witthe Ti and V.
Gold in this samplevas associated with As, Ag ahtl), and s aligned parallel to thadjacent
carbonspindles.Gold minerdisation doesnhot, however,occur in the same spadgetween the
spindles as the concentrated Ti and Additionally, gold § completely srrounded by
hydrocarbon. Thissi Ay O2y G NJ ad G 2 Fighr&4) whéreé goldvsSsgdanglya | Y LI S
concentrated between the spindleshe small, roundedPb, Th and U concentrations are
associated with the uraninite grains in the carbon seam. In this sarmheleraninite grains occur
as smallfragments with relatively angular edges, which is very different from tlaeger

FNI AYSYGSR NRdzy RSR dzNJ Fgwet1).S Ay GKS a/ ¢ wSST

4.2.4 Vaal Reef carbon spindles aindcturedpyrite

SampleMGS6512, from the Vaal Reefntains a carbon seam less than 1 mm thick from the
Vaal Reef. The area analysed using PIXE encompagsgsendicular section through an oblong
carbon spindleKigure4.7). The area analysed using PIXE encompasses a perpendicular section
through an oblong carbon spitel The analysed area only contains a small amount of Si
(associated with quartz and phyllosilicates) between the carbon spindleFigure4.8). The
distribution of the silicate mineralshow that the larger carbon spindle is made up of a number
of smaller spindlesThe carbon spindles contain high concentrationsdafseminatedP, S
(especially towards the edges of the spindI€sis associated with th&actured iregular grains

of uraninite are associated with strong concentrationsYoPb, Th and U. These elements are
also dispersed at low concentrations throughout the carbon se@he carbon spindle also
containsminor concentrations of dispersed Mn, Ni andagain these concentrations do not

appear to coincide with a mineral phase)
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Figure4.7 Reflected light image of rounded carbon spindles formed around pyrite in MGS6513

Reflected light optical microscopmage of the Vaal Reef sample from Hartebeesfontein Gold Mine in Klerks
This ore block sample contains rounded spindles cut perpendicular to the long axis of the spindle
hydrocarbon surrounds large pyrite grains (Py) and quartz (Qtz) betweespthdles. There is a small amount
resin from the preparation of the ore block. Within the carbon spindles (C Spindle) are abundant uraninite
(Uran) and small amounts of gold (Au).

There areisolated high concentrations Cu aioh, likely associad with sulphide minerals. A
single gold grain illustrated by the higlyg and Au concentratiorscurswithin the carbon seams.
Once again there are very low grade disseminated occurrences of Au and Ag throughout the
carbonaceous materiallhe carbon gindle has a rim enriched in Ti and V, although from the
petrographic image it is unclear whether these indicate the presence of rutile or the elements

are disseminated within the carbonaceous matter.

Rare Earth Elements (REE confirmed within this samplendoccur within the ¥ich regions.

It is possible that the REE are associated with miermtime crystals. éivever, it is difficult to
identify exactly which REE are presedtie to the submicron and disseminated occurrences,
PIXE spectra do not alwasesolve the presence of REE complet&ggion analyses, presented
in Appendix E, provide positive identification of a numbeR&E includg: Ce, PrNd, Pm, Gd,
Dy and Er.
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Figure4.8 PIXE elementahicro-maps of MGS6513
PIXBnicro-maps of elements within the MGS65%ample, obtained using GeoPIXE and the DA method.

map obtained using EBS method
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4.3 PIXE Study of Elemental Distribution within Carbon Nodules

Nodular carbon has a differéfiorm to seam carbon, and isiof interest todeterminewhether
element distribution in carbon nodules is significantly different from seam carNoxlules can
be irregular or rounded and in general contain far less visible, ggiate and uraniniteln order
to ascertain the reason for these differencdsrde nodular sampleqsee Sectior2.4) were

examined using PIX&icro-maps.

4.3.1 Steyn Reef carbon nodules with uraninitaigs

The nodular carbon samp@SGMpccursaround a rounded uraninite grain in the Steyn Reef
from the WelkomGold field The samplés comprised omultiple rounded and elliptical carbon

nodules agglomerated togetheFigure4.9).

C Nodule

0 250pm

Figure4.9 Reflected light image of carbon nodules encapsulating rounded uraninite in PSGM

Reflected light ptical microscope image of the Steyn Reef sample from President &eidMine in Welkom.
Rounded carbon nodules (C Nodule) with rounded uraninite grains (Uran.) within them. The raxtulesithin
interlocking quartz grains (Qtahere are also a number ofioron-scalepyrite inclusions both within and aroun
the rims of nodules.
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There is a distinct lack of visible gaidhis sampleand thereare very small amounts of micren
scalepyrite within the nodulesas well as in the rims of the noduleBhelargest uraninite grain
also contains inclusions of brighter galeadditionally thecarbon nodulearound the uraninite
A Dleathed 068 NI RAFGA2Y S T2 Nacdoysmaterial. Knénficeomaps in LI £ S NJ

Figure4.10 showsthe distribution of elements in the nodules.

Light Element filter

Heavy Element filter

Figure4.10 PIXE elementahicro-maps of PSGM
PIXHEnicro-maps of elements within the PS@&dmple, obtained using GeoPIXE and the DA method. Carbor
obtained using EBS method.



The nodules contain significant concentrations of S, Cl, K and Ca within the carbonaceous
material The Ca concentration iRigure4.10 is much higher than previous sampléhese
nodulesare surrounded almost entirely by Si in quantith no notable phyllosilicate phasese
present There is a smaibncentration ofCr and Fe associated wimallchromitecrystals There

are a number of Fe, Co, As and Ni concentrations within the nodules associated with cobaltite,
gersdoffite and pyrite inclusiongseen from petrographic imagé&igure4.9). The prominent
uraninite, as well as the smaller fragments within the nodyleontain strong concentrations of

U, Pb and ThAdditionally, Y and minor Mn areancentratedwithin the uraninite grainsAu and

Ag are also detected in the sample, although observed petrographicaljyat the top of the

section The carbon material also contains trace amounts of Cu and Zn dispersed throughout.

4.3.2 VCR carbon nodule

The carbon nodule from the VCR shovFure4.11 is unique as it contains very feuranium

bearing minerals compared to typicarbonaceous samplexamined.

C Nodule

‘7Uran

0 250um

Hgure 4.11 Reflected light image of carbon nodule the VCR

Reflected light optical microscope image afarbon nodule in large pebble conglomerate of the VCR fi
Western Deeps Gold Mine the CarletonJle Gold field There is a small rounded pyrite grain (Py.) near
nodule, but very little else associated with the nodule. Only small amounts of urao@aring phasegU) are

visible within the carbon nodule.
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The nodule is contained within a large peblonglomerate with only a small rounded pyrite
grain in close proximity to the nodul&he PIXEicro-maps of the VCR carbon noduleFigure

4.12, highlightthe camplexity of the small nodule.

Light Element filter

Heavy Element filter

0 250um

Figure4.12 PIXE elementaiicro-maps ofa carbon nodule from th&/CR
PIXBmnicro-maps of elements within the VERample, obtained using GeoPIXE and the DA method. Carbor
obtained using EBS method.
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The carbon nodule is surrounded by quarés, shown bythe strong concentrations of Si.
Concentrations of Al, KCaand Mnare associated with discrete phasefphyllosilicatesadjacent

to the nodule Additionally, Sr is concentrated within the calcite minerals. Within the nodule
there are significant concentrations of S, Cl, anddSaeminatedthroughout. The rim of the
nodule has lowconcentrations of Ti, V andinor Zr.On the border of the carbon nodule rim
there are also significant concentrations of Cr, Mn, Fe, Co, Ni, andh€umost intense
concentrations are likely in micrescale sulphide minerals with lower concentrations
disseminated in the carbon nodulThere is an abundance of Y, U, Pb and Th around the rim of
the nodule as well, some of these elements are concentratéhlin the micronscaleuranium
bearing phases but most are dispersed within the nodule. The nodule also contains fine and
evenly dispersed As, Ag and Au, and a few micsmaleintense concentrations of Zrrinally,

dispersed throughout the nodule arss, Ag and Au.

4.3.3 & / csReef porous nodule

¢KS y2Rdz S I qReefis Febliay, in that Shaselshape of other nodular fans

such ascarbonnodules Hgure 4.11), relict uraninite (Figure3.3) or porouspyrite (Figure3.16)

but it does not have clear main phase of tise minerals. The noduleas a porous form, with a
cubic chromite grairfurther away from it(Figure4.13). The porous grain contains silicate
minerals brannerite, and pyrite within a quartnatrix. However, it is not clear if this is one
mineral(such as a uraniniteeplacednumeroussecondary phases, or just an amalgamation of
numerous fine grained phases. PIXiicromaps were used to determine the elements
concentrated within the noduleFigure4.140 @ { A YA f I NJ (2 2c¢Re&ed MHulé2 Rdzf S:
contains numerous mobilelements.The elements are distributed as both low concentration
disseminations and in high concentrations as a rim and a linear feature through the centre of the
nodule. Al, Ca andClare dispersed throughout the nodul&he linear centre feature contains
high concemtations of P, Ca and .Sjust below the linear feature, there are increased

concentrations of Fe and S, associated with pyrite. The rim of the nodule has some concentric
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occurrences of increased element concentrations. Ti, Ca and Sr form the imms¢rim. The

increased Ti content in the rim suggests a phase of rutile or leucoxene within the nodule.

0 250pm

AAAAA

Figure413wS¥f SOGSR t A3IKG AYIF3IS 2F | LIRNRdzA y2Rdz S ¥
Porous nodule from containing vatis fine grained mineralsom the & /- Reeffrom Blyvooruitzicht Gold Mine
in Carletonville These include brannerit@)), pyrite (Py)and silicate minerals. There is a cubic chromite mine
just next to the nodule, which is contained within a figeained quartz matrix.

Surrounding this is a rim of S, Fe, Co, Ni and As, with a very high concentration of the elements
in the bottom-left associated witltobaltite/gersdorffite. The two rims are then surrounded with

al, Si and Chssociated with the silicatematrix. Throughout the inner nodule, Ba, Ce, La and Nd
are alsoprominent The nodule contains an incipient fracture filled with Ca and Sr that could

indicate the presence of a carbonate veinlet
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Increasing Concentration =3

Light Element filter

)
0 250pm

Heavy Element filter

Figure4.14 PIXE elementaiicro-maps ofa / ¢gReef nodule
PIXEmicroY I LJA 2 F St SYSydqRaef phrbus Koblysanipke, Dbtainekusing GeoPIXE and the
method. Carbon map obtained using EBS method.

This is in contrast to the seam materials, REE cdratgons were much lower(see Region

Analysis Appendix E)his nodule confirms relatively high concentrations of REE compared to
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carbon seam maps (see abov) contrast to other samples though the porous nodule contains

intense concentrations of ,U, B and Th as the dominant concentrations.

These radiogenic elements are surrounded in the petrographic infaigere4.13) by another
grey mineral phaseyhich in the EBS image correlatesd0Again the form of @ quite different
to the previous nodules analyseHinally, small concentrations of Ag are dispergedughout
the nodule (with increased concentrations imetgersdoffite portion). Drasticail different from
the seam carbomicro-maps, Ag is seemingly decoupled fréme intense Au concentrains in

the centre of the nodule

4.4 PIXE Discussion

Due tothe complex distributios of elementsin both seam and nodule carbon, more detailed
analyses weg carried out on regions of high concentration to verify the elemental distributions
of small areasPIXE spectra from thesegional analysesvere fitted using a full nonlinear
deconvolution procedure (seAppendix E & }This provided quantitative datan elemental
concentrations in these regions. It should be noted that attention was principally given to the
distribution patterns of elements and supplemented by the quantitative results. This was in order
to characterise the elements that have associaticand interactions with the carbonaceous
matter examined. The gualitative data does also provide some indication of the concentrations
of elements within carbon, which confirms the data published from other réRé&moldet al.,

1999; Fuchst al., 2016a) Additional confirmation of PIXE miengaps vas attempted using WDS
from EPMA. However, this technique proved inefficient compared to the PIXE technique that was

confirmed usinghe region analyses described above (see Appendix G).

The most notable feature of the carbon seam material analysed ivdhabilityin elemental
distribution between localities within a sample as well as between samples from different
stratigraphic horizons within the BasWhat is observed on the PIXE misaale is reflected the

macroscale whereresearchers have notedhat gold grades, uraniuncontent and pyrite
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concentrationsvary consideably within any given ree{Feather and Koen, 1975; Smith and

Minter, 1980) Garbon seamshemselvesarediscontinuous over a larger aré¢@rayet al., 1998)

Uranium within thecarbonaceous materials associated with (Ijoundeduraninite grains that
appear fragmented due to carbonaceous materials between fragmeas(ll) secondary
brannerite and coffinite contained within the silicate material git) as micrescale inclusions

in the seamand nodulamateriak. Pb within the uraninite is likely due to the radiogenic decay
of U into Pb, but also occurs as inctus of galena (seen as brighter specks in uraninite). It is
therefore argued that detrital uraninite grains formed the precursor onto which the-gekting

carbon seams were deposited.

Gold ismostconcentrated between carbon spindlbst also occurs asicro-particles within the
carbonaceous matter. The shape of the gold and the occurrence between spindles indicate
remobilisation. Gold between spindles exhibits a single interstitial form with angular ¢algies

indicates recrystatigion of gold.

The cabon seams and nodules have low concentrations of K, Cl, Ca and P, elements which are
highly mobile elements and capable of complexing with a variety of méRalinson, 2014)
However, the most significant elemental association with C is S. Invariably wherever the
carbonaceous matter occurs S occurs disseminated throughout but not as particulate sulphide
minerals (seen as pyrite graiesparate from carbonaceous materials). Research has found that
sulphur is found in abundance in hydrocarbon liquids such aq@é#msteet al, 1987). The
inclusion of sulphur in hydrocarbon compounds is theorised to enhance the interactions between
hydrocarbons and metal@Damsteet al, 1987; Damste and De Leeuw, 1990his is vital as
analyses of crude oils (a product of hydrocarbon degradation and maturation) shows that some

metals and REEs are not as soluble in hydrocarbons as other metéBeation 1.11)

Therefore, it is argued that the forms of carbonaceous materials (seen in Chapttre3),
association of C with S (seen from the miamraps above) and the dispersed K, Al, Ca and P
concentrations indicate that the carbonaceous materials weraobilised as hydrocarbon fluids

and precipitated as seam and nodular carbon forms in the presence of detrital uraninite.
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Evidence for remobilisation of hydrocarbons (see SecthiisA & 1.9) supports the view of
hydrocarbon migration carrying metals (possibly as an oil). However, the association with S
indicates another amponent.The presence of S and C in a single fluid does provide a potential
mechanism for remobilisation wherein the sulphtontaining hydrocarbon in solution is capable

of enhancing the solubility of certain elements (Fe, Cu, Ni, Co and other metesg dlements

are abundant in higher concentrations in the PIXE micromaps compared to modern crude oils
which are depleted in S. It is already known that Au, U, Cr, V, Mn, Ba, Hg, Ag and Ti are present
in modern day crude oils (Section 1.10) and that Mg ,and Ag are alsslightlysoluble in oils
(WilliamsJoneset al., 2009) Furthermore, the association of S with hydrocarbons can be
explained by organic sulphur compads found in hydrocarbon fluids derived from kerogens
(Damsteet al., 1987; Damste and De Leeuw, 199)e efect of the organic sulphur compounds

in hydrocarbon fluids is interpreted to have enhanced the ability of hydrocarbons complexing
with metals. Thus the effect of hydrocarbons is to transport and deposit metals (with the
assistance of organic sulphur comymals) resulting in the unique metal concentrations seen in

the Witwatersrand Basin carbonaceous materials.

In addition,multiple mineralisation events are known for the Witwatersrand Basin (see Section
1.9). The carbon nodules enclosed within larger carbon spinéigsie4.5) as well as the calcite
veins cutting the CLHAFigure4.3) also demonstrates multiple mineralisati@vents. In sample
DFN10CQ-rich fluids concentrated Ca, Mn, Fe and Sr in calcite veirsscutting some carbon
seams. This concept multiple fluids was proposed from fluid inclusion studiesl was thought

to reflect fluid pulses associated withultiple tectonic processem the Witwatersrand Basin
(Stanistreet and McCarthy, 1991; Robbal., 1997) There is an excellent correlation in the
current study with theelements previously documented RPIXE maps of carbon noduligesm
faults and veins within the Witwatersrand Bagibrennan and Robb, 2006; Drennan and Robb,
2015) The fluids in the quartz veins containeulltiple phases of carbon including carbon in
solution/hydrocarbon capable of remobilising elemetitat can be seen in quartz veimghich
crosscut the reefs Remobilised hydrocarbon precipitated out as rounded nodutestaining
disseminated and particulate elemental concentratigPsennan and Robb, 2006; Drennan and

Robb, 2015%imilar to those described above
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The nodular carbon in this study providessight to the variable nature ofmineralising
hydrocarbon fluids fronthe samples examined.ddules provide a more detailed view of just
how effective these fluids were at remobilising a number of elements, especially as the nodules
GSYR 2 0SS A&az2ftlFaGSR FTNRY (GKS f I q(\ES NduR). b 2 Y

nodules contain much higheoncentrations of REE than the seam carbons. This is likely to be

because REE are more dispersed in the carbon seams compared to the minute carbon nodules.

Therefore, the nodules exhibit the ability for a hydrocarbarh fluid to remobilise numeros
elements, even elements considered to be immolgR®llinson, 2014)The source of the REE in
the hydrocarbong therefore likely to be close by, most likely as traces within the uraninite, heavy
minerals or platinoid¢Cousins, 1973 the sedimentary packag®IXE data suggests, therefore,
that hydrocarbonprecipitated within the Witwatersrand Basiworiginated from hydrothermal
fluids. A possible source of the hydrocarbiach fluid may be the carbehearing shales in the
lower Witwatersrand sediments West Rand GrougFuchset al., 2016a)which themselves

indicatea biogent origin(Mossmaret al., 2008)

45 Conclusion

1 PIXEmicromaps revealed the association of mobile elements Al, K, P and Ca with
hydrocarbons which indicates remobilisation within a hydrocarbon fluid

1 Additionally, S was disseminated throughout the hydrocarbons which is indicative of OSC
in fluids derived fran sedimentary organic materials.

1 Goldin carbonaceous reefs wasmobilisedby hydrocarborrich fluids and deposited
togetherwith concentrationsof As, Ag, Hg

1 Dispersedand particulateconcentrations of U in carbonaceossams and nodules that
precipitated in the presence of abundant or isolated uraninite grains

1 Therefore it is suggested that hydrocarbons transpoded depositednetals and
elements gsuch asAu, U, Cr, V, Mn, Ba, Hg, Ag andsTivell as REEB-urther enhancing
the model of remobilisatioras evidencedh this and other studies, as well as franude
oil data
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5 Catalyticchemicalvapour aposition ofcarbon onto uraniunbearing
powders to simulate formation of Seam Carbon in Witwatersrand

Reefs

5.1 Introduction

Petrography and PIXE provided evidence that complex fluids contained remobilised hydrocarbon
and could have precipitated carbonaceous matter onto uraninite grains. However, the
precipitation of solid hydrocarbons has previously not been modelled for gealogettings such

as the Witwatersrand Basin. Limited research shows hydrocarbon precipitation is possible via
radiolysis/pyrolysis as demonstrated in the model proposed Swhidlowski (1981)Thus
experiments were used in order to simulate carbon vapour depositing onto urabearing
phases. This was intended to determine whether it was possible for a gaseous carbon source to
precipitate solid carbonmo uraniumbearing mineral grains (See Sectio@& 1.7.4). Using the
method previously outlined in Secti@ll, uraniunirich granite and metasedimentary powder
fractions were placednto a quartz boat and heated to various temperatures. The initial
experiments were designed in order to determine whether urarioearing minerals have the

ability to precipitate hydrocarbons.
The results of thiShapterhave beersubmitted for publication as:

Woods, T.H., Drennan, G.R., and Durbach, S.H., 2016a, Simula@nd\ssSociations: An
Experimental Approach to Modelling the Minesation Processes in the Witwatersrand Basin,

South Africa: Geochimica et Cosmochimica ASudmitted.

This Chapter includes data that was not included within the submitted publication due to
constraintsby the journal. Contributions from the eauthors included the experimental idea,
scientific contributions and advice Bfof. S Durbach andProf. G.R.Drennan. The experiments
detailed in thigthapter, as well as all measurementgere completed by the author of this thesis.
Additional assistance was provided by. Br Erasmuwith Raman measurement$r. N. Pao
with TGA analysedIr. M. Patchapawith XRF data and MB.Chassoulas and Mr. T. Dzarigh
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manufacture of the custonbuilt equipment. Finally, théeachingprocess and ICGRES results
were provided byMr. A. Mosai,who had access tthe laboratory equipped tcsafelyhandle

leachingof radioactive materials.

5.2 Product Mass

In order to confirm the composition of the uraniubearing powders used-ray fluorescence
(XRF) analyses were performe@wo different powder size fractions that represented the
average size of uraninite grains (s8ection 3.1.1) were usedi) <32 pm, and (ii) 32-75 pm
powders.Table5.1 shows the uranium concentrations of the powders selected, the powders
increase in uranium content with the highest concentration b&lfg4.27ppm U for HILG1832

pum. Upon closer examinatioihappeared that the sieving process had affected the concentration
of certain trace elements within the powdered fractiodsable5.1). For instancgpowders that

were sieved to <32 um were enriched in uranium as compared to their lsmiged counterparts.

Table5.1 Powdered substrates placed under CCVD conditions, arranged in increasing uranium concentration per
size faction

<32 um powders 32-75 um powders

Sample | Source Rock Uranium concentration] Sample Source Rock Uranium concentration
(ug/g) (ug/g)

HILG19 | Granite 504.77 HILG19 Granite 419.06

DHO034 Granite 2445.83 DHO034 Granite 1347.55

IDAM10 | Meta-sediment | 6729.08 HILG13 Granite 3251.84

HILG13 | Granite 7904.27 IDAM10 Meta-sediment | 5293.85

It was observed that the initial experiments were not always successful. For instamae found

that powder fractions of 2 mm and greater were only ableptecipitate minimal masses of
unstructured carbon onto their surfaces. Other issues were also encountered when samples were
initially calcined, in order to make sure that all carbon constituents were removed before
reactions with the gaseous carbon soumgere conducted. In some instances it was found that
the uraniferous powder samples would produce a loud popping sound after calcination when

exposed to gaseous hydrogen and acetylene. This problem was almost completely nullified by
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removing the calcinatiostep from the processafter it was determined that the initial carbon
contentin the uraniferous powder samplegas negligible and this process was not required. The
most probable reason for the popping sound was likely to have been small explosiviemsact
between oxygen and hydrogeor oxygen and acetylend.was suspected that heating uraninite
may have forced it to either take up oxygen to become further oxidised or to store it on its
surface. Then, after the system was purged with gaseous argohyatrdgen was introduced, it

was speculated that this oxygen was released back into the system and reacted with the
hydrogen or acetylene. However, after the correct conditions weermined, carbonaceous
deposits were successfully deposited onto thesevders.This was confirmed both visually (by

a colourchangei.e. from a grey or red powder to a black one) as well as physically (by a mass

increase)ps shown irFigure5.1.

(@)

’

CCVD

Figure5.1 Change in appearance of CC¥kperimentalproducts

(a) Unreacted greycoloured unconsolidated uraniferous powder in the quartz boat, (b) After the CCVD ret
at 600°C the uraniferougowder was blackoloured, agglomerated and the mass had increased. The pro
maintained the rounded form of the quartz boat and was friable.
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guartz. The amunt of carbonaceous materials deposited is negligible (as shown by the

consistent weight of the empty boat in Appendix H).

Negligible changes in mass were seen for all uraniferous powders at reaction temperatures of
300°C. When the reaction temperaturegrg increased to 450°C, the majority of the uraniferous
powders changed colour to black and small mass increases were noted. However, the most
significant changes occurred at 600°C, where the unconsolidated uraniferous powders became
completely agglomerat within a black product and took on the form of the quartz baathe

bottom or became collofornat the unrestricted surface of the bodtigure5.1, shows the color
change from the initial unreacted powder to the prodtitat was formedat 600°Cln some cases

(e.g. for the HLG 13 powder) the increase in the mass of the black product, formed under CCVD
conditions, appeared to have been exponential with respecttie increase in reaction

temperature fFigures.2).

<32 pm uraniferous powders (b) 32 - 75 pm uraniferous powders

(a)
01491 © IDAM106729 ppm U R%1.0 014 4| @ DHO34 1347 ppmU
® DHO034 2445 ppmU O HILG19 419 ppm U
O HILG19 504 ppm U W HILG13 3251 ppmU 2
0.12 0.12 R™1.0
¥ HILG13 7904 ppm U O IDAM10 5293 ppmU
5 0.10 4 5 010
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Figure5.2 The mass of the black product formed during CCVD growth

Mass versus:a) 32 um uraniferous powders and (b) 75 um uraniferous powders, with increasing rei
temperature. Each point on the graph was an average of the three experiments thatcamied ait for that
powder and temperatureAlso represented are?Rralues demonstrating the suitability of the curve/line fitte
displaying exponential/linear increases.
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While reactions with the 325 pm uraniferous powders formed substantial masses of the black

product, reactions with the <32 um powders repeatedly resulted in significantly more products
and displayed trends that were much more easily differentiated (although not for all samples).
Coincidentally XRF analyses showed that this size range (i.e.u32had been enriched in

uranium by the sieving procesgableb.1).

<32 um uraniferous powders

0.14 + O IDAM10
@ DHO34
Chigl O HILG19
% 0.10 - ¥ HILG13
=3
Boos{ O
% 0.06 -
(o]
& 0.04 -
1]
= 002 -
&
0.00 -
T T T T
0 2000 4000 6000 8000

U Concentration (ug/g )

Figure5.3 The masof product formed vs hnium concentration, for <32 um uraniferous powders from CC
reactions at 600°Cthe line shows the exponential regression for the IDAM10, DH034 and HILG13 data
HILG19 data is a statistical outlier. Each symbol represents the average of 3 expesment

Significantly, data obtained at reactiom®nductedat 600°Csuggested that (apart from the
HLG19 powder) a positive correlational relationship existed between the concentration of
uranium in these powders and the masses of black products that weneeftb(see regression

line onFigure5.3). Since the HLG19 powderas an outlierfover 3 averaged experimentgn
explanation for its variance in the trend was sought600°C(lower temperature datashows
similar trendsn Appendix H)While there were a number of smaller differences in the elemental
compositions of the starting uraniferous powdetfie most noticeable ones were for the
concentrations of: Cu, Mo and @ppendixH). Plots of the mass of black product formed versus

the concentrations ofCu, Mo and Stan be seen in Figures %,4%.5 respectively.
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<32 Um uraniniferous powders
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Figure5.4 The masof product formed during the CCVD reaction with <32 um uraniferous powders at 60
versus the concentration o€opper. Thefitted line demonstrates theobservedtrend if the HILG1%ata, a
statistical outlier isconsidered separately.

It was noted th&predominantly positive correlational relationships were observed between the
concentrations of Cu, Mo and Sr, and the masses of black product formed for the <32 um powder
fractions at 600°Figureb.4 andFigure5.5 show that bothCuand Mo were positively correlated

and the highest value for each of those graphs whtained for theHILG19owder. Figure5.5

shows a similar case except here the relationship was more lingdr no outliers. Further
evidence for this can be seen for the 825 pm powders versus mass formed seen in Appendix
H. Trerefore further investigation was required to establish the contribution of uranium towards
the formation of the black product#& smallportion of the HILG19 <32 um powder was exposed

to conditions where uraniumwvasleachedfrom it and then reactedunder CCVD conditiorat
600°C. The resulting powders had a similar visual appearance to that of the uranium enriched
HILG19 powders. However, for the HILG19 <32gathed uraniumwherealmost 50% of the U

had been leached out .hhmass of black product that formed was about 3885 ithan the original

unleachedpowders able5.2).
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(a) <32 pm uraniniferous powders
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(b) <32 um uraniniferous powders
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Figure5.5 The masf product formed during the CCVD reaction with <32 um uraniferous powders at 60
versus the concentration of (&)lolybdenum and (bBrontium. The fitted line demonstrates the observed tren
if the HILG19 data, a statistical outlier is considered segialy.

This strongly suggested that uranium played a key role in the formation of the black products,
since the other elementgthat might have played a major role in the precipitation of black
product)were leachedby significantly lower quantities: Cu (0.6%), Mo (2.1%) and Sr (1.1%) (See
Appendix Hl
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Table5.2 Product masses of standard HILG19 powders compared to those in which U haddzesdmed

HILG19 <32 um powder
U concentration (ug/g) | Average amount of black product formed
Original Powder
831 | 0.0836 g
After leaching
429 | 0.0544 g

5.3 Laser Raman Spectrometry

The significance of the reaction temperature and the nature of the black products formed onto

the uraniferous powders were investigated throug¢dser Raman spectroscogyR$ Spectra

from these black products, iRigure56 RA A L) @ SR (G KS OKI NI OliBRA&D4A O
(1580 cmt) peaks, associated with disordered and ordered/graphitic carbon respectieisari

and Robertson, 2000; Reich and Thomsen, 2004)

8000
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Intensity (a.u)

2000

Raman Shift (cm™1)

(5) 600°C CCVD Product
{4} Carbon Nodule from Vein
—————— {3) CLR C Seam

{2} Basal Reef C Seam
————————————— {1) 450°C CCVD Product

Figure5.6 Raman spectra of the CCVD experimental products and Witwatersrand Carbon samples

(1) CCVD product from <32 pm HILG19 powder reacted at 450°C; (2) Basal Reef carbon seam powde
carbon seam powder; (4) Carbon nodule from a vug in a quartz veinautisyy the Beisa Reef; (5) CCVD prod
from <32 um HILG19 powder reacted at 600
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This confirmed that the black products, which had formed in association with the uraniferous

powders, were indeed carbonaceous. These peaks were either too small to clearly differentiate

or not present at alat low reaction temperaturege. 300C. Tis observation was consistent with

the negligible mass increases that were found under those conditions. Of interest was the

observation that theabovementionedpeaks increased in intensity with reaction temperature
FYyR GKFGO G cnnc¥S (8KSS QriDNT
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peaks. This suggested that the carbonaceous products that were formed under these conditions

were more graphitic (and therefore ordered) than those at lower reaction temperatures.

Witwatersrandcarbon from the CLR, Basal Reef and a carbon nodule from a vug in a quartz vein

crosscutting the Beisa Reef were also examined using(DREinanet al.,, 199). Spectra from

the CCVD experimental products were compared with those from Witwatersrand Carbon
(Drennanand Robb, 2006)t was noted that while the intensities were variable, the peaks were
very similar inposition to those of the experimental product¥he d/lcratio, which compares
GKS FNBF dzy RSNJ 6 KS 3INI LK ¥ addhdh Kofpades idTableSS3) |

Table5.3 Thermal analysesand laser Raman data for the carbonaceous products formed by C&W50°C and

600°C as compared with laser Raman data for Witwatersrand Carbon.

450°C CCVD Products 600°C CCVD Products
TGAT® In/le TGAT® I/l
IDAM10, <32 um | 580 0.85 640 1.04
DHO034, <32 um N/A 0.77 620 0.90
HILG13, <32 um | 500 0.80 596 0.93
HILG19, <32 um | 504 0.78 611 1.01
IDAM10, 3275 um | N/A 0.89 620 0.96
DH034, 3275 um N/A 0.75 598 0.87
HILG13, 3Z5 um | 494 0.78 590 0.99
HILG19, 3Z5 um | 514 0.78 523 0.97
Witwatersrand Carbon I/l
Carbon Nodule from Beisa Reef 0.81
CarbonSeam from CLR 0.87
Carbon Seam from Basal Reef 0.82

106

by R

K



The averagenllgratio for the Witwatersrand Carbon samples was 0.84 and was similar to the
average ratio dlc for the CCVD experimental products that formed at 450°C i.e. 0.80. This
suggested a similarity in the types of carbonaceous materials that were present in both sources.

The thermal properties of the CCVD products were then investigated.

5.4 Thermogravimetridnalyses

Thermogravimetric analysgg GA)were performed on the carbonaceous produdlsat were
formedon theHILG19 <32 pursampleat 450°C and 600°C to ascertain their thermal stability and
hence their graphitic nature. First derivatives of the TGA datahe carbonaceous products

formed at 450°C and 600°C provided the temperature maxima where each of these products
combusted(Figureb.8).

Derivative Weight % (% /m)

-3 4
_4 .
-5
-6 1| —— 450°C HILG19 <32 ym CCVD Product
600°C HILG19 <32 pm CCVD Product
'7 T T T I
0 200 400 600 800 1000

Temperature (°C)

Figureb.7 The first derivative curve of the TGA analysis of tB€VD products (for HILG19 powders <32 um) fi
450°C and 600°C experiments

107



Data obtained by the TGA analyses revealed that the temperature maxima of the carbonaceous
products formed on the HILG19 powder at 600°C was higher than at 450°C. This sutigested

the thermal stability and hence the graphitic (ordered) nature of the proddécimed from
HILG19 <32 um improved as the reaction temperature was increased. This observation was found
to be consistent with that made by LB&d with literature(Ferrari and Robertson, 2000; Ferrari,
2001) Likewise, when the first derivatives of the TGA dat well as thedlg ratios were
compared with one anothetthis same trend was found for all of the uraniferous powders that

were assessed undexperimentalconditionsTableb.3.

5.5 Transmission Electron Microscopy

Transmission electron microscopyEM was used in order to identify the nature and the
guantity of carbonaceous products that were formed during Ya@ou depositionreactions as
compared with the Witwatersrand hydrocarbon materials. Micrographs of the products from:
300°C Figureb.8a-b), 450°qFigure5.8c) and 600°@xperimental productgFigure5.8d) and
Figure5.9a) revealed thatcarbon nanostructures (CNS®d formed on the crystalline particles

of the uraniferous powders.

The TEM micrographs revealed that very small quantities of CNSs appedradetdegun to
grow from the surface or the subsurface of the uraniferous particles (U) at 36@f@d5.8a &
Figure 5.8b). This observation was consistent with the negligible mass increases and poor
detections of these materials biraman spectraunder these conditions. CNSs with more
discernible structures were far more appareat 450°C Figure5.8c). Fairly uniforrrshaped,
roughtextured carbon nanotubes/nanofibers appeared to grow from some of the uraniferous
particles Similarly the greast quantity of carbonaceous products were noted to have been
formed at 600°CHigure5.8d & Figure5.9a), which was consistent with previous observations.
CNSs that were formed included: shdige carbonaceous material&igure5.8d-1), spiral or
helical shaped carbon nanofibelsigure5.8d-2), carbon nanotubed={gure5.8d-3) and complex
spiratshaped carbon nanofibers within larger carbon nanostructukégures.9a). In each case

the CNS that grew were found to be in direct associatiwith the uraniferous particles.
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Figure5.8 TEM micrographs of the CNSs that formed in the CCVD experiments

TEM micrographs of the CNSs that formed in@@VD experiments: (a) IDAM10 <32 um CCVD product re
at 300°C showing small quantities of carbon nanofibers on the surface of uraighigrains (U); (b) IDAM10 <3
pm CCVD product reacted at 300°C showing a carbon nanotube emerging from the stitiaaewmrich grain;
(c) HILG19 <32 um CCVD product reacted at 450°C showing uniform rough textured CNSs; (d) HILG]
CCVD product reacted at 600°C showing stiketcarbonaceous materialls spiralshaped carbon nanofiber?,
carbon nanotubes8. NOTE:In each image, the rounded forms in the background represent the lacy coj
carbon TEM grids that samples were mounted on.
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The experimental products were also compared to crushed seam carbon from the Carbon Leader
Reef (CLR) in the WitwatersraBdsin Figure5.9b).

.‘ 24 \ e . _50nm |

Figure5.9 Additional TEM micrographs of the CNSs that formed in the CCVD experiments

() HILG19 <32 um CCVD product reacted at 600°C showing complestepeal carbon nanofibers within large
carbon nanostructures. (b) Crushed CLR sample showing uraninite grains (U) surrounded Hikes!
carbonaceous materiaNOTEIn each image, th rounded forms in the background represent the lacy copy
carbon TEM grids that samples were mounted on.

Carbon materials that were present in the seam carbon were found to surround the solid
uraninite (U) particles (10200 nm), in a manner simil&s what was seen in the CCVD products

in this study. These carbonaceous materials had a slileeform. Whenever an attempt was
made to more closely observe these materials in the seam carbon, by increasing the intensity of
the electron beam, it was notethat they deformed into rounded globular massedmilar
rounded globular masses were noted when a Raman laser was applied to fluid inclusions rich in
hydrocarbon gases, l{iprennan, 1997where the gasses formed globular nodules after exposure

to the laser Consequently, highly nanostructured carbon (e.g. carbon nanotubes/nanofibers and
complex spirals) were not observed in the TEM micrographs of the CLR from the Witwatersran

Basin
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When SEM images (Figuel0) of an ore block sample from the Beisa Reef (from the
Witwatersrand Basin) and the black products formed at 600°C by CCVD were compared, a striking

similarity was noticed.

~(b)

Py = 2500 KV WD =17.5 mm BSE Detector

59 mm BSE Detector |
g EETTnY 7 .

Figure5.10 SEM Images of Beisa Reef compared to CCVD sample

SEM images comparing (a) Beisa Reef carbon seam sample showing small fragmented uraninite grains (U)
encompassed in hydrocarbon and, (b) CCVD product mounted in resin and polished, showing powdered uraninite
(V) and silicate minerals surrounded by carbon nanomaterials (CNM).

| U by = 10.00 KV WD =
—

The Beisa Reef sample clearly showed the clas€i@akkociation from the Witwatersrand Basin,
where small uraninite grains were fragmented withinaalon seam (Figurb.10a). The CCVD
product by comparisonwhich was kept in its agglomerated form and mounted in resin, also
showed uraninite completely encompassed within carbon nanomaterials along with other silicate
minerals (Figur®.10b). The EDS spéra from the sample analysed in Figure 5.11b showed that
the uraniumbearing minerals were in fact uraninite (with some minor zircon grains also
containing uraniumAppendix K This provided evidence that not only was uranium present in

the powders encagulated by CNSs, but the uranitearing mineral was specifically uraninite.

5.6 Discussion

The ability to form ordered solid carbon nanomaterials, from a gas phase, was of great interest
to this work in the context of the Witwatersrand Basin. In ogee hurdred experiments CNSs

were grown onto uraniurbearing powders. This was also of interest as CNSs have been
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observed to grow best witmetals such as: Co, Ni, Au and(@oshkalyov et al., 2004; Shaikjee

and Coville, 2012However, itwas shown byeaching that the U concentratiomppeared to be

the most significant factor in the growth CNfisthe experiments undertaken in this study
Growth of CNSs in these experiments was found to be temperature dependant. At 300°C very
little CNSgrew over a period of B; this indicated a very slow growth rate at this temperature.

At 450°C very small quantities of CNSs grew and the data revealed that the carbon in these
products was not very well ordered (as confirmed by TEM and LRS). At 600i¢ghtst growth

rate of CNSs was noted. The carbon in the CNSs was more ordered and consisted ¢ikesheet
carbonaceous materials, spirsthaped carbon nanofibers, carbon nanotubes and complex spiral

shaped carbon nanofibers.

A number of other elementdr( trace quantities) were also associated with CNS formation i.e.
Cu, Mo and SAlthoughmetals such as Cu, Ni, Co and Au have previously been used as catalysts
in CNS formatioThostenson et al., 2001; Zhou et al., 2006; Durbach et al., 2009; Li et al,, 2009)
these were usually carefully deposited in larger quantities on hanoporous supports. Hence their
preparation was vastly diffent to the powdered granitic/metaedimentary substrates that

were used in this study. The natural powdeasnsed heredemonstrated that even small
concentrations of these metals (e.g. 70 ug/g of Cu), were sufficient to drastically enhance the
growth of CNSsSince the concentrations Cu, Mo and Sr were significantly lower than that of the
uranium (other than in the HILG19 powders), it was clear that growth of CNSs in these natural
powders was controlled by a complex interaction of uranium and these metals. Wl
especially apparent whealmost 50% othe U in these samplesagremoved and the mass of
CNSs that formed decreased by 35% for <32 um powders of HILE&EE#eachingexperiments
showed that even in the sample with the highest concentrations ¢of\@uand Sr, whea large
portion of U was removegthis substantiallyeduced the quantity of CNSs that were formdthe
RSLI2aAGA2YyY 2F waz2GQ 2y GKS ljdza NIT o62Fd RSY2
precipitated onto surfaces free from metalgports. However, the negligible mass of the
carbonaceous matter adhered to the quartz boat emphasised the importance of catalytic

supports in the precipitation of carbonaceous materials.

112



With regards to the Witwatersrand Basin, there were at least twasons why it was possible
that the thermochemical reactions, which occurred in these CCVD experiments, could have
played a role in hydrocarbon formation. Firstly, the reaction temperatures that were used to form
these experimental products (i.e. 3@D0°C)vere plausible in the context of the Witwatersrand
Basin, asesearchers have obtained average values of@5€rystaisation of chlorite and other
minerals(Phillips and Law, 1994jowever, fluid inclusion micrthermometry has also identified
hydrocarbon bearing fluids with temperatures postulated to be as high a¥&G8econdly, it is
plausible that if the correct gaseous hydrocarbon source was pregsenis shown in Section
1.10) carbonaceous materials could have precipitated as nanastred fibres, tubes and
especially sheelike carbons when in proximity to minerals containing U, Cu, Sr and/or Mo. It
must be noted, that not all of these elements would have been specifically required for carbon

to form in this way.

Laser Raman spectraf Witwatersrand seam and nodular carbd®rennan, 1997)when
compared with the experimental products, revealed that their signatures were very similar to
those that were sytinesised by CCVD. This indicated that the carbon in the Witwatersrand had a
similar disordereebrdered(Io/l ) ratio (Ferrari and Robertson, 2000; Motchelaho et al., 2@kl)

the experimental products that were growonto the uraniferous powders b CVD. Indeed not
only was thed/lgratio for LRS of the experimental products at 450°C similar to those of the
Witwatersrand (Tables.3), but their carbonaceous contents were also similar (Figuge vs
Figure5.10b). Interestingly the habit and form of the CCVD products were very similar to the
habit of natural Witwatersranccarbonaceous matter On a millimetrescale the nanacarbon

grew around the contours of the boat and formed in columnar fashion perpendituthe base

of the quartz boat. At low temperatures the growth of the CNSs was quite linear and somewhat
perpendicular to the surface of the powderedystals. However, samples that grew at higher
temperatures showed a variety of nanostructures, which appear to have grown in all directions
from the uraniferous powdered particles. TEM micrographs of the CLR from the Witwatersrand
Basin showed remarkablenslarity to those of the CCVD products, and it was seen that the

fibrous, sheetlike nature of the Witwatersrantlydrocarbonextended to the nanoscale as well.
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Radiolysis of hydrocarbons is an important process with regards to the Witwatersrand Basin
(Schidlowski, 1981However, with U, Pb and Th as the principle radiogenic elements, radiolytic
polymersaion would be expected to take hundreds of millions to billions of years. Therefore, it
isunlikely that there was sufficient time or radiation in these experiments for ionising radiation

to effect the formation of carbonaceous products. Clearly catalysis played the most important

role in nanocarbon growth and structural organisation in the C@¥jeriments. Previous

research shows the metals that are involved in the formation of CNSs are typically detached from

the surface of the catalyst and included within the CREBguis, 2005; Coville et al., 201The

catalytic process afi KS yly2a0FlfS Aa OIFffSR WSt SOGNRyY LM
St SOUNRYya (2 GKS OFNbB2Yy lFdG2Yaz 2NJ Wad NUzOG dzNJ f
carbon atoms during the formation of CNSs (Coville et al., 2011). Therefore, thépadicles

contained in Figure 5.8d and Figure 5.9a are significant as they demonstrate that hydrocarbon
growth is catalysed by the metals U, Sr, Mo and Cu in these reactions. Critically, uranium from
uraninite is specifically involved in the CNSs graagtis shown by Figure 5.10b and the SEM EDS

results of these particles (Appendix H).

Despite all of the similarities between the signature and form of the CCVD products to the
Witwatersrand carbon forms, the experimental conditions do differ from gecédgionditions.

The temperature ranges, for instance, demonstrate the effect of increasing temperature on the
form and signature of carbonaceous materials synthesised by catalysis. However, large
temperature variations in the Witwatersrand Basin were urlike be widespread, with the
highest temperatures likely to be restricted to heat associated with dykes and veins intrusions
(Phillips and Law, 200@s well as friction generated along fault planes. Therefore the lower
temperature results showed that very slow formation of carbonaceous materials were
important. The 300 °C experiments show that carbonaceous materials can catalyse onto
uraniumbearing phases in short periods of time. If the experimental limitations allowed for far
longer periods of reaction (days or even weeks) it is likely that largessesf carbonaceous

materials would form.

There are a number of other experimental factors that do not match up with the geological

conditions of the Witwatersrand Basin: (i) the pressure is very low compared to likely lithostatic
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pressures at even a few kil@tres depth, (ii) the ratio of fluid/gas to rock/sample powder are
much larger than , (iii) the experiments, necessarily, are more reducing than natural conditions,
(iv) the uranium contents in the Witwatersrand Basin would be considerably higher thaofthat
the experimental uraniferous powders and (v) the chemical system is also very simplified
compared to the complex natural system. These factorpbwide perspective as to why the
experimentalresults may varfrom the natural Witwatersrand carbonacesumatter. However,

the experiments are designed to be simple, repeatable and demonstrate the specific role that
uranium (and consequently other metal catalystp)ayed in the growth of carb@teous
materials The data from these experimentgtrongly suggds that the growth of CNSs was

correlated to the concentration of uranium.

Therefore, while the conditions do not, and at this stage cannot match natural conditions
perfectly, the experiments do demonstrate that uranium and other metals could be respensib

for catalysing carbon precipitation from a gas phase to a solid structured form.

5.7 Conclusion

1 CNSs were successfully grown onto uranhearing powders,

1 <32 pmuraniferous powders depositeghore carbonaceougproducts than larger 3275
pm powders,

1 At 300°C, minoguantities of CNSs formedat 450°Cgreater quantities ofCNSs were
formed, whileat 600°C theyreatest quantity oproducts was formed

1 At 600°C theuraniferouspowder was completely enveloped by carbonaceous product
Herethe productfollowed the form of the boat, was fibrous in nature aeghibited a
colloformform at theupper unrestricted surface. This formas similar to seam carbon
in the Witwatersrand Basin

1 U, Cu, Mo and Sr were strongly correlated with carbon formation in C&MDiments.

1 When c.a. 50% U was leached outf the uraniferous powderwith the highest
concentrations of Cu, Mo and 8re. HILG19 <32 pjnthere was a 35% reduction in

product formation
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The growth of these structures showed similarities in Raman sigagespecially at
450°C) to the L associations seen in the Witwatersrand Basin.

TEM images revealed the complex nature of CNSs formed at 600°C and the simpler more
linear CNSs formed at lower temperatures

TEM images reveal Witwatersragdrbon is sheetike in form, which is similar to some
of the CNSs formed in experiments

SEM images of a Witwatersrand Beisa Reef ore bleck very similar to an ore block of
experimentally grown carb@acteous matter

While the form and signaturef the experimental carborwas similar tothat of the
Witwatersrand Basinthe effects of appliegressure reactiontime and radioactivityon
the formation of these carbonaceous materials could not be ascertainedrmpaison

to the carbon from theWitwatersrand Basin
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6 Micro-CT data from the Carbon Leader Reef

6.1 Introduction

Experiments proved it is possible to precipitate ordered solid carbonaceous materials onto
uraninite graindChapters) and PIXE provideelemental distrilution within these carbon forms
(Chapterd). However further investigation was required into the mineralising pees withn the
Witwatersrand Basicarbon seamsThe best suited way to do this was to view the form of the
carbonandgold structures in carbon seamAs such, computed tomography in conjunction with

Auto-SEMEDS maps was used to model the distribution of gold in 3D.
The results of thi€hapterarein preparation for publication as:

Woods, T.H., Drennan, G.R., Carlsow, Kl yR ¢ 2y OSiAdZ L® ¢ dRaynmc Od
Tomography of the Internal Structure of a Carbon Seam from the Witwatersrand Basin. In

Preparation.

The data presented in thiGhapter is the collaborative effort of the author and the-aothors

whom operated the AuteSEM and mice€T instruments. Mr.t 2 Yy OSGA G Fyl ft@aSR |
the minerals for the Aut6ssEMEDS maps, and Dr. K. Carlson obtained the projections faGfie

scan. While machine operation was not performed by the author, thensfie ideas and

direction crucial to obtaining meaningful results were. Data processing, image synthesis and
compilation were all provided by the author. Prof. G. Drennan provided support and ideas that

contributed to the processing of the data and thesparation of the paper.

6.2 Sample and Petrography

The sample selected for this study is an example of adeskloped carbon seam displaying
clear carbon spindlgsom the Carbon Leader Re€fdrletonvilleGold field which has anomalous
amounts of gold beteen spindlesThe sampleomprisesa 22 mm thick carbon seam, enclosed
between a quartzpebble conglomerate (footwall) and a quartzite (hanging wall) lakegufe

6.1). Whilst the whole sample was utilised for ndastructive uCT analysiSection 2.2) only a
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small portion of the sample (10 mm thick) was available for other analytic techniques which

required preparation as a polished ore block.

| Strike

T —— e 3
0 Jom

Figure6.1 Photograph of @rbon LeaderReefsample
Image sowing carbon seam bound by a conglomerate footwall and quartzite hangingTallghoto is taken
parallel to strike orthogonal to dip The white dottedline shows where the sample was @arid prepared as ar

ore block

6.3 Results

6.3.1 Internal structure of the carbon seam

The polished ore block was examined for trends in gold distribution and evidence of secondary
features(veinlets, micrefaulting and secondamninerals) Figure6.2 illustratesthe carbon seam

between the conglomerate footwall and quartzite hanging wall
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Quartzite Hanging Wall

Quartz
Fragment

Quartz vein

Pebble Conglomerate Footwall

Figure6.2. Stitched petrographic image of CLR ore block.
The carbon seam is bounded by a quartzite hanging wall and a conglomeratic footwathnifie is mounted ir
resin. The quartz vein cutting the sample is highlightadthedotted white line)as well as the positions of th

enlarged views foFigure6.3a¢ d.

The undulating pebblsurfaces form the base onto which carbonaceous mateppéars to have
formed with smaller massesfilling space between the largeiquartz clasts Figure6.3a). The

base of the carbon seam contains fragmented pyrite gramithin micro-crystalline silicate
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minerals between rounded hydrocarbon massEg(re6.3a). Goldis seeninfilling fractures in
pyrite grainsas well as coating thiease of carbon spindles in contact with the clag#here the
spindles extend upwardérom the base goldis seen ifilling the tapered spaces between

adjacentspindles Figure6.3b).

(a)

Pebble Clast

Figure6.3 Enlarged reflected light images of CLR sample features
(a)Base of the carbon seam spindles, showing fractured pyrite and gold at pebble conglomerate; bjiaser
carbonseam spindlesvith gold and silicate minerslbetween spindles;
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Figure 6.3 continuedtnlarged reflected light images of CLR sample features
(c) Quartz pebble clast in the middle of the carbon seand (d)upper carbon seam, with a single spinc
highlighted and lesser gold @he contact with the hanging wall

In addition to the gold between the hydrocarbons there is gold within an unidedtifine
grained silicate minergFigure6.3b). Gold throughout the carbon seam in this section is most
concentrated at the base of the spindldsigure6.2). Closer to the quartzite hanging wall the
gold occurs as filaments between the hydrocarbon spindles gsldell assmaller particulate

gold(Figure6.3d). Gold throughout the sample follows the form of the surrounding hydrocarbon
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or pyrite phases, with little or neisiblerounded detrital goldigure6.3b & d). Within the carbon
seam, there is a sub rounded and fractured quakist(Figure6.3c). Theclasthas an enrichment
of gold at the contact between itself and theounded poous pyrite and the enclosing
hydrocarbon The spindles of the carbon seam are elongated in two different direciomand
the quartz clast (Figure6.3b) standard spindles are continuous; curved spindles below clast
spindles are bent towards the clasthis is in contrast to carbon spindles abaviichare quite
uniform and occur perpendicular to the bounding surface of the hanging wagjuie 6.3d).
Carbon spindlesre also seeformingbetween adjacenpyrite and quartzlasts In these cases,
the width of the spindle is reduced between claatsd then extending bacto the same bounds
on either side of thelasts A small quartz vein occurs resgtting the carbon seamRigure6.3b
& d). The quartz vein contains mieooystallne pyrite and is fractured parallel to strik€hese
fractures aranfilled with fine grained silicate minelA quartz veincrosscuts the carbon seam,
displacing hydrocarbon masses either sidgFigure6.2). In summarymost of the gold, silicates
and pyritewithin the sampleoccur between spindles of the carbon searhereasuraninite is

seencontained within the spindles.

6.4 Minerals associatedith gold in between the carbon spindles

BSE images of the various mapped portions of the CLR sariglee.4) reveal features that
are not clear inpetrographic images. The carbon seam habundant, andfairly evenly
distributed, uraninitegrains (3660um)within the spindlegFigure6.5). Some of the larger grains
of uraninite (50-120 pm)appearfragmented into amosaic ofsmaller grainsseparated by
hydrocarbon.The shape of the spindles is easier to distinguish irBtBBmages Figure6.5). At
the base of the carbon seam, the spindeee more bulbous havingpbunded baseshat taper
upwardsthrough the seamIn the middle of the carbon seam, spindles amere uniform in
width, tapering towards the ends which are alsmunded. The top of the carbon seam also
containsbulbous tapered spindles, although these are inverteih respect to those at the base

of the seam(wide rounded top, pointed tapered base)
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Figure6.4. EM BSE image overlaid over stitched optical microphotograph showing areas mapped by ED.
The BSE overlays highlight materials between the spindles and enhance visibility ofteirgrsms, gold anc
silicate minerad, (a)& (b) indiate the positions of igure 6.3 & b respectively.

The images also reveal the presence of numemaller,rounded carbon noduleswithin the
carbon spindlegFigure6.5b). Multiple nodules are seen overgrown by a larger spir{igure
6.5 b). It is clear from the BSE images that the minerals between the spindes asseparate

phaseswith distinct boundariesKigure6.5a & b).
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Figure6.5 BSE image of seam portion of CLR sample
Images showthe uraninite grains that are more easily distinguishable tbheerved byoptical petrography(a)

The dark material is the hydrocarbon which forms spindles, outlined by the gold and silicate materials bt
them. One of the spindles is outlined to demonstrate tlfl$). Small rounded carbon nodules overgrown b
larger spindle, also highlightes ihe melange of phyllosilicates, gold and pyrite between the spindles.

The EDS mineral maps show that the irgpmdle finegrained mineralsirecomprisel of varying

amounts of phyllosilicates, quartgold andoyrite (Figure6.6).
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