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Abstract

Globally, goldbearing quartpebble conglomeratt n own as A Wi ytmwead,er e wiam
their name to the Witwatersrand Basin gold province, occur throughout space and time. In
South Africa, outside the Witwatersrand stratigraphy, two examples of the Witwatetygpand

gold deposits exist, namely, the \ersdorp Contact Reef GR) and the Black Reef
Formation.The Neoarchaean Black Reef Formation hosts the youngesbegaitiohg reef on

the Kaapvaal Crataand ismined with some Witwatersrand reefs in the Carletonville goldfield.
Presently, little is knowrabout the gold mineraation mechanisfa in the Black Reef

specifically related thow gold was introduced am¢hy the mineralisation is poorly developed

in this part of the stratigraphyl.o address thesproblens, this study uses a combination of
petrayraphy, geochemistry,uid inclusions and -8otope analyses from four drill car¢hat

intersect the Black Reef in the Carletonville goldfield.

There arehiree main lithologiesampledfrom the Black Refin this study hanging wall
carbonaceous shafeotwallquartz areniterad gold-bearingconglomerateommonly referred

t o a s. Theshale dnidsontain a high abwarce of total organic carbon, hence the name
carbonaceous, arate generally unmineralisedith gold Some parts of these carbonaceous
shale unitscontain grapite, andare embedded with highly fracturefiartzpebbles and
authigenic pyrite and contain Au concentration of 1 g/t. They contain relatively high Cr and Ni
contents,suggesting thatheir provenancemay be relatedo mafic lithologies such as the
Ventasdorp Supergroup lavas dadmafic units ofgreenstongerranesQuartz arenite units
are generally lowto moderatelymineralised with gold (up to 2 g/t Abutmay contain high
degrees opyrite mineralisatiorfup to 15% modal abundance)igned as singers at bedding
foresets and crodseds.Conglomerateinitscontain 2i 28 g/t gold and hostignificantpyrite
mineralisatior(up to 30% modal abundee) They are described as well sorted aratlerately
packed. The matrix of these conglomerate uratgan gold and uraniurrbearing, complex
shaped carbon nodules that are also located in some quartz fraQuest arenite and
conglomerateinits contain Zrcontentg>o= 69.42 + 16.10 ppm and= 137.73 + 85.55 ppm,
respectively) Cr contens (0 = 140.45 = 151.85 ppm ang = 201.41 = 117.33 ppm,
respectively)and Al.O3/TiO> ratios similar to those of varioutelsic Archean rockon the

Kaapvaal Cratoand the undéying sedimentary rocks of the Witwatersrand Supergroup



The Black Reef contains carbonaceous material in the form of pyrobitumen, which is divided
into four types: globular, nodular, irregular and fracture filling. The former three types are sub
rounded ad conplex shaped. The difference is that the globular and irregular pyrobitumen
contain inclusions afold and uraniurnwhile the nodular is massive. The irregular type is often
surrounded by pyrite grainBased on texture and morphology, five differenatugping of pyrite

are observed: massive detrital pyrite (DM), random inclubiearing detrital pyrite (DIR),
concentrically laminated detrital pyrite (DIC), euhedral / subhedral authigenic pyrite (AE) and
authigenic pyrite overgrowth (AOT.he mean wholeock (**S values of carbonaceous shale

is 3.204 and 3.133 for conglomerate These val ué’ vaoesframopyritte wi t
grains sourced fromthe VCR and Witwatersrand reef&old is commonly located at
boundaries of pyrite grains amdcursas irregularshapedohasesn quartzpebblefractures.
Microthermometry analysis showed typbase Type | fluidnclusions(3:2 liquid to vapour

ratio), two-phase Type Il fluid inclusion&:3 liquid to vapour ratio), monophase Type Il fluid
inclusions (one liquid pha$ and thregphase Type IV inclusionsThe mean entrapment
temperature is 27+ 30 °C with a low and medium salinity clusters. The composition of the
fluids is agueousH>0-CO,, H.0-CO,-CHs and HO-H2S-CHa.

The presence dDIC pyrite indicates that they arsourced from th@/itwatersrand reefand

the VCR.The VCR and Witwatersrand reefs contain the most of these concretfmyréey
grains, and their fractured nature in the Black Reef provides evidence for a source outside the
Transvaal Basiby mechanicalecycling, with a short distance travel for thenpteserve their
laminate textureThe detrital pyrite grains are also indicative of provenance from a local
source, some containing inclusionggofd. The overlap of**S valuesrom wholerock Black
Reefsampleswith those obtained frorprevious studies on th&/itwatersrand reefs and the
VCR suggestshat the Black Reef pyritgrainsare locally sourcetly mechanical recyaig of

pyrite grains from these precursorduthigenic pyrite and pyrite overgrowths evoke the
presence of hydrothemh fluids that entered the Black Reef Formatidmerefore, ti is
concluded that Black Reef sediments, pyrite and gold are locally sourced from the underlying
strata bymechanicalewaking of these sourceslydrothermal fluids formed from prograde
metamophism due the emplacement of the Bushveld Igneous Conapléxhe Vredefort
meteorite impact eveénPreviously reworked gold was dissolved in hydrothermal fluids
containing HS derivedfrom a volcanically activ@tmosphere anttansported ag\u(HS),
through fracturesfaults and unconformitiest the timing of the Vredefort meteorite impact

event.Gold waschemicallyprecipitated by reduction when sulphidatof iron-bearing rocks



ocaurred consuming the reduced sulphur causing pyritization,paedpitatechydrothermal

gold at pyrite grain boundaries atrdppednative goldin quartz fractureto further distances.
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Glossary

A

Bitumen: sticky, black, highly viscous liquid sem-solid form of petroleum; similar to a
hydrocarbon

Carbonaceous material: organic matter like coal or containing carbrefers to the
products of diagenetic and low temperature metamorphic coalification processes normally
found in shale rocks

Conglanentic shale: carbonaceous shale with scattguadtzpebbles that have fracture
filling pyrobitumen

Graphite pure, crystalline carbon transformed by high temperature metamorphism of non
crystalline carbonaceous materiBlack with a darlgrey/black strak

Hydrocarbons: materials that containCHbonds, formed from source rocks with >5 %
organic matter by weight

Organic matter: >3 % of organic carbon in a sediment

Pyrobitumeri solidified bitumen

Xii
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L ist of fiqures

Figure 1.1: Global distribution of major quagizbble conglomerate gold deposits. The basin
with the highest gold production is theitwatersrandfollowed by Tarkwa, Jacobina,
Moeda, Elliot Lake, Bababudan, Roraima, Hamersley and lastly Kaarestunturi as a
prospect. Modified from Taylor and Anderson (2018). 02

Figure 2.1: Geological map of the study area: (A) posiibiine Kalaha Craton in southern
Africa, (B) basement blocks of the Kalahari Craton (composed of the Pietersburg Block,
Kimberley Block, Witwatersrand Block and the Swaziland Block) and extension of the
Neoarchaean to Palaeoproterozoic cover sequenteed?entersdgp and Transvaal
Supergroups, (C) position of the Transvaal, Griqualand West and Kanye basins on the
Kaapvaal Craton. Outline of the Witwatersrand Basin is in the middle in dotted line. The
Black Reef Formation (indicated by the blue line)aighin and lgerally extensive
succession oat the base of the Transvaal Supergroup which youngs to the centre of the
Kaapvaal Craton. A red star indicates sample location. Ages in the legend (in Ga).
Predominant intrusion ages are bold and underlinedtésgdor refeences). BGB
Barberton Greenstone Belt, MGB Murchison Greenstone Belt, KGB Kraaipan
Greenstone Belt, AGB Amalia Greenstone Belt. Modified from Zeh et al. (2020). 07

Figure 2.2: Generalised stratigraphic column summarizing theveelaglationshp between
Archaean basement rocks, Witwatersrand Supergroup units, Ventersdorp Supergroup
units and Transvaal Supergroup units. The location of Black Reef Formation is indicated
in red. Modified from Muntean et al. (2005). 10

Figure 2.3: Black Reef facies types in cr@gstion shown to cut the underlying Kimberley
Reef in the East Rand basin. The uppermost pyrite Leader is characterized by ~80 vol%
pyrite and overlies the Basal Unit characterized by ebeskled altenating bandf
pyrite in a mediurgrained quartzite and that is overlies the Channel Facies characterized
by large quartz boulders in a medigrained dark quartz matrix. Modified from Barton
and Hallbauer (1996) and Fuchs et al. (2016). 13

Figure 2.4. Surface and sidrface geological map of the Witwatersrand basin. The
distribution of Archaean granitoid domes and that of goldfields are shown. The study
area is indicated by the red circle in Carletonville Goldfi¢ltscation7. Modified from
Frimmel et al. (2005). 15

Figure 3.1: Major element standard performance data for measured® BR€C BHVQ2 for
this study versus the reference values from USGS (2000). The horizontal line at 1.0
indicates vales where the measured concentrations of the reference material are equal
to the known concentrations of that mateiadcept for Fe®@, most of the elements from
the measured reference material lie within 5 % error of the known value tadlimathe
shaled area. Fefdn the samples from the Black Reef correspond to values from previous
studies (Blane, 2013; McLoughlin, 2015 24

Figure 3.2 (A) Trace element standard performance data forB&@ BHVQO2 for this stidy
versus theeference values from USGS (2000). The dashed line indicates values where
the measured concentration of the reference material is equal to the known concentration
of that material. Most of the elements from the measured reference matendhin 5
% eror of the known value, indicated by the shaded area, except for Cu, Nb, Pb, Ta and
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W. The errors are not traced to neither sample preparation, analysis or data handling. (B)
Trace element standard performance data for OREZRS(pink), OREA-45e (blue),
OREAS25a (black), and AMIS0192 (yellow dbiAu) for this study versus the reference
values from assay certificates downloaded from https://www.ore.com.au/ (2020) and
https://www.amis.co.za/ (2020). The dashed line indicates values whemetseirred
coneentration of the reference material is equal to the known concentration of that
material, where several elements from the measured reference material lie within 5 %
error of the known value, indicated by the shaded area. Lu lies over 200ofetine
knownvalue whereby the errors are not traced to neither sample preparation, analysis or
data handling. 26

Figure 4.1: Borehole D8P04251 from the Carletonville Goldfield. The bottom contact of the
conglomerate &d has the highest Au concentration (24.6 g/t) then grade decreases in the
upwardfining sequence to 2.8 g/t and 2.7 g/t for the pebbly quartzite and quartz arenite,
respectively. 29

Figure 42: Borehole D®04252 from the Carletonville Goldfield. This upwaamarsening
sequences has the highest Au grades at the upper contact of the conglomerate (Au = 24.9
g/t) and at the upper contact of the lower pebbly quartzite (Au = 25.5 g/t), envelaping th
conglomeratéded. Generally, the pebbly quartzite has Au grade of up to 2.7 g/t while
guartz arenite has low grades of up to 0.9 g/t. 30

Figure 4.3: Borehole D8P04281 from the Carletonville Goldfield. This borehole shows
multiple cycles of lgh to medium grade conglomerate beds (2A5% g/t), high grades
for pebbly quartzites (6.4 26.8 g/t). Quartz arenites are barren from any gold
mineralisation. 31

Figure 4.4: Hand sampléscale = 1 cmand photomicrographs (scale = 500 pum) of the Black
Reef carbonaceous shale units. (A) Graphite found in the carbonaceoustekathiny
lustre shows the presence of graphite in the shale. (B and C) Dark coloured shale bands
intercalated wh medium to coarsegrained sand. (D |I) Carbonaceous material (in
black) going through verifine grained quartz. Carbonaceous material carries irregular
shaped pyrite. (J) Quartz overgrowth and late stage microfaulting of quartz grains. (H)
Carbonaceuws shale intexalated withgold-rich conglomerate. 33

Figure 4.5: Typical hand specimen sample-FX36 of carbonaceous shale with scattered
guartzpebbles from the Black Reef (middle). The main features show silty quartz grains
surrounding carbor@ous materiahat encloses a polycrystalline quartz grain. Most of
the pyrite grains in this rock unit are cubic. Scale is 5 mm on the core sample and 2 mm
on the full thin section images. 34

Figure 4.6 Handsamples (scale = 1 grand photomicrographs (scale = 500 um) of the Black
Reef quartz arenite units. (A) Gritty quartz arenite. (B) Scattered eoeotdes in a
quartz arenite and pyrite mineralisation parallel as stringers. (c) Pyrite stringers along
bedling foresets. (D) (artz grains boundaries with quartz overgrowth causing
annealing texture (scale = 500 pum). (E) Minor clay minerals in the matrix (scale = 500
pum). (F, Gi red inserts in B) Different pyrite grains aligned as stringers at thin section
sale (scale = 500 pmiF, 2mm in G) 35

Figure 4.7: Typical hand specimen sample 4818 of quartz arenite from the Black Reef
(middle). The main features show that the quartz arenite contaianguibar to angular
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and gritty quéz grains (middle)with closely packed quartz grains with minimum clay

minerals in the matrix (lefhand sidei transmitted light) and very few pyrite
mineralisation (righthand sidé reflected light). (A) Muscovite grain extends the entire

width of thethin section and exbits a schistose texture. (B) Sphalerite grain found along

the muscovite. Scale is 1 cm on the core sample, 2 mm on the full thin section images
and 500 em on the detailed photomicB3®&grap!

Figure 4.8: Handamples (scale = 1 cm)@photomicrographs (scale = 500 um) of the Black
Reef conglomerate units. (A and B) High pyrite mineralisation in conglomerate. (C and
D) Large quartzpebbles with cracks filled with pyrobitumen. (E and F) Qupghble
fractures illed with carbonaceous aterial. (Gi K) Deformed quartz in conglomerate.
Quartzpebbles have quartz veins carrying irregular pyrite and gold. G is in-cross
polarised light and the corresponding image H in reflected light. | is in-palagsed
light ard the corresponding imagden reflected light. (L) Quartz overgrowth on rounded
guartz to angular shaped. Matrix dominated by mica and clays. (M and N) Presence of
muscovite with a schistodie texture and chert. (O) Rounded matrix material seems to
betransported from elsewherQtz = quartz, Msc = muscovite, Py = pyrite, CN = carbon
nodule, Au = gold. 39

Figure 4.9: Typical conglomerate hand specimen sampleS8HBR from the Black Reef
(middle). The main feates show that along sin@d quartz there are specks of small
gold. The area in red on the hand specimen is viewed in transmitted light (left) and
reflected light (right). The areas of the smaller red rectangles on the full
photomicrographs are placed &&lto show the textures idetail. (A) Quartz straining
along boundaries of quartz grains. (D) the strained areas contain +sizeok fractured
pyrite grains. (B) Strained quartz grains and fractured quartz grains (bottom left). (E)
Gold specks locatedang strained areas of griz grains and inside quartz fractures. (C)
Chert with recrystallised quartz grains and straining of quartz aligned in a single, parallel
orientation. (F) Pyrite grains located between quartz grains and chert grains, and gold
sped&s located in the straideareas. Qtz = quartz, Py = pyrite, Au = gold. Scale is 1 cm
on the core sampl e, 5 mm on the full t hin
photomicrographs. 40

Figure 4.10: Pyrobitmen morphology. (A) Fraatefilling and nodular pyrobitumen. (B and
D) Globular withgold inclusion. (C) Nodular. (E and F) Pyrite surrounding irregular
pyrobitumen with inclusions. Py = pyrite, Sph = sphalerite, Au = gold. Scale is 500 pum
for Figures A ad C, and 200 um for Figas B, Di F. 42

Figure 4.11: SEM images of (A) Globular pyrobitumen in a thin section from samptl-TK
27 from the Black Reef Formation where the pyrobitumen is rounded and the dark/black
colour inside delineatesgiht element carbon. Thadlusions in the pyrobitumen are
brighter phases of heavier immobile elements such K, Ti, Zr and U.(B) Irregular
pyrobitumen in a thin section from sample -bB&-20 from the Black Reef there the
pyrobitumen is surrounded by a brigiitase of AsFsulphide Scale = 20 um. 43

Figure 4.12: Different pyrite morphologies in the Black Reef samples. CN = carbon nodule;
DM = massive detrital pyrite, DIR = random inclusibearing detrital pyrite, DIC =
concentrically laminated detrital py&i AE = euhedral / subtdeal authigenic pyrite, AO
= authigenic pyrite overgrowth. Scale is 500 um for figurésEdand 250 um for figures
F and G. 45
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Figure 4.13: Gold morphology and occurrenceahie Black Reef conglomeaes. (A, B, D)
Gold occurring in quartz microfractures as elongated hydrothermal grains and where
guartz is strained the gold occurs as micro specks. (C and E) Gold occurring along
boundaries of detrital and authigenic pyrite gsaiDIR = random inclusicbearing
detrital pyrite, DM = massive detrital pyrite, AE = euhedral/subhedral authigenic pyrite.
Scale is 500 pm from FiguresiAD and 250 um for Figure E. 46

Figure 4.14: SEM images of gold in thin section from sampesI-27 from the Black Ref
Formation where the bright phase in the dark, carbonaceous matrix and inside pyrite
grain fractures is gold. . Typically, gold fills fractures, is found as inclusions in pyrite
grains and occurs as irregular shaped grains. Scal 0 € m. A

Figure 4.15: Fluid inclusion petrography (at 25). Majority of these fluids are twphase
(type I vapour phase surrounded by a liquid phase). Fluid inclusions are randomly
orientated and aligned sytarallel and oblique to @utz microfractures. (A, B, D, F)
Rounded and elongated inclusions, randomly orientated. (C and E) Inclusions oblique to
microfractures. C = carbon, Qtz = quartz. Scale in the inclusions is 50 um. 49

Figure 4.16: Structures in fluid inclusions (&°Z). The inclusions are mostly orientated in a
cluster that is a in a trail (a, c, d) and in single file trails (b, f). Fluid inclusions close to
pyrite veins are much smaller in size (e). The globules seen in (f) is steam / droplets from
the liquid Nitogen during analysis. Qtz = quartz, Py = pyrite. Scale in the inclusions is
50 pm. 50

Figure 4.17: Histograms of the frequency of (A) homogenisation temperaturies’Cl) and
(B) salinity (in wt% eMCl). There is a large range in homogenisation temperatures
averaging at 172C and there is a large range in salinity of the inclusions averaging at
7.04 wit% eNaCl. Results show no compositional differences in homogenisation
temperature between type | atyge Il inclusions and there are two clusters of salinity,
low and medium salinity. 51

Figure 4.18: Raman spectra for common fluid inclusions dominated Paith vapour
phase and $D-rich liquid-phase. (A) Suvounded liquidphase fluid inclusion enclosing
a wellrounded vapouphase. (B) Irregulashaped liquigbhase fluid inclusion enclosing
a rounded vapoyphase. Images (i) indicate peaks for the vapour phase and images (ii)
indicate peaks for the liquid phaSene red scale bar represents 2 pum. 52

Figure 4.19: Raman spectra for fluid inclusions dominated by an inner solid carbon and (A) a
(i) H2O-rich liquid-phase and (B) a (i) carbaith liquid-phase phase. The liquid phase
of these fluid inclusions ais composition have a generally sidunded shape and
Raman peaks are observed at ~3270* funH.0, 13501 1590 cmil for solid graphitic
carbon and 2910 3250 cm' for CHs. The red scale bar represents 2 pum. 54

Figure 4.20: Raman spectrumaotype Il fluid inclusion with a kD liquid phase and a vapour
phase dominated by a mixture of £®0, H:S and CH. Scale bar is 2m in the
inclusion image. 5 5

Figure 4.21: Cumulative bar graph indicgtdifferent minerals analysed by XRD in the Black
Reef Formation samples. The main minerals analysed were quartz, muscovite, pyrite,
pyrophyllite and chlorite. lBale samples gave the highest content of muscovite and
chlorite while quartz arenite has theghest quartz content with fewer clay minerals
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present. Conglomerate samples have erratic amounts of quartz, but higher clay mineral
proportions in the matrix tmaquartz arenites and the highest pyrite mineralisati®g.

Figure 4.22: Major element comgition of shale, quartz arenite and conglomerate of the Black
Reef samples normalised relative to PAAS. All samples are depleted in MgO and CaO
relative to PAAS, wiile quartz arenites are slightly depleted in@land TiQ relative
to PAAS. The dashed knindicates values where the sample concentration values are
equal to PAAS reference values. 8 5

Figure 4.23: Correlation diagramstiveen (A) TOC vs TS, (B) E®3(T) vs TS, (C) AtOs vs
TOC, and (D) TOC and TS vs Si@or all Black Reef lithology. Carbonaceous shale
shows positive correlations between TOC and TS and betwe@ga #&id TOC. Quartz
arenite shows positive correlationsweeen TOC and TS, between,Ber and TS, and
between TOC and SO Conglomerate shows posii correlations between TS and
FeOz), between AlOs and TOC. Filled symbols in (D) correspond to TS vs;Swbile
unfilled symbol represents TOC vs SiO 59

Figure 4.24:. Spider diagrams of trace element patterns for shaleiz cqarenite and
conglomerate of Black Reef samples, normalized relative to PAAS. There is a general
depletion in LILES, and enrichment in TMs and an increasinglement in HFSEs. The
dashed line indicates values where the sample concentration valugsiareoedPAAS
reference values. 1 6

Figure 4.25: REE patterns of Black Reef shales, quartz arenites and conglometades tha
PAAS normalized. Shales have a relatively horizontal pattern. Quartz arenite and
conglanerate have a slight HREE depletion pattern. All the samples are depleted in REEs
relative to PAAS. The dashed line indicates values where the sample concentration
values are equal to PAAS reference values. 26

Figure 4.26: Binargliagrams of Au vs Si© TOC, TS, U, Zr and Zr/Ni. Gold in conglomerate
correlates positively with SIEDTS and U and negatively with TOC, Zr and Zr/Ni. Gold
in quatz arenite correlates positively with TOC, TS, U and Zr and negatively with SiO2
and Zr/Ni.Gold in shale correlates positively with Zr, negatively with TOC, TS, U and
Zr/Ni while there is no correlation with SO 46

Figure 4.27: St abl e -rackB3sdntles from theBaek Reeh(thiastutlyd r  wh
comparedd those from Hofmann et al. (2009) and Guy et al. (2014). This study shows
a low r*Snyaliuesy wHB@Bh2a he arvredn3 .t13 &) val
with samples collected from the Carletonville Goldfields (VCR and Randfontein
Kimberley Reef) ad in the Klerksdorp goldfield (Dominion Reef). 6

Figure 5.1: Sediment provenance characterisation. (A) BivariateplliO, (wt%) vs AbO3
(wt%). (B) Logarithmic plot of Fg3/K20 vs SiQ/Al20s. (C) Zr content vs Cr content.
(D) Ni/Co vs Xug. (E) (Gd/YbN vs (La/Smy. F) Cr content vs Ni content. Archaean
rocks reference samples data is obtained from Condie (19885 B postArchaean
Australian shale; TTG = tonal#eondhjemitegranodiorite. 70

Fi gur e 5 %isotof® dadalfdr wholéck samples from the Black Reef (this study)
compared to those from Northern Territory Geological Survey (NB$Simmons and
McGloin (2020). 1 7

Xvili



Figure 5.3: The dgee of palaeoweathering and post depositional alteration the Black Reef
Formation shown by (a) Chemical index of alteration (CIA) and ternagNAX
diagram;and (b) Ternary ACNK-FM diagram showing the trends of weathering of a
granitic source (A) and @&asaltic source (B). Metasomatic and/or diagenetic
transformation of kaolinite into illite with high #¥H* ratios is indicated by C.
Metasomatic and/or diageietransformation of kaolinite into chlorite with high Ffg
= H* ratios is indicated by D. Adagd from Camiré et al., (1993). PAAS = pdsthaean
Australian shale; TTG = tonaliteondhjemitegranodiorite. 73

Figure 5.4: Correlation betweehomogenisation temperature and salinities of the fluid
inclusions in the quartpebbles of th&lack Reef Formations. Pink circles represent type
I inclusions and orange circles represent type Il inclusions from this study. The inclusions
suggest a mixtie between metamorphic and meteoric fluid sources. Fields used are

obtained from Yang et al. (281 0 8
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Chapter 1: Background

1.1 Introduction

The Witwatersrand Basin is the world's largest gottVinceandan estimated ~30 % of global

gold production has been derived from palaamgd deposit§Frimmel and Minter, 2002;
Frimmel, 2014; Tucker et al., 2016; Frimmel, 2018). Tiest exploitedeefs have been the
Carbon Leader and Main Leader reefs with grales between 20 and 40 g/t gold, followed

by the Basal and Steyn reefs with 19 g/t and the Ventersdorp Contact Reef miielRad/6
(Frimmel, 2018). There has been considerable controversy over the origin of gold and the
model for gold concentratioin the Witwatersrand Basin because it contains features of both
detrital and epigenetic mineralisatiohrguments forand against a palaeoplacer introduction

of gold model with a later localised hydrothermal enrichment have been proposed by Robb and
Meyer(1995), Frimmel (1997)Frimmel (2005, 2014), Frimmel et al. (2005) and Tucker et al.
(2016) while arguments for a purely epigenetic formation by hydrothermal introduction of gold
has been suggested by Barnicoat et al. (19%%y and Phillips (2005ndPhillips and Powell

(2011) Gold mining in South Africa has decreased over the past three decades because of
energy and labour costequiredto reach distal deposits, insufficient room for mechanised
mining at kilometre depths and unsafe working enviramsi®r employees at those depths
(Frimmel et al., 2005). These issues have given rise to studying alternative gold deposits that
may have the potential for future gold mining. The base of the Palaeoproterozoit @I6XD

Ma) Transvaal Supergroup is corigad of the2618 + 11 Malack Reef Formation (Els et al.,

1995; Frimmel, 1997; Henry and Master, 20@&h et al., 2020 It hosts an insignificant
amount of gold compared to the Witwatersrand reefs, and its mineralisation is erratically
developed withtie average gold grades as low as 2 g/t (Sharpe, 1949; Henry and Master,
2008; Frimmel, 2018).

Significant quartzpebbleconglomerate goldccurrencesround the world (Fig. 1.1), such as
Witwatersrand in South Africa, Tarkwa in Ghana, Jacobina and Mimd8razil, Roraima in
South America, Blind RiveElliot Lake in Canadailamesleyin Australia and Bababudan in
India show similar features=(immel, 2014;Taylor and Anderson, 2018). These features
include the presence of irdrearingphase such as pyte and iron formationspresence of
uraniumandor rarely hydrocarbon, a likely Archaean grargteenstone source and formation

in a foreland basinNoticeable features of most Mesm Neoarchaean (~30002500 Ma)



gold- and uraniurrbearingconglomerati horizons is the presence iobn minerals such as
abundant pyritegrains of various morphologies(Frimmel and Minter, 2002; Barton and
Hallbauer, 1996). The Black Re&$ no differentand shows compact rounded, round
concretionary, rounded paus and rewystallised authigenipyrite morphologiegBarton and
Hallbauer, 1996). Theggyrite grains have been interpretedaasndication for either detrital
or synsedimentary provenanibecause ofheir association with gold (Barton and Hallbauer,
1996; Agangiet al., 2013). High concentrationsgild anduraniumare associated with these
pyrite grains alongside rounded carbonaceous nodules (Agangi et al., 2013; Agangi et al.,
2015). In the Black Reef Formatiogpld mineralisation occurs in the gdamerate uits and
these units are regarded as the youngest-lgedding reefs mined in mo3dYitwatersrand
goldfields (Law and Phillips, 2006; Pearton and Viljoen, 2017).
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Figure 1.1: Global distribution of major quarzebbleconglomerate goldeposits. The basinith the highest gold production
is the Witwatersrand followed by Tarkwa, Jacobina, Moeda, Elliot Lake, Bababudan, Roraima, Hamersley and lastly
Kaarestunturi as a prospect. Modified from Taylor and Anderson (2018).

Most literature onhte Witwatersrand golchentions the Black Reef gold deposit without much
focus on its metallogenic processes. Except for a reunetdllogenicstudy by Fuchs et al.
(2016), there is little detailed literature for the gold mineralisation of the Black Reef.
Mineralogically,the Neoarchaean Black Reef s&milar to thegold-, uranium and pyrite-
bearingMesoachaean Witwatersrand reefs (Barton and Hallbauer, 1996)wBkigterpreted



to indicate a reoccurrence of the depositional conditionthe Transvaal 8sin that had
prevaiked during the formation of the gelskaring Witwatersrand Basin (Els et al., 1995;
Barton and Hallbauer, 1996; Frimmel, 199¥)echanical recycling of the Kimberley Reef
mined at the East Rand goldfield is the mechanism that is thtughdvide detritamaterial

and, by inference, the gold to the overlying Black Reef (Tucker et al., 2016). However, Black
Reef detrital and recrystallised pyrite grains are larger than those from the Kimberly Reef. In
addition, the trace element conteimghese pyrite gras are different and indicate that these
pyrite grains formed in different geochemical environments (Barton and Hallbauer, 1996).
Black Reef detrital pyrite grains also have an unradiogenis®bpe compositionyhich is
unlikely to have developettom weathering and alteration processes from the Kimberly Reef
with an enriched radiogenic Réotope composition (Barton and Hallbauer, 19%&9)th
detrital and syngenetpyrite grainsoccur together in Black Reef sediments. ThRBhAndRe-
Osisotope data idetritalpyrite graingn the Black Reefnd Witwatersrand reefs, respectively,
show that they were derived from a ~300@800 Ma auriferousgranitic sourcein the
hinterland, while data for the concretionargyrite grainsin the Black Reefindicates a
synsedimentary formation before ~2500 Ma (Barton and Hallbauer; K&%6et al., 200).

The distinct nomenclature of the carbo@aring phases is crucial to avoid ambiguity. There
are severalnames for solid organic consttots in sedimentary rocks. Feimplification,
definitions by Mossman and ThompsRizer (1993) and Mossman et al. (2008) are used to

identify the names of solid organic constituents in the rocks of the Black Reef.

Kerogen A Remai ns of idmgirasolidpolymetike onggnic substaaca which

has remainedh situ since deposition"However, it isnoted that kerogen is a precursor to
hydrocarbons but is not itself a hydrocarbon. The Black Reef does not have carbon seams;
therefore, the term kegen will not be used to dedoei its carbonaceousaterial

Bitumen "An organic, randormacromolecular substance, which is mobile as a viscous fluid
or was once a mobile fluid but has since solidified". This term is used interchangeably with

hydrocarbon

Pyrobitumen Any dark, hardnhonvolatile substance composed of hydrocarbon complexes,
which may or may not contain oxygenated materials, and often associated with mineral matter.
On heating, pyrobitumens generally yibitbmen This term will be usedierchangeably with

carbon nodlesand bitumenin this study, carbon seams and carbon nodules will not be used



interchangeably due to differences in formation and morphobrgy the Black Reef does not
have any carbon seamsowever,carbonnodules pyrobitumen carbonaceous matial and
hydrocarbonswill be used interchangeably because of their similarities in formation and

morphology.

1.2 Research amsand objectives

There is a lack of detailed sedimentological study in the Black Reef BEormaherefore, this
current study incorpart es sedi mentol ogi cal , geochemical
The source of metalg¢ld and uraniumand howtheyweretransported into the Black Reef is
also not clearly definedrhis study will therefa provide insight int@art ofthe of the Back

Reef that has not been thoroughly testedilising combined methodologies to provide a
metallogenic modelthus contributing to the scientific community and form the doorstep to
further exploration and exploitation of gold mineralisation in this seqa€elrhe overarching

aim of this study is ttestthe mechanism for gold mineralisation and the processes responsible
its erratic develoment in this sequenceGenetic models that define thstyle of gold
mineralisation in conglomerateosted deposits habeen addregslin the last two decades so
that they may be used for exploration purposes (Frimmel et al., 2005; Frimmel, RDO5).
hydrothermal systemsedox reactions are responsibde precipitation of goldn solution for
conglomeraténosted depositg1) gold precipitated from solution byeductionwhen fluids
interact with Fe and Gbearing phasegLaw and Phillips, 2005William-Jones, 2009;
Heinrich, 2015; Fuchs et al., 2016) d@)igold precipitation from solution by oxidation when
photosynthdasing micraorganisms release frexxygen at their surface and decrease gold
solubility (Frimmel and Hennigh, 21 Frimmel, 2014).Several contesting factors may be at
play forgold depositon processes in the Black Resfich as physical (natural sogiof gold

and uranium based on density), chemical (such as redox precipitation) and trapping
mechansms (such as carbonaceous materishe preservation mechanism or the lack of
preservations investigatedo determinavhy gold mineralisation is poorlyesdeloped in this
sequence. This study intends to find evidence for the conglonfersiied gold mineralisation
processes at the Black Reef and idengifgential sulphur source rocks by compa r*%p U
isotopes to existing data, which may provide implicatothe redox conditions at the time of
gold deposition Understanding the palaeoenvironmental and physiochemical conditions
responsible for gold mobilisation and mineralisation and how gold is situated in the_RBksick

will allow for better definitionof the systemsesponsible athe timing and emplacemeat



gold. The sedimentological dcracteristics associated with gofdineralisation, pyrite
mineralisation and carbonaceous matear@lused to define the preferential emplacement of
ore minerals The incorporation of petrographic assessmeis to descibe mineral
assemblages, textures and paragen&sischemical parameters i n ¢ P‘Siisbiopegill U

be used to identify the source of Black Reef sediments, and by implication, the gold and pyrite
grains. They will also be used to determine altergtrmcesses that occurred in the Black Reef
palae@nvironment Fluid inclusions studies are used to identihe nature of thegold
mobilising and mineralising flusland in combination with the mineedsemblage textures to

determine fluid pathway and imsction.

1.3 Scope and limitations

Due to limited surface exposures of unoxidised Black Reef Formation, the study is limited to
studying drill core samples from the Carletonville goldfield. Intersestof other Black Reef
Formation rocks such as those from the East Rand goldfeld bee sourced from the

literature and are usédr comparative purpose

1.4 Thesis organisation

This thesis consists of six chapters. Chapter 1 introduces the Bletk&mation andutlines

the geological concerns in the literature associated with this gbathe South African
stratigraphy.Chapter 2 focuseson previous work done on the Black Reef in terms of
stratigraphy, geology, geochronologyd isotopic chemisy, mineralogy and the various
mineralisation modelfor Black Reef. Chapter Brovides thematerials ananethod usedto
achieve the research aims and objectives. Results are preser@dpter 4 and were
subdivided into sections that describe driltecbgging of the sedimentary rock units, textural
features of the primary lithologies frgmetrographic studies, fluid inclusion microthermometry
and Raman spectroscopy, quantitative geochemistry and major and trace element
geochemistry, and finally**S isotope geochemistry of pyrite grains. Chapter 5 conthi@s
interpretationand discussionf the resultwith foci on (1) association of gold with the rock
units and their textures and structures, (2) the origin of the sediments and, by impligation,
in the Black Reef, (3) the origin and nature of the gold mineralising fluidthemiechaisms

of gold transportation and deposition the Black Reef and (4) the redox conditions in the
Neoarchean. A general conclusion@hapter 6 summarises theinxipal findings of this

research and how theyglvancehe current knowledgef Black Reef petrgenesis.



Chapter 2: GeologicalBackground

2.1 Kaapvaal Craton

The Kaapvaal Craton of southern Africa represents old, thick, continental crust that is bound
by major intracratonic lineaments (Laurent et al., 2019). It hostskmellvn mineral provinces
such as the Witwatersrand Basin gold province, the Transvaal iBasiformation province

and thePGEenrichedBushveld Igneous Complex (S6hnge, 1986). VarioichAean tonalitic
gneissesand greenstone beliatruded by granitic basement rocks have been studied by
workers such as Anhaeusser (1976) and Anhaeusser lgpeh\(iL986). Most of these Archean
greenstone belts and basement granites host orogenic gokltdeand other ore minerals. The
ThabazimbiMurchison Lineament (Fig. 2.1) is a prominent suture zone that formed through
convergence accompanied by subductbthe Pietersburg Block beneath the Witwatersrand
Block, andconvergence accompanied by suttthn of the Witwatersrand Block beneath the
Kimberley Block(Schmitz et al., 2004 he Witwatersrand Block ign oldgranitic basement

that formed and stabdled between 3.4 andl35a(Poujol et al., 2003).

The most prominent, weditudied and oldest bament terranes in the Kaapvaal Craton is the
ca. 3.55 3.22 Ga old Barberton Greenstone Belt (Anhaeusser, 1976; Dirks et al., 2013). Other
lesswell studied geenstone belts on the Witwatersrand Block are the Murchison, Pietersburg
and Giyani greenstonbelts while the Kimberley Block hosts the Kraaipan and Amalia
greenstone belts (Poujol et al., 2002, Poujol et al., 2003, Brandl et al., 2006). These greenstone
belts contain lode gold deposits and minor pegmaegited mineralisation (Hammond and
Moore, 2006; Laurent et al., 2019). The Kaapvaal Craton basement rocks contain several
granitegreenstone domes with the 2023 + 2 Ma (Kamo et al., 1995) Vredefexnteimpact
exposing deeply buried basement rocKse Johannesbui@ome, northeast of the sty area

(the Carletonville goldfield) formedby development otonalitetrondhjemitegranodiorite

rocks (TTG) followed by maficplutonism and lateemplacement of extensive homogeneous
granodiorité porphyritic granodiorite batholith$6ujol and Anhaeusse2001). Itconsists of

3340 + 3 Ma to 3114 = 2.3 Ma (Poujol and Anhaeusser, 2001) totralitéhjemite
granodiorite gneiss€3 TG gneiss suite) and minor mafic rocks.
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Figure 2.1: Geological map of the study area: (A) position of the Kalahari Cratsnuthern Africa, (B) basement blocks of
the Kalahari Craton (composed of the Pietersburg Block, Kimberley Block, WitwateBlacidand the Swaziland Block)
and extension of the Neoarchaean to Palaeoproterozoic cover sequence of the Ventersdorpsaadlapergroups, (C)
position of the Transvaal, Griqualand West and Kanye basins on the Kaapvaal Craton. Outline of thergvam@Basin is

in the middle in dotted line. The Black Reef Formation (indicated by the blue line) is a thin and lateealbjvexsuccession
oat the base of the Transvaal Supergroup which youngs to the centre of the Kaapvaal Craton. A red sis saligale
location. Ages in the legend (in 5&@redominant intrusion ages are bold and underlined (see text for referenceB). BG
Barberton Greenstone Belt, MGBViurchison Greenstone Belt, KGBKraaipan Greenstone Belt, AGBAmalia Greenstone
Belt. Mdlified from Zeh et al. (2020).

Subsequerib the consolidation of the Kaapvaal Craton, epeiric basins developed, giving rise
to the deposition of mixed volcanic and sedimentary deposits of the 3074 HJ®Meion
Group(Armstrong et al., 1991S6hnge, 198). The Dominion Group unconformably overlies
the basement rocks and experienced greenschist to amphibolite facies metamdtphizse

of this group comprises pyerich quartzpebble conglomerate beds of the Dominion Reef
with erraticuranium and goldoncentration. In this reef, the concentration of uranium is higher
than that of gold (S6hnge, 1986).

This epeiric basin enlagg to form the Witwatersrand Basin (Fig. 2nh)ich was filled with
clastic sediments to form the Witwatersrand Supergroupwasdinterbedded with the one
volcanic sequence of the Crown Formation (S6hnge, 1986). The-N®ddeoarchaean
Witwatersrand Bda extends for 5500 knt in the central Kaapvaal Craton and lies above the

7



Dominion Group and unconformably above the gragreenstone basement (Gartz and
Fri mmel , 1999; Agangi et al ., 2013). The Wit
km-thick West Rand Group (2985 + 14 Ma to 2914 * 8 Ma) (Kositcin and Krapez, 2004) and

t he unconf or ma4m-thick Centat RaydiGrogp (2@ .+ 83 Ma to 2840 + 3
Ma) (Armstrong et al., 1991; Frimmel al, 1993; Gartz and Frimmel, 1999; Frimmel and
Minter, 2002; Safonov and Prokof'ev, 2006; Fuetsal, 2015). It represents thick
sedimentary successionhich represent®rmationin a foreland to retroarc setting containing
offshore marine sediments with fluvial inputs (sandstone, shale and mudstidmegd by
subaerial (fluvial) to shallow marine sequences of sandstonguamtzpyrite conglomerates

with minor shalesKig. 2.2;Els, 1998; Frimmel and Minter, 2002; Agarggial, 2013; Large

et al, 2013).In the Carletonville goldfield, most of thast gold production was centred in the
Carbon Leader Reef which forms paftthe basal section of the Johannesburg Subgroup,
Central Rand Groygomprising higher concentrations of gold than uranium. It is described as
a 1.2 m thick goleuraniumpyrite bearing conglomerate unit with a 1.2 cm thick carbon seam
(Kirk et al, 2002, Frimmel and Minter, 2002; Larget al, 2013; Fuchset al, 201§. The
average grade of the Carbon Leader Reef at the Carletonville goldfield is 22.53 g/t gold and
0.58 kg/t BOs (Fuchset al, 2016).

The volcanesedimentary succession of the Ventersdupergroup (tPb zircon age of 2714

+ 8 Ma) overlies the Witwatersrand Supergronponformably The unconformity isndicated

by the 7 m thick Ventersdorp Contact Reef (VCRhefV¥enterspost Conglomerate Formation,
which is a fluvial conglomerate tha auriferous, uraniferous, pyritic and oligomictkid.
2.2)de Kock, 1940; Antrobus et al., 1986; Els, 1998; Frimmel and Minter, 2002; Agloaigi
2013). It is one of thsignificant gold-bearing conglomerates mined with the Witwatersrand
reefs, witha 512 g/t Au concentrationFrimmel, 2005). The 1.5 km thick Klipriviersberg
Group is composed of tholeiitic flood basalts that overly the VCR (de Kock, 1940; Gartz and
Frimmel,1999; Agangi et al., 2013).

2.2 Transvaal Supergroup

2.2.1 Stratigraphy

The Neoarchaean to Palaeoproterozoic Transvaal Supergroup (2640 to 2060 Ma) is an
approximately 15 km thick succession (Button, 1986)ltbatn the northern and western part
of theKaapvaal Craton (Fig. 2.1) (Erikssehal, 1995; Barton and Hallbauet996; Frimmel



and Minter, 2002). Two large igneous provinces confine its deposition, i.e. it is underlain by
the 2.750 Ga Klipriviersberg flood basalts of the Ventersdorp Super@foagstrong et al.,
1991) and is overlain by the 2.054 Ga Bushveld Ign€&xnmsplex (Zeh et al., 2015%0uth
Africa hosts two vast intracontinental basins of the Transvaal Supergnanpely the
Transvaal and Griqualand West basins, while Botswana hoststcawontinental basioalled

the Kanye basimas shown by Figure 2.1 @&ét al, 1995; Erikssoret al, 1995; Barton and
Hallbauer, 1996). The stimsins in South Africa cover an area of 260 kn¥ (Button, 1986).

The sequence is composed of generatignetamorphosed clastic and chemical sedimentary
and volcanic rocks (Erils®net al, 1993).

The eastermlomains of thélransvaalSupergroupest unconformably on Archaean granites,
gneisses and greenstsmehile thewesterrdomainsunconformably oveyl the volcanic rocks

of the Ventersdorp Supergroup (Button, 1986). Trens\aal basin has depositional history
describedhsa shallow epicratonic sea ttmatbmerged the majorityf the Kaapvaal Craton and
comprises predominantly sedimentary rocks @lal, 1995). The Wolkberg Group is clastic
sedimentary succession underlyihg Transvaal Supergroup (Zeh et al., 2020). It consists of

a basal conglomerate interbedded with mafic volcanics and sandstone interbedded with
mudstone. On the basin margins, theolirchaean Black Reef Formatigs unconformably

above the VentersdorpSupergroup, the Witwatersrand Supergroup and older granite
greenstone basement (Sharpe, 1949; Button, 1986; Cleredehjr1991; Erikssomet al, 1993;

Henry and Master, 2008; Tueket al, 2016). The Black Reef fluvial deposits grade up into
thethick package of epeiric marine carbonates of the Malmani Subgroup and are overlain by
the deep marineeconomically important Penge Iron Formation of the Chuniespoort Group
(Button, 1986;Erikssonet al, 1993; Els et al., 1995; Obbes, 1995; Erikssord., 1995;
Safonov and Prokof'ev, 200@)hereafter, the sequengedes upintoal02 00 m O6tr ansi
zoned c o m@amndi Mniich dolonkite intercalatedvith carbonaceous shale difet
Chuniespoort Groug-inally, thick clasticsedimentof the Praoria Group quartziteap the
sequencéFig. 2.2;Button, 1986; El#t al, 1995; Erikssoret al, 1995; Safonov and Prokof'ev,
2006; Fucht al, 2016).
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Formation is indicated in red. Modified from Munteet al. (2005).

2.2.2 The Black Reef Formation

The Black Ref Formation is a thin and lateralyidespreadsequence of fluvial siliciclastic

rocks and forms the base of the Transvaal Supergroup (Clendenin et al., 1991; Eriksson et al.,
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1993; Obbes, 1995Fuchs et al., 2016). Quartz arenites, cafbom shales andminor
conglomerates form the main lithological package (Clendenin et al., 1991; Els et al., 1995;
Eriksson et al., 1995; Fuchs et al., 2016). Obbes (1995) did a detailed study on the Black Reef
and noted that the main sedimentary lithofacies are cong@imetrough crosbedded
guartzite, horizontally laminated quartzite, planar ctosdded quartzite and laminated

siltstone and mudstone.

The Black Reef forms an upwaifthing successionwith a quartz areniteiich lower unit
containing pebbkbedded aurifus conglomerates to creBedded sandstones and arenites

and gradesipinto the carbonaceous shaieh unit (Sharpe, 1949; Button, 1986; Engelbrecht

et al., 1986; Barton and Hallbauer, 1996ikEson et al., 1995; Fuchs et al., 2016). This
upwardfining sequence represergsigh-energyfluvial depositional palaeoenvironmeatle

to transport pebblsized particles (Barton and Hallbauer, 1996; Henry and Master, 2008).
Therefore, the conglomeratand quartzite represent the transgressiveéickasits deposited

in a braided stream environment close to the shoreline (Obbes, 1995). Marine transgression
flooded the shoreline and resulted in the deposition of black shales in a shelf environment
(Obbes, 1995). The higlenergy fluvial palaeoenvironment is ovan by a low energy beach

and tidal flat palaeoenvironmenble to deposit sandized patrticles, forming sedimentary
structures such as trough crdmels, planar crogseds, plane beds and herioge crosdeds.

A shallow marine palaeoenvironmetérminaed the sequence by depositing figeained
material, alongside carbonaceous material (Henry and Master, 2008). Economic deposits occur

as the initial phase of a renewed sedimentation cycle (SH9p8).

The conglomerate bed (the Black Reef) is both petrographically and mineralogically similar to
the Witwatersrand reefs (Frimmel and Minter, 2002). Sharpe (1949) distinguished that pebble
accumulation occurs in areas where the unconformable undgngtksare conglomerate
beds. A narrow, ~90 crdbankebhorizon exists with a high concentration of gold. The most
prominent feature of the Black Reef is its abundant carbonaceatgsiah in the form of
pyrobitumen, which is dispersed throughout thecks as nalules filling quartzpebble
fractures (<1 mm) andccurring in thecement (Safonov and Prokof'ev, 2006; Henry and
Master, 2008; Tucker et al., 201@lore recent studies have provided evidence that the
hydrocarbons represent residuésnigratingliquids rather than remnants iof situ growth of

algal matsand ardased on the presence of oil inclusions in various generations of ({biayz

et al., 1998Fuchs eal., 2015).
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2.2.3 Structure and basin analysis

The shape of the Transvadghsin andhe underlying strata within its vicinity was influenced

by major events such as the emplacement ofmic and ultramafiphase of the Bushveld
Igneous Complex and from the Vredefort meteorite impact (Button, 1986). There is a
homoclinal dipbetween 5and 40 around the Bushveld Igneous Complex where the dip
increases towards this layered intrusion to accommodate the large volume of incoming magma
(Button, 1986). Previous studies Bytton (1973)proposed that the Transvaal Basin has a
depositonal envionment of a passive southern margin relative to an active northern margin.
The formation reflects fluvial sedimentation in channels on the locally deeply incised
palaeosurfaces of the underlying rocks (Frimmel &hdter, 2002). This indicatedat the

mgor Black Reef sediment souregeais north and northeast of the basithe Black Reef
conglomerates in the East Rand area were transported in a north to south directiongfTucker
al, 2016), indicating that the&Channel Facies were embeddedhwitoarse bulders of
Witwatersrand sedimen(gig. 223).

In the East Rand goldfield, the Black Reef has three different facies types: i) the Channel
Facies, ii) the Blanket FaciésBasal Unit, and iii) the Blankdtaciesi pyrite Leader Unit.
These facies represehe mineralised horizons (Eriksson et al., 1995; Fuchs et al., 2016). The
Channel Facies contains a medigmined dark quartzite matrix embedded with large quartz
boulders. Crosbedded alternating bands of gigrin mediumgrained quartzitef the Basal

Unit overlie the Channel Facies, which is in tummerlain by the pyrite Leader Unit
characterised by an 80 vol % of pyrite (Barton and Hallbauer, 1996; Fuchs et al., 2016). The
conglomerate swatof the Black Ref contains above 20 % pyrite while thelshanit has an

abundance of pyrite veinlets (Safonov and Prokof'ev, 2006).
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Figure 23: Black Reef facies types in cressction shown to cut the underlying Kimberley Reef in the East Rand basin. The
uppermost prite Leader is characterized by80 vol% pyite and overlies the Basal Unit characterized by crbesded
alternating bands of pyrite in a mediugnained quartzite and that is overlies the Channel Facies characterizéamrdsy
quartz boulders in a mediugrained dark quartz matrisModified from Baton and Hallbaue(1996 andFuchs et al(2016.

Major gold depositexperience a structural control for gold deposition rather than a rheological
control (Phillips and Powell, 1993)hese structures includeajor shear zones, secorahd
third-order slear zones and crossitting faults. Specifically to the Black Reef, its
unconformity with the underlying, goldch basement rocks, Witwatersrand reefs and VCR is

the main control for economic concentrations afdgPhillips and Powell, 1993)
2.2.4 Metanorphism and alteration

The Black Reef has experienced various metamorphic events since its deposition, which in turn
has caused alteration of the sequence.-joade sukgreenschist metamorphic facies has been
recorded in the Black Reef due to the preseofcehlorite, muscovite pyrophyllite and
chloritoid-bearing mineral assemblages with peak conditions reaching 358tab@l <3 kbar
(Phillips and Powell, 1993; Frimmel, 1997; Law and Phillips, 20083ding of the Transvaal
basin during the depositiarf the ~2.100 Ga PretiarGroupcaused burial diagenesis of the
Black Reef creatingthe first metamorphic event (Eriksson et al., 2006). After subsidence of
the PretoriaGroup the emplacement of the 2.055 Ga Bushveld Igneous Complex ~45 My
caused the sead metamorphic eventf éhe Black Reef (Zeh et al., 2015). The 2.023 Ga
Vredefort meteorite impact ~32 My after emplacement ofBbshveld Igneous Complex
caused the third metamorphic event (Kamo et1#19%). The Vredefort meteorite impact

caused a tapgraphic ridge calleche Rand Anticline, which exposes Black Reef Formation
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lithology on surface. The Bushveld Igneous Complex is concluded to have little effect on the
distribution of the gold except to provide thermal metamorphisnaametasomatic overint,

causing alteradin in the Black Reef sequence (Frimmel and Minter, 2002; Bose et al), 2012

2.3 Carletonville goldfield

The Carletonville Goldfield (Fig. 2; location 7), previously known as the West Wits Line, is
defined as @ eastwest line thraugh the Middlevlei Inker and Mooi River and between
Wonderfontein Spruit and Fochville (Engelbrecht et al., 1986). The origin of the name was
probably first used by de Kock (1964) and has been retained in literature until recent years in
the mining indusy. Stratigraphicallythe Carletonville Goldfield falls in the Central Rand
Group, except where different mines exploit the Black Reef belonging to the Transvaal
sequence. The Randfontein Formation of the Central Rand Group in the Carletonville Goldfield
consists of the Carletwille Member, Middlevlei Member and the Johnstone MenfKent,

1980; Engelbrecht et al., 1986The Carletonville Member contains the basal conglomerate
North Leader Reef with erratic gold concentration, overlain by the CarborlBaéf that is
enrichal in carbon and contains econongiald concentrationEngelbrecht et al., 1986
marker horizon "Green Bartlescribed as a soft compact green to black argillaceous quartzite
or chloritoid shale separates the Carletonville Memb&om the Middleviei Merber
(Engelbrecht et al., 1986)he Middlevlei Reef rests on an erosional surface and is essentially
quarzitic. The Livingstone Reef is also a smgbld-rich quartzpebble conglomerate
(Engelbrecht et al., 1986y he Johnstone Reef theJohnstone Member also contains a small,

auriferous quartpebble conglomerat@&ngelbrecht et al., 1986).

In the Carletonville Goldfield, the VCR is a <2.5 m thick qugbble conglomeratend is

an unconformitybounded stratuncomposed ofconglonerate ad sandstonechanneled
deposits(Engelbrecht et al., 1986). The uppeost reef is the Black Reef with a sporadic
development of the conglomerate at the pasth erraticgold concentration. Structure plays

a vital role in defining the limits of éhCarl¢onville Goldfield. The Witpoortjie Fault (Fig. 2.
delineates the eastern boundary and is a normal fault with a downthrow displacement to the
west (Els, 1987). The Mooi River Fault delineates the western boundary and is a normal fault

with a downhrow displacement to the east (Els, 1987).
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Figure 24: Surface and sulsurfacegeological mapf the Witwatersrand basin. The distribution of Archaean granitoid domes
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2.4 Stable Sisotopes of the Black Reef Formation

The Archaea#Proterozoic boundary marks a significant period of Earth's history when the

oceans and atmosphere transformed into comditthat are more oxic through the Great

Oxidation Event (GOE). Massdependent fractionation (MIF), photolytic effect that

induces isotope fractionatpis observed in sedimentary rocks that formed prior to the GOE,

that is,older than 2.45 2.33

Ga (Farquhar et al., 20007S is defined as the standardized

method ofreportingmeasurements of ratio of stable iso®pé Sulphur*S3?S, in a sample

against t he

equi val ent r & isased to ideatify HFo wn

requiring a second reference isotofaken to be**S (DomalagGoldman et al., 2011).

Reference to the use gf°S

a #Slis tdiobserve how pyrite presersehesignatures of their
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sulphur sourceThe MIF effect produces anomalous fractions %88 and3'S relating to
interaction of sulphurpecies in the atmosphere with high wavelength UV radiation only when
the atmosphere contained 105 times less free oxygen thaime present day atmosphere
(Farquhar et al., 2000; Farquhar et al., 2013). These sidphaies separate to form pathways
andreservoirs for positive MIF sulphur and negative MIF sulphur (Partridge et al., 2008).
Ther ef or €3S arjses famtsilphiges teat formed by microbial or inorganic reduction
of elemental sulphur while negatia®S arises from sulphides formed byicnobial or
inorganic reduction of seawater sulphate (Partridge et al., 2008).

Bef or e t h &3 @ldds showet greatsgariability. The onset of thE@&used the
stebility of MIF where &3S valuesarepreservedn the global sedimentary recorbhis was
caused byhe high oxygen levels in the terrestrial atmosphere, thus preventing photochemical
reactionsfrom occuring (Selvaraja et al., 2017). This MIF signature cannot be altered other
than by extreme additioof a nonMIF bearing sulphur to diluté, and therefore, acts as a
powerful isotopic tracer of geological and doeming processs (Selvaraja et al., 201 Qosta

et al. (2017) indicated that detrital pyrite is a redexsitive mineral occurring as accassory
phase in clastic sedimentargcks that were deposited before the GOE. Miadspendent
signals in the sedimentary rock record preserve the intensity of redox cycling of sulphur in
surface environments due to high quantity of sulphide and sulpbeite (Farquhar et al.,
2013).

The maerial development of bacteria and other mierganisms during Transvaal times could

account for the high degree of pyritisation of the Black Reef deposits (Sharpe, 1949). Work
conducted by Frimmel (2005) indicatedathWitwatersrandype mineralisation acurred

during conditions that favoured-iSotope mastdependent fractionation and typical

ma g ma3fSivaluedj which support a detrital origin for gold. Frimmel (2005) suggested that

the Neoarchaedi®, wasa factor of~102 less tharhat of modern ahosphere andgree with

the preservation of massdependent $sotope fractionation, which suppsran anoxic
atmosphererior to 2.3 GaHofmannetal.( 2009) conduct3sd aaf®8mwd t i p
isotope tudy of rounded pyrite grains from 3.12.6 Ga conglomerates and revealed that they

areof detrital origin, supporting anoxic surface conditions in the Archaean. These pyrite grains

have both crustal andS=sled3i fdient ary sources Wi

In the VCR,Agangiet al.(2013) studied the zonation pjrite as a record of mineralisation
and found that porous and concentrically laminated pyrite grains are considered as generation
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1 pyrite (detrital) and are enriched in Au (average of 6.4 ppm, maximum 70 jppaaldition
to Sb, TI, Pb, Mn, Mo, Cu and Ag he trace element composition of this generation 1 pyrite
in the VCR and the detrital pyrite textures anég&opes of the Carbon Leader Reef in the
Carletonville Goldfield (Larget al, 2013) resemble pye known to have formed in suixic

to anoxicenvironments associated with black shales.

2.5 Black Reefgold and uranium metallogenic models

Sedimentological studies by Esal.(1995) revealed that the gold mineralisation in the Black
Reef was derivedyberosion of the underlying Witwatersrand Reebntainingdetrital gold
because golth the Back Reefis restricted to the conglomerates. This is because parts of the
Black Reef with economic concentrations of gold resenthiese of the underlying
Witwatersrandreefs enriched with gold (Henry and Mar, 2008; Fuchet al, 2016). A
possible source of gold,ithereforethe recycling of the underlying and proximal reefs of the
Central Rand Group in the uppéfitwatersrand Supergroup (Frimmel, 2014; Tucg&eal,

2016; Pearton and Viljoen, 2017). Asch, the presence of erosional unconformities is an
important control on mineralisation (Frimmel, 2018). This conclusion reiterates one proposed
by de Kock (1940) that potentially exploitable VCR in the Far West Rand is confined to areas
where the Ventadorp Supergroup overlies tilted and eroded -gpadring hazons of the
Upper Witwatersrand Supergroup. This reveals a potential spatial distribution of gold in the
Black Reef on top of poaWitwatersrand erosion surfaces (Frimmel, 2014; Tuekatl, 2016).
Payable Black Reef deposits are found near, and doangtrof auriferousrelated
conglomerates suggesting a limited fluvial reworking of the placer (Sharpe, 1949; Barton and
Hallbauer, 1996; Safonov and Prokof'ev, 2006). This indicates that the d&édapnaton was

able to upgrade gold content by mechanical,an the case of the Black Reef, chemical

reworking of goldbearing strata (Frimmel, 2018).

This hypothesis has been ongoing since Sharpe (1949) also attributed the gold mineralisation
of the Blak Reef in the East Rand to being near the underlying Kieyp&eef while in the

West Rand Black Reef gold mineralisatiorrestrictedto where bankets in the Central Rand
occur in its immediate footwall. This suggests that grades are retained attbriginallevel

with very little migration of gold. The sedentary reworking hypothesis waslllified,
however, by notingpigh variation in the nature and quantity of the pebbles relative to the heavy
minerals and the differences in comparing the mogahoblnd composition in detrital pyrite

in the Black Reef tthat of detrital and epigenetic pyrite in the underlywdigwatersrand reefs
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(Barton and Hallbauer, 1996; Fucésal, 2016). Barton and Hallbauer (1996) showed that
pyrite morphology and tracdeenent content of detrital pyrite grains from the Black Reef
indicate that the grains aderived from a ~3000 2800 Ma granitic, hydrothermally altered
source rocks while the Abotopic compositions of concretionary pyrite reflect synsedimentary
formation in a tidal flat environment before ~2500 Ma. The BlackfRletrital pyrite grains

are much largerdefined as porous, mud ball pyrite (Safonov and Prokof'ev, 2G0&) have
lower proportions of radiogenic Pb and lower proportion&%f than thosén the Kimberley

Reef (Barton and Hallbauer, 1996). This lgagen rise to a model involving hydrothermal
processes playing a role in the mineralisation of the Black Reef by remobilisation of gold in

the underlying Witwatersrand reefs (Tuclkee¢mal, 2016)

According to Frimmel (1997) and Gaueital.(2011), diferent degregof true fineness, Hg

and Cu concentrations and ith& and Ni trace element contsntan distinguish the Black

Reef and Witwatersrand gold reefs. Furthermore, elenmmts as SnSb, Pd and Pare
correlatable with gold anareeffective for gold source detectionserve as indicator minerals

To decipher the gold provenance problem, Gaeteait.(2011) fingerprinted Au using EPMA,
SRu-XRF, TORSIMS and LAICP-MS. By fingerprining Au, they characterized théu

based onts impurities or trace elemerontent This study was inconclusive and left an
unresolved question about gold provenance for the Black Reef. They completed the study by
proposing that similar heavy mineral camtéavours a reworked Witwatersrand gold origin o

the Black Reef gold. However, the frequency of concretionary pyrite withrashagenic Pb
isotope composition in the Black Reef and the more frequently occurrinQoiRi
sulpharsenides in the Black Reefues against the reworking hypothesis. Thel&iReef gold

in the East Rand has a lower finenessd lower Hg and Cu contesmtcompared to
Witwatersrand gold. Therefore, the source of Black Reef gold can be attributed to alternative
origins such awolcaric massive sulphideVMS) depositsand older Archean greenstone

hosted goldccurrence¢Tuckeret al, 2016).

The Black Reeéxperiencedntensive postiepositional hydrothermal alteration by circulating
aqueous fluids and liquid hydrocarbon thtaelf precipitatedlarge volumes of native gold
(Fuchset al, 2016). Fuchset al. (2015) strengthens ¢notion that thein-situ growth of
uraninite and anatase nanocrystals in the pyrobitumen from the Carbon Leader Reef in the
Carletonville Goldfield impliesnobilisation and concentration of U and Ti byrf@rly mobile

liquid hydrocarbons. This implies that the gold in the Black Reef is the product of chemically
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triggered precipitation from hydrothermal fluids. Since carbon sdwmwsyielded ~40 % of
the totd Witwatersrand gold production, there seemsda@lspatial relationship between gold
and carbon seams, suggesting that organic mattes gotaiynportant role in precipitating gold
from solution (Frimmel and Minter, 2002; Safonov and Prokof'ev, 2D@&mnan and Robb,
20067?7.

In theCarletonville, Klerksdorp and Welkom Goldfields (Figd Bxcations 7, 8 and 9), Phillips

and Powell (2015) support a hydrothermal model for gold deposition based on alteration in the
gold distribution at various scales. Metamnphism of mafic material adjant to the
Witwatersrand Basin produced auriferous, low salinity fluids at *606hown by shale units
from 40 major mines. Fluid pathways were large shear zones in the goldfield's footwall
alongside unconformities, veirsd reef packages. Gold pratation occurred at about 350

°C and 10 km depth when this fluid reacted with caflzord ironbearing rocks. Phillips and

Law (1994), Frimmel and Minter (2002), Fuddtsal.(2016) and Fuchst al.(2017) concluded

that the netamorphic replacement modairfgold genesis in the Black Reef Formation
implicates metamorphic fluids thetransportof gold. The gold was carried as a bisulphide
complex (Au(HS¥) and was destabilised electrochemically either by a reductityior by

Fe (on pyrite) and C (onypobitumen) during metamorphism. They demonstrated Black Reef
gold waschemially recycled from the Witwatersrand reefs and subsequently chemically
precipitated. Frimmel (2018) summarised that the Black Reef contains abdetféat gold,
uraninite pyrite andpyrobitumen and that Black Reef sourced gold from the Witwatersrand
ore with an approximately 170 t gold endowment. A recent study by Nwaila et al. (2019)
revealed thathe Black Reef has both syngenetic and epigergild grains but not all Black
Reef sequences are mineralised. Therefm@imentary processes primarily control gold grade
and themain mechanical processes are followed by hydrothermal activity
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Chapter 3: Samples andM ethodology

This multidisciplinarystudyincorporates different aspects of geology, geochemistry and stable
isotope geochemistry. The following methods were used to achieve this study's aims and
objectives: coréogging and sampling, petrography, geochemical analysis (XRF art&)P

fluid inclusion microscopy and Raman spectroscapgS-isotope analysis.

3.1 Sample selection and core logging

Five diamond drill cores (32 mm diameter) obtained from Sibanye Stillwater Ltd in the
Carletonville Goldfield were used for this study. The drilesowee logged in detail to record
characteristics of the mineralised reefs and the overlying and underlying lithology. These
characteristics were clast size, matrix component, pebble roundness and sphericity, clast
packing, pebble assemblage and amotfimyate mineralisation. The drill cores reach up to

68 m in length, intersecting the Black Reef and include rock types such as quartz arenite,
conglomerate and carbonaceous shale interbedded with siltstone and at times, dolomite. Four
of these drill coregdrill core IDs: D7P5047, D8P04251, D8P04252, D8P04281) covered
intersections of the Black Reef Formation, and the fifth drill core (drill core ID: D8P04299)
covered the Livingstone Reef of the upper Central Rand Group. The Livingstone Reef is
included inthis dudy because it is found in contact with the Black Reef in the study area and
there are similarities in physical appearance and macro features such as pebble size, pebble

roundness, lithology sequence and amount of pyrite mineralisation.

Sedimentolgical dharacteristics were classified using the Wentworth scale in Table 1.1. The
number of pyrite grains determined the amount of mineralisation within the rock units. Pyrite
mineralisation was described as massivetedured or disseminated, and wascribel if it
occurred as pyrite stringers. Other features described in the rock units are grain size and
roundness, matrixversus classupport, mong oligo- or polymictic clast types, sediment

maturity and matrix colour.
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Table 3.1: Modified UdderWentworh sedimentary grairsize scale to differentiate coarse sediment (modified after Blair
and McPherson, 1999).

PARTIQE
FRACTION AASS GRADE LENGTH
Lithified Unlithified (mm)
very coarse 4096
coarse 2048
Boulder | edium 1024
fine 512
coarse 256
I .
Gonglomerate| Gravel Cobble fine 128
very coarse 64
coarse 32
Pebble medium 16
fine 8
Granule 4
very coarse 2
coarse 1
Sandstone Sand Sand medium 0,5
fine 0,25
very fine 0,125
coarse 0,063
medium 0,031
Silt fine 0,015
very fine 0,008
Mudstone or 0,004
Mud '
Shale 0,002
0,001
day 0,0005
0,0002
0,0001

3.2 Petrographic and mineralogic analysis

3.2.1 Petrography

Thirty-four samples were selected for petrographic analysis to give a détailgitinto the

mineral assemblages, textures and any related microstructures of the different rock types. These
samples were selected based on their differences in mineralogy, their variation in matrix colour
due to varying amounts of carbonaceous matetihar variation in the amount of pyrite
mineralisation and their macroscopic textures. This selection made it easier for comparison and
to eliminate sample bias for further screening for other analyses ahead. Uncovered, polished
thin sections (40 mm 25 mm)were prepared at the School of Geosciences, University of the
Witwatersrand. They were used to study the textures and association of ore minerals with the
surrounding silicate minerals. The Olympus BX63 petrographic microscope from the
Microscopy ad Microanalysis Unit (MMU), University of the Witwatersrand, was used to

obtain the overall view of the thin sectionglane polarised lightRPL), crosspolarised light
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(XPL) and reflected light and the Olympus BX41 petrographic microscope from thel 8€hoo

Geosciences was used to obtain higlesplution images.
3.2.2 SEM analysis

A scanning electron microscope (SEM) from the School of Chemical and Metallurgical
Engineering,University of the Witwatersrand, was used to obtain-fa@ation images of
various samples by scanning the surface of interest with a focused beam of electrons. Ten
samples were selected for SEM imaging to identify phases that are present within the
carbamaceous material, identify the presence of gold and uranium phases and déscribe
association of the carbonaceous material with other silicate and sulphide phases. These samples
were chosen because they showed variable amounts of carbonaceous nmeteoiahceous
material with different morphologies, and to confirm other phasgswre complex to identify

using traditional microscopic identification. The Carl Zeiss SigmeSEM equipped with
Oxford xact EDS detector was used with ar8&ron spot sie. The machine analyses two

thin sections at a time with a 60 second analysis fer spot, first obtaining a backscattered
electron (BSE) image and then a secondary electron image to show topography. Energy
dispersive Xray spectrometry (EDS) was usedatmuire chemical compositions of phases of

interest.
3.2.2 XRD

The first aliqut of samples was crushed then pulverised using a jaw crusher and agate mill and
analysed by Xay powder diffraction (XRIR This analysis was used to identify crystalline
pha®s in pulverised samples. PANalytical X'Pert Pro instrument at the XRD Analyai &
Consulting Laboratories (South Africa) was used to identify phases. Scans were started at 5°
and terminated at 90° relative to the incidentay beam. Samples were algmin dg analyses

to mitigate for the potential presence of larger grains inntindures. The phases were
identified using X'Pert Highscore 4 plus software. The Rietveld method (X'Pert Highscore 4
plus) was used to estimate the relative phase amount$ofvdlhis analysis does not detect

any present amorphous phases. XRD is only sgrantitative and can only detect crystalline

mineral phases with abundances of >3 vol %.
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3.3 Fluid inclusion microthermometry and Raman spectroscopy analysis

3.3.1 Fluid inclusion microthermometry

Nine samplesfrom all five drill cores were analysed fotheir fluid inclusion and
microthermomeic characteristicsSample selection was limited to hydrothermal quartz grains
that are white in colour, quartz grains with microfraetuand quartz grains surrounded by high
pyrite mineralisation. This selection svthased on core logging and petrographic analyses. This
analysis was performed to obtain physiochemical characteristics of the mineralising fluids in
the Black Reef and compatteese data with known Witwatersrand Supergroup fluid inclusion
data. Samples we prepared as 150 pm doubly polished thin sections in School of Geosciences
at the University of the Witwatersrand. The wafers were then studied using the BX41
petrographic niroscope to locate the fluid inclusions for easier access under high resolution.
The wafers were chipped with tweezers at the desired location and placed on a LINKAM
THMSG600 cooling stage connected to liquid N2 feeder in the School of Geosciences at the
University of the Witwatersrand. The LINKAM stage was connected to a LINKSYS32
program to control the cooling and heating rates. The heating and cooling rates were generally
set to 5°C/min and were decreased to °C/min when temperatures approached
homogensation. On cooling, the limit was set-420°C/min, and on heating, the limitas set

at 20°C higher than the homogenisation temperature.

3.3.2 Raman spectroscopy

Raman spectra were acquired using the 514.5 nm line of an-argydaser and a Horiba
LabRAM HR Raman spectrometer equipped with an Olympus BX41 microscope at the MMU
in the University of the Witwatersrand. The incident laser beam was focused onto the sample
using a 100x objective, and the backscattered light was dispersed via a 600 linestimgn g
onto liquid nitrogen cooled CCD detector. The signal was acquired aoelssed by Lab Spec

v5 software. The laser beam resolution for this configuration was about 115 Time
HOKIEFLINCS H2GNACL excel program was used to calculate the salimtythe density

of these fluid inclusions.

3.4 Chemical analysis

Wholerock compaitions for fortynine samples were obtained usingRd4y fluorescence

spectroscopy (XRF) for major elements and Inductively coupled Plasma Mass Spectrometry
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(ICP-MS) for traceelements. A hammer was used for crushing the samples since there were
half-diameder core samples that were less than 30 cm in length. The crushed samples were
milled for 2 minutes untipulverised Samples were prepared at the Earth Lab at the University

of the Witwatersrand. The pestrchaean Australian shale (PAAS) composite vabfégaylor

and McLennan (1985) was usednormaliseall major and tracelement data because of the

absence of reliable Archaean shale reference data.
3.4.1 Major element analysis

Major elements were analysed using B#NalyticalPW2404 XRF spectrometar the Earth

Lab at the University of the Witwatersrand. The detection limit of this machine is 0.01 %.
Firstly, loss on ignition (LOI) was performed by weighingy bf each sample into a silica
crucible and ignited at 10AC for 40 minutes, then the weigbf the samples was recorded.
Secondly, 1.75 g of a LiBO4 flux was added into Pt crucibles and ignited at’CO@0 40
minutes. Then 0.34 g of pignited samp was added in the Pt crucibles with ignited tumd

ignited at 1020C for 50 minutes. Thegnited sample was then cooled, weighed and ignited
again to make a liquid which was made into a fusion disk on a hotplate for 2 hours and left to
anneal overnightThe reported E©3 content in these data represents total Fe content. The

standard perfornme data is presented in Figure 3.1.

1.4

—&— BCR-2
@ BHVO-2

1.2 4

(=8 = = 5/.\&
1.0 — f = —0

0.8 -

Measured concentration / Reference value

0-6 T T T T T T T T T
Al20s CaO FeOtr KO MgO NaO P20s SiO: TiO2

Figure 3.1:Major element standard performance data for measured-BR@d BHVQ2 for this study versus the reference
valuesfrom USGS (2000)The horizontalline at 10 indicates values where the measured concepmabf the reference
material are equato the known concentratisrof that material Except for Fe®@, nost of the elemenfsom the measured
reference material lie within 5 % erraf the known value, indicated by the shaded dafe&r in the samples frorthe Black

Reef correspond to values from previous stu(Bésne, 2013; McLoughlin, 2015)
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3.4.2 Trace element analysis tluding REE and Au

Wholerock trace elements were analysed usingPtkin EImer Elan DRAGCP-MS model
equipped with a standarcrosflow nebuliser in the Earth Lab at the University of the
Witwatersrand. The detection limit of this machine is 0.01 ppockSsolutions were used as
calibrators together with 50 mL of an internal standard. Calibration standards with increasing
concentrabn with made sequentially by pipetting 50 pL of the standard, 300 pL of 5 %sHNO

10 pL of HF and the internal standard svadded to make up to 50 mL of the measuring
cylinder. Each of the 49 samples was dissolved by microwave digestion using 50 mglef sam
dissolved in 6.1 mL of 2:1 HF:HN{3solution and left to dissolve for 55 minutes at 280

The solutions were then riéd with 10 % nitric acid and then dried down tC®n a hotplate.

Two final additions of 2 mL nitric acid were added then firstéedry down at 60C for 24

hours then secondly dried down to @Dthen removed from the hotplate with a final addition

of 300 uL nitric acid, capped and stored for analysis. The samples were also diluted under the
same parameters of the solutions adetthe measuring cylinders of the standards after they
have undergone microwave digestion. Concentrations of 39 elemengsrecorded with
procedural blanks and standard certified reference materials (BHM{@ BCR2) to monitor

data quality. The standhperformance data is presented in Figure.3.2

Gold content was determined by fire assay following a dry procedureriaciimethods using
theLead Collection Fire Assay, New Pot with K5 Finish (Method FA25N/M&} Intertek
Genalysis Laboratory, Rér The most effective process of collectgad is through PbO fire
assay than the nickel sulphide (NS25) methafith this method, 25 g of the sample was
pulverized, placed in new pots so that crosstamination ofjold is minimized, and mixed

with a hO-based flux. The PbO was reduced to molten Pb using an organic reducing agent,
where the molten Pb mixes well with praecgsometals, sinks to the bottom of the melt to
coalesce, and forms a butt@xidation of the Pb button occurs in magnesia cupel$umace
resulting in PbO absorbing the cupel, and the precious metals are left behind to coalesce into
a prill. The pril was transmitted into a test tube, digested in aqua regia, measured for volume
then diluted for analysis by IGMS. This analyticaprocedure can detect low concentrations
such as 1.00 ppb Au. Certified referemoaterials used were AMIS0192, and OREAS 25a,
45d and 45e, with the standard performance data is presented in Fapu&ldanye Stillwater

Ltd. provided other Au concentrah data.
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Figure 3.2(A) Trace element standard performance data for BREWNdBHVO-2 for this study versus the referen@dues

from USGS (2000). The dashed line indicates values where the measured concentration of the references extetitd
theknown concentration of that material. Most of the elements from the measumezhcef material lie within 5 % error of

the known value, indicated by the shaded area, except for Cu, Nba Bbd W The errors are not traced to neither sample
preparation analysis or data handlingB) Trace element standard performance data for ORE2d (pink), OREA&5e
(blue), OREAR5a (black), and AMIS0192 (yellow doAu) for this study versus the reference values from assay certificates

downloaded fromttps://www.ore.com.a2020) anchttps://www.amis.co.z§2020). The dashed line indicates values where

the measured concentration of the reference mat&iatjual to the known coneation of that material, where several
elements from the measured referenceenitlie within 5 % error of the known value, indicated by the shaded arebes

over 20% error of the known valwéhereby the errors are not traced to neither samplegmegpn, analysis or data handling.
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3.4.3 Use of major and trace metals and probmatic elements

The major elements are mainly used to determine the amount of weathering and alteration.
Trace element data will be used to map out the possible sources Blatk Reef Formation
sediments. The most important elements are high f&lehgth elements (HFSES) which
preferentially concentrate in felsic rocks because of their incompatible nature, ang tredX

Ni/Co ratios which is a proxy for mafic rocks inet source area. Problematic elements, such
asCu, Nb, PhTa and W are not ged for this purpose. However, all other elements used for
the purpose highlighted above are consistent with known values, indicating that the methods

are effiecient and the hygwses made in this study are made with high confidence data.

3.5 Total organic carbon and total sulphur analysis

Total organic carbon (TOC) and total sulphur (TS) were analysed at Intertek Genalysis
Laboratory in Perth using the Eltra Infrared-2@0 LECQOanalyser with a detection limit of

0.01 %. Pulped samples were weighed, gdiaio a ceramic crucible and mixed with a flux so

that carbon and sulphur are oxidised. The sample and flux were heated in a furnace to oxidise
the elements to C{and SQ, respetively. Elemental carbon or sulphur concentration in the
sampleis proportioral to the wavelength at which these gases absorb infrared radiation.
standard (OREAS 45d) wittnown concentrations f& and Svas used as the calibrator, and

a control blank ws used.

3.6 Sisotope analysis

Eighteen wholeaock pulp samples were convedtinto a mixture 06O, CO,, N2 and BHO in

a Costech Elemental Analyser (EA) at the University of Arizona, United States of America.
This analyser is equipped with a Carlo Esbhéphur reactor. The mixture of the gaseous phases
was carried on a streamldé gasH>O was removed in an Mg perchlorate trap while the other
gases were separated in a gas chromatograph column. The rerB&mingle gas was passed
into a Thermo FinnigarDelta Plus Continuous Flow Isotope Ratio Mass Spectrometer

(CFIRMS) where dia are reported as per mil variation with respect to the Cafion Diablo troilite

( ¥Scor a) international s ul P8 & rl000[PSkFI)samppei st and:

(>*SP?S)pr/ (3*SP?S)en].
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Chapter 4: Results

4.1 Core logging and gold grade

Due toconfidentiality issues, the mine concealed information of certain portions of two of the
studied drill cores (D7P5047 and D8P04299) which resulted in incomplete logging details. For
this reason, only three litholal logs were completed andrerepreserddin Figure 4.1 to
Figure 4.3. The logging descriptions of the incomplete drill cores are, however, included in
Appendix A alongside the completed drill cores. The simplified lithology (Big$ 4.3) show

that the stratigraphy of the Black Reef beginidva mediumto coarsegrained quartz arenite

in the hangingvall. The basabjuartz arenite has Au grades <2 g/t and the associated pyrite
grains are ~0.6 mm in diamet&rogressing wsection, the quartz areniggadually changes

to having scattered, btrounded quartpebbles defined as the pebbly quartz arenite. The
pebbly quartz arenitare generally thick (1.6 m to 16.8 m), are mainly characterisagbloly

concentrations of ~25 g/t and have pyrite grains hosted in a black carbonaceous matrix.

Thereare also areas where these pebbly quartz arenites are interbedded wphcked,
matrix-supported conglomerate units. Conglomerate thickness can range from-netbble
units that are 1.6 m to 6.4 tiick, alternating with quartz arenite unitsarcur &single ~8 m
thick units.Thegold concentrationn these unitsanges from % 30g/t The quartz pebbles are
embedded in a black carbonaceous matitk abundant pyrobitumenhich frequentlyoccur

at the bottom contacts. The conglomerate eventuallg filesvn to a carbonaceous shale with
rounded pyrite nodules and pyrite oriented in stringers. The carbonaceous shale units gradually
become light grey in colour and interbedded with finained sand. In places, the
carbonaceous shale is intercalated gdld-rich conglomerates (Fig. 4.2 and 4.3) with quartz
pebbles that are ~1.7 cim diametey and these carbonaceous shal@staingraphitein the
matrix. The quartgpebbles have black wavy frtaces and white quarzebbles surrounding

grey quartzpebbleqsee later Fig. 4.4h).
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BH ID: D8P04251
Position: VC 04 40 XCS

Date: 08-09-2017
Logged by: Hunadi Maselela

Dark grey matrix, ungraded, angular to
sub-rounded grains L

gl

Dark grey matrix, scattered and fractured quartz
pebbles, carbon nodules, moderately mineralised

Polymict, matrix supported, top loaded, carbon
nodules in pebble fractures, well mineralised

-

Collar position: X = 17303 Azimuth: 270°
Y =-6515 Dip: 70°
Z=-1086.29 Au (it
Location: Carletonville Goldfield ! u (gc?
Depth = = 8
(m) Lithology ~ Rock unit Description e
o |- .°"
| e (=]
4 e, Grey matrix, polymict, matrix supported, poorly
20 packed
R
8 P ..o

Dark grey, graphitic-textured, well mineralised as
stringers

- Shale
Key: ==

¥ Conglomerate

ERSEL B

°. '-.° Pebbly quartz arenite

o " Quartz arenite

Figure 41: Borehole D8P04251 from the Carletonville Goldfield. The bottom contact of the conglomerate bed has the highest
Au concentration (24.6 g/t) then gradecreases in the upwaifthing sequence to 2.8 g/t and 2.7 g/t fog febbly quartzite

and quartz arenite, respectively.
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BH ID: D8P04252 Date: 12-10-2017

Position: VC 04 40 XCS Logged by: Hunadi Maselela
Collar position: X = 17303 Azimuth: 015°
Y =-6515 Dip: 41°
Z=-1086.29 Au (at
Location: Carletonville Goldfield : (@ )O
Depth s 2 =8
(m)  Lithology  Rock unit Description MERIANENANY
0 1 . (=]
: c' Q
4 — . =T Grey matrix, polymict, matrix supported, poorly
e packed
R

Gritty, dark grey matrix, immature, poorly

12 . mineralised

16

Polymict, matrix supported, dark grey matrix,
sub-rounded, poorly sorted and packed, well

20 | mineralised [
24 _:o.‘ -' : h
28 _: o C. (

l

° - °. Scattered pebbles, dark grey matrix, moderately
oot to well mineralised, black shaley matrix with
32— - graphitic texture
2Lte
— o o
36 — ., :
40 [
Silty, dark grey, well mineralised, carbon nodules
and carbonaceous matrix
44
48 -
| B 10.0-300
Shale ', - .2 Pebbly quartz arenite 1.0-10.0
Key: - S— Au (glt):
©101 Quartz arenite 05-10
o 0.0-05

Figure 42: Borehole D8P04252 from the Carletonville Goldfield. This upwawdrsening sequences has the highest Au
grades at the yper contact of the conglomerate (Au = 24.9 g/t) and at the uppeacoot the lower pebbly quartzite (Au =

25.5 g/t), enveloping the conglomerate bed. Generally, the pebbly quartzite has Au grade of up to 2.7 g/t while quartz arenit
has low grades of u 0.9 g/t.
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BH ID: D8P04281 Date: 02-11-2017
Position: VC 04 40 XCS Logged by: Hunadi Maselela
Collar position: X = 17303 Azimuth: 270°
Y =-6515 Dip: 42°
Z=-1086.29
Location: Carletonville Goldfield fu (g;‘t)
Depth s 2 8
(m)  Lithology  Rock unit Description IERIRARRY
0 =
4
8 —
12 = Gritty, grey matrix, sub-angular grains, very poorly mineralised
16 ]
20 —
24 ] Polymict, matrix supported, dark grey matrix, sub-rounded, =
- moderately sorted, moderately mineralised
28 —
— Gritty, black matrix, sub-angular, poorly mineralised
32— L
- Polymict, matrix to clast supported, dark grey matrix,
36 T sub-rounded, moderately sorted, well mineralised ——
40 L
— Gritty, very coarse qtz, black matrix, sub-angular, poorly
44 — mineralised
Scattered pebbles, dark grey matrix, moderately mineralised, F—
| pooly packed
_ Giritty, dark grey matrix, sub-angular, poorly mineralised
Polymict, matrix supported, dark grey matrix, sub-rounded, =
moderately sorted, moderately mineralised
Gritty, dark grey matrix, sub-angular, moderately to well
mineralised as stringers
Dark grey matrix, scattered pebbles,poorly packed, carbon L
nodules, moderately mineralised
:—
Very fine - silty, interlaminated with course gtz grains,
moderately mineralised ‘
_ B 10.0-300
, - .° Pebbly quartz arenite 1.0-10.0
L Au (g/t):
<11 Quartz arenite 0.5-1.0
e 0.0-05

Figure 43: Borehole D8P04281 from the Carletonvillol@field. This borehole shows multiple cycles of high to medium
grade conglomerate beds (27.%.6 g/t), high grades for pebbly quartzites (6.26.8 g/t). Quartz arenites are barrerofn

any gold mineralisation.
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4.2 Sedimentological and petrographic chacterisation of the rock units

Sedimentological studies of the samples indicated three roelktypes of the Black Reef
Formation;(1) carbonaceous shal@) quartz arenite ang8) conglomerate. Each of these rock
types havesimilar mineralogy but at fferent sizes, abundances and textuRstrographic
analyss of the samples from the Black Reef indicate a qumattgcovitepyrite-gold-carbon
phasessphaleritechlorite mineral assemblage. Minor phases of galena, rutile, chalcopyrite and
zircon have alsbeen documented in the samples from tleeBReefusing SEM (Appendix

B). Drennan et al. (1999) and Phillips and Law (2000) have also documented similar

asserblages in the Witwatersrand reefs.
4.2.1 Carbonaceous shale

The strataunderlyingthe basalconglomerataunit of the Black Reef Formation(footwall) is
madeup of carbonaceoushale.The carbonaceoushalenormally hasvery-fine-grainedsand
to silty grans thatare0.0047 0.063mm in size.The carbonaceoushaleis mostly greyin
colour,andin placesdirectly belowthereef it is shinyblackin colourdueto the presencef
carbonaceoumaterial,andvery rarely containsgraphite(Fig. 4.4a).The graphitehasa shiny
lustre and leavesa black streakon handsand on a streakplate. This carbonaeousshaleis
intercalatedwvith pebbly quartz arenite and conglomerétey. 4.4b,c). This lithology rarely
containgpyrite mineralisatioralongbedding with upto 5 % modalabundancén someplaces
Theupperlithologiescontaincarbonaceoushalebedsthatareintercalatedvith mudstoneand
are well-mineralisedwith roundedpyrite nodulesthat are up to 1.5 mm in diameter.Non
mineralisedshalesare grey-greenin colour and contain calcite and quartz veins that show

micro-faults.

Carbonaceous shale sdew are characterised by having @angular, finegrained quartz
embedded in a silty matrix. They commonly show bedding and layering which are slightly
faulted or showing minor soft sediment deformation (Fig. 4.4d). The matrix of the
carbonaceous shale e@mmonly black in colour in plargolarised light indicating a high
amountof carbonaceous material (Fig. 4.4e, fjl @seldom accompanied by irtdgr-shaped
pyrite (Fig. 4.4g)This carbonaceous material surrounds quartz grathea boundaries (Fig

4.4i) and exhibits a fluidike texture that extends throughout thin section scEhe coarser
qguartz grains irthis carbonaceous sha#tso have quartz overgrowth and show -kstege
microfaulting (Fig. 4.4).
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B Carbonaceous J gt
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Carl eous
3 material
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Graphite-like
shale

Quartz
pebblesf

Intercalation of dark shale bands and
medium sand

Figure4.4: Hand sample (scale = 1 cmind photomicrographs (scale500 pn) of the Black Re&farbonaceous shalaits.
(A) Graphitefound in the carbonaceowhalei the shiny luse shows the presee of graphite in the shale. (B andl Bark
coloured shale bandsiercalated with mediusto coarsegrained sand(D - I) Carbonaceous material (in black) going
throughveryi fine grained quartzCarbonaceous material carries irregutahapedpyrite. (J) Quartz overgrowth and late

stage microfaulting of quartz graingd) Carbonaceous shale intetated withgold-rich conglomerate.

Figure 4.5 shows a characteristic carbonaceous shale hand sampteceshotographic
imagesof a portion of the hand specimen in transmitted light and reflected light. The
transmitted lightshows quartz grain size vation from the bottorup: grain size decreases
from fine- to silty grains towards the carbonaceous material. This carbonaceous material
encloses a polycrystalline quartz grain. There are scattered polycngstplartzpebbles, and
pyrite grains that argenerally cubieshapedindicative of formation under hydrothermal

conditions
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Transmitted Light (LHS) Rfleed Light (RHS)
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Figure 4.5:Typicalhand specimen sample F82-36 of carbonaceous shale with scattered qupatabledrom the Black Reef
(middle) The main features shailty quartz grainssrroundingcarbonaceous materighatenclosesa polycrystalline quartz
grain. Most of the pyrite graing this rock unitare cubic. Scale is 5 mm on the core sample and 2 mm on the full thin section

images.
4.2.2Quartz arenite

The strata overlyinghe basalconglomerateaunit of the Black ReefFormation(hangingwall)

is characterised by a quartz arenite with gritty grains and tiineery-coarsegrained sand that
ranges from 0.1261.000 mm in siz€Fig. 46a) The quartz grains are salngular to andar.

Quartz arenites that are further from the highly mineralised conglomerate units have a light to
dark grey matrix, immature sediments and are poorly mineralised. However, quartz arenites
that are proximalo the conglomerate units are mature sediméwige a black carbonaceous
matrix and are generally moderately mineralised with pygi@ns (up to 15% modal
abundanceparallel to bedding planes. The pyrite mineralisation alsts along bedding
foresets and crossbeds and occurs as pyritestringers indicative of synsedimentary

mineralisationFig. 46b, ¢).
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Qtz overgrowth

2 mm

Figure 4.6:Hand sampls (scale = 1 cm) and photomicrographs (scalBG® un) of the Black Reef quartz arenite un{s)
Gritty quartz arenite. (B) Scattered quapebbles in a quartz areteiand pyrite mineralisation parallel as stringers. (c) Pyrite
stringers along bedding foresets. (D) Quartz grains boundaries with quartz overgrowth causing annealinddeatere
500um). (E) Minor clay minerals in the matriggcale =500 pn). (F, Gi red inserts in B Different pyrite grains aligned as

stringers at thin section sca{scale =500 pmin F, 2mm in G)
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Transmitted Light (LHS) R}eﬂected Light (RHS)

Sphalerite

Figure 4.7:Typicalhand specimesample HM81-18 of quartz aenitefrom the Black Reef (middleJhe mairfeaturesshow

that the quart arenite contairsub-angular to angularand gritty quartz grains (middlgjvith closelypacked quartz grains

with minimum clay minerals ithe matrix(left-hand sidé transmitted ight) andvery few pyrite mineralisatiofright-hand

sidei reflected ligh). (A) Muscovite grain extends the entire width of the thin section and exhibits a schistose texture. (B)
Sphalerite grain found along the muscovite. Scale is 1 cm on the corees@mpin on the full thin section images and 500
em on the derageapht ed phot omi

Fine-grained quartz grains that are often aligned in a parallel orientation dortaajgartz
areniteunits This indicative of the bedding orientation a®dliment soimg. The quartz grains

are typically sulrounded to angular, mostly monocrystalline and surrounded by a brown, fine
grained matrix. There is the presence of annealhgre quartz grains are in contact with one
another (Fig. 4d), and minoistrained qude grains enclosed by a claigh matrix (Fig. 4.6e).

On the microscopic scal@yrite grains are also observed aligned as stringers parallel to
bedding(Fig.4.6f, g)

Figure 47 shows a typical characteristic core hand sample gluartz areite unit and

microphotographi@mages on a portion of the hand specimen in transmitted light and reflected
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light. The transmitted light showsedium to fine-grained, sulyounded quartz grains that are
compacted with an elongated muscovite grain exhibgotgstosity(Fig. 4.7a). The reflected
light emphasises the oftgqoor pyrite mineralisation in these units, where pyrite grains are

often scattered or may be aligned parallel to bedding, with minor sphalerite (Fig. 4.7b).
4.2.3 Conglomerate

Black Reefconglomeratés characterisethy granular to pebblesizedquartzgrainsandchert
grainsthat are 23 1 45 mm in diameter(Fig. 48a i c). The conglomerateis generally
moderately to well-packedand is generallymatrix supported.In placeswhereit is clast
supportedthe sedimentsare well-sorted,polymictic, have a black carbonaceoumatrix and
arehighly mineralisedwith pyrite (Fig. 4.8a b). The quartzpebblesareembeddedn a black
matrix comprisingan abundancef carbonaceousaterial Quark-pebblesare rounded to
subrounded and many have fractures commonly filled with rounded and elongated
pyrobitumen(Fig. 4.8c, d). Conglomeratesre moderately to well-mineralisedwith pyrite
grains(up to 30% modal abundanceiat are up to 1.8 mm in diameter.Pyrite tendsto be
concentratedaround quartzpebbles (Fig. 4.88). Where conglomerateis stratigraphically
followed by quartzarenite,the quartzareniteis pebbly. This is describedasa gritty quartz
arenitewith scateredandfracturedquartzpebblesThequartzgrainsarecoarseto very-coarse
grainedrangingfrom 0.51 1.5mm,while thefracturedpebblesareupto ~2.5mmin diameter.
Thisfi p e bgbartza r e nisipdodydo moderatelymineralisedvith pyrite (upto 10 % modal
abundancehasadarkgreyto black carbonaceoumatrix andis animmaturesedimentSome
of theroundedquartzpebblesarehighly fracturedandthesdractureshaveblackcarbonaceous

materialrunningthroughthem(Fig. 4.8e f).

Conglomerges and pebbly quartz arenites of the Black Rewk large (>5 mm) mor@nd
polycrystalline quartz grains. The quapebbles are generally rounded to sabnded) and
contain microfracture@~ig. 4.8gi j). Polycrystalline quartpebbles have mamyuartz grains

that go into extinction at differentnties upon stage rotatiqandulose extinction)Some of

these polycrystalline pebbles show some deformation by compression or elongation where all
the micrequartz grains are aligned in one direction (Bigk). The quartz cracks are at times
filled with smaller crystalline quartz grains that may indicate mmuartz veins that run
through the length of the thin section (Figdt.i). Irregularshaped gold and irregutahaped

pyrite grainsaarelocatedinside these micro quartz veins (Fg8gi j). Thequartzpebbles also

have minomuartzovergrowthswhich occasionally have pyrite developing on the overgrowth
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region (Fig. 48l). Edges of somquartzpebbles show strained quartz while on other pebbles
the edges show strained muscaopielicating schisisity (Fig. 48m). Microcrystalline quartz
(chert) is present (Fig. 8n) and occurs mostly as rounded and elongate grains up to ~2.5 mm

in length.

The matrix of the conglomerates and the pebbly quaetwita are at times light brown and
often dark brownn colour and very fingrained (Fig. 4l, n). It comprisesecondary quartz,
pyrite, muscovite and very seldom chlori&ericite is the dominant clay mineral in the matrix
formed by thealteration of feldspars, which are no longer pressl The muscove
occasionally occurs as strained, elongated grains exhibiting schistosity, whsethddsn
accompanied by irregulahaped pyritesimilar to the quartz arenit&here are places where
this matrix material occurs as rounded, ~1.8 rjpebble$ surrounded ¥ monc and

polycrystalline quartz grains (Fig.8b).

Figure 49 shows a typical characteristic core hand sample of a conglomerate unit and full thin
section inages 6 a portion of the hand specimen in transmitted light and reflected light. The
transmitte light shows rounded polycrystalline quartz grains. They are hfgdyured,and

they showsubstantial straing based on the fingrainedbrittle extensionalractures in quartz
grains near adjacequartzpebbles (Fig. 49ai c). Along the brittle exénsional fractures in

guartz grainginy specks of gold that are randomly orientated (Figd #4.f).
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quartz cracks
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Figure 4.8: Hand sample(scale = 1 cmpnd photomicrographéscale =500 pn) of the Black Reef conglomerate units. (A

and B)High pyrite mineralisationin conglomerate(C and D Largequartzpebbles with cracks filled with pyrobitume(E
and B Quartzpebblefractures filled with carbonacesumaterial (G K) Deformed quartz in conglomera@uartzpebble

have quartz veins carrying irregulgyrite and gold.G is in crosspolarised light and the corresponding image H in reflected

light. I is in crosspolarised light and the correspondingage J in reflected light. (LQuartz overgrowth on rounded quartz

to angular shaped. Matrix dominated by mica atays (M and N)Presence of muscovite with a schistbke textureand
chert (O) Rounded ratrix material seems to be transportiedm elsevhere. Qtz = quartz, Msc = muscovite, Pywyrite, CN

= carbon nodule, Au = gold.
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Figure 4.9: Typical conglomerge hand specimesample HM81-02 from the Black Reef (middle). The main features show

that along strained quartz there are specks of small gold. The area in red on the hand specimen is viewed in transmitted ligh
(left) and reflected light (right). The aas of the smaller red rectangles the full photomicrographs are placed below to

show the textures in deta{A) Quartz straining along boundaries of quartz grai(i3) the strained areas contain micron

sized, fractured pyrite graingB) Strained quartgrains and fractured quartz gnas (bottom left)(E) Gold specks located

along strained areas of quartz grains and inside quartz fract¢@sChert with recrystallised quartz grains and straining of
quartz aligned in a single, parallel orientatioff) Pyrite grains located between ajtiz grains and chert grains, and gold
specks located in the strained areas. Qtz = quartz, Py = pyrite, Au = gold. Scale is 1 cm on the core sample, 5 mrh on the ful

thin section images and d&&s. em on the detailed photomicro
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4.3 Petrography of the oe minerals

4.3.1 Carbonaceous material

The Black Reef contains carbonaceous material in the form of pyrobitumen. It occurs in four

main subtypes:

1. Fracturefilling (~30 % in modal abundancehassive type. Occurs mostlyshale and is
graphitic. Itoften surrounds quartz grains and fills fractufgg.(4.4di 4.4i, Fig. 4.10a

2. Globular(~15 % in modal abundancdarge (up to ~1.5 mm), rounded and generally
complexshaped. They often contain the masegularshaped, mian-sizedgold and
uraniuminclusions. They occun the matrix of conglomeratequartzpebble boundaries
and inside quartpebble cracks (Fig. 4.10b, 4d,01.114a, see earlier Fig. 4)8d

3. Nodula (~10 % in modal abundanceglatively smaller (up to ~500np) and rounded
They do notcontain any elemental and mineral inclusions. They occur mostly between
guartz grains and in quartz cracks (Fig. 4.10a, 4.10c)

4. Irregular(~15 % in modal abundancepunded and complex shapsatules that are ~500
pm in diameter These often contain indions but differ from the nodular ones by having

pyrite close to its boundaries or surrounded by pyrite grains (Fige, 410F, 4.11b)

SEM imaging was used to identify trace element inclusions witierpyrobitumenand to

identify the presence and chemistry of gold and urarn@aring minerals. The SEM imaging
shows thathe globular, nodular and irregular pyrobitumen are highly concentirat€dand

various heavy elements that are immobile such as Zr, K, Ti, Urandr Au ard Ag (Fig.

4.11a). Secondary uranium mineratur agminor inclusions in these carbon nodules. Most
commonly, the carbon nodules contain specks of gold. The carbon nodules are also closely
associated with detrital and hydrothermal pyrite grashown bythe brightAsFe-sulphide

phase in the SEM image in Figure 4.11b). Appendptésentsnore SEM images of other ore

constituents.
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massive

Fracture-filling
pyrobitumen Globular pyrobitumen
with Py inclusions with Au inclusions

E cture-filling

pyrobitumen

Globular pyrobitumen % ";'gr
with Au inclusions s A q

goneantnery. Irregular pyrobitumen

with Au inclusions

Figure 410: Pyrobitumermorphology(A) Fracturefilling and nodular pyrobitumen. (B arid)) Globular withgoldinclusion.
(C) Nodular. g andF) Pyrite surrounding irregular pyrobitumen with inclusiof®; = pyrite, Sph = sphalerite, Au =@d.
Scale is 500 um for Figures A and &d 200 unfor FiguresB, DT F.
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20 pm Mag= 620X Signal A=NTSBSD  Date :7 Aug 2018 P Signal A=NTSBSD  Date :6 Dec 2018
WD = 80mm EHT = 20.00 kv Time 9:36:01 EHT =10.00 kV Time :11.07:18

ull Scale 26042 cts Cursor: 8.680 (36 cts)

Figure 411: SEM images of4) Globular pyrobitumen in ¢hin section from sample FB1-27 from the Black Re€brmation
where thepyrobitumenis rounded and the dark/black colour inside delineates light element cafheninclusions in the
pyrobitumerare brighter phases of heavier immobile elements such K, @andt.(B) Irregular pyrobitumen in dhin section
from sample TK52-20 from theBlack Reef there thgyrobitumens surrounded by a bright phase AéFesulphide Scale =
20 pm.

4.3.2 Pyrite grains

The mat prominentand abundant ore mineral in the BlackeRis pyrite. Pyrite grainsmake
up to 30 % modal abundance aar@ generally large (up to 2 mim diametey and occur in
different morphologieskigure 4.12 depicts different pyrite morphologesuring together
at thin section scalePyrite grains oagring in Archaean quargebbleconglomerates are
divided into two main classes: 1) detrital (or allogenic) pyrite ithaterived from recycled
intrabasinal sedimentary materighnd 2) authigenic pyritehat formedin situ after
consolidation of the séuents (Costa et al.,, 2020karly diagenesis of quarifzebble
conglomerates forms diagenetic pyritesitu, regar@éd as an authigenic typ&his study
utilises the classification scheme for detrital anthegenic pyrite in Archaean quaitebble

conglonerategevised byCosta et al. (2020).
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TheBlack Reef samples showé different pyrite types:

1. Massivedetrital pyrite (DM): they are inclusiepoor and are generally irreguisinaped,
rounded and cubic with abraded edges (Fig. 4i12e);

2. Random intusionbear i ng detrital pyrite (DIR): A p
distributed inclusions in the grainBhey are generally irregulshaped and rounded (Fig.
4.12ab, di g);

3. Concentrically |l aminated detri tented. Pheyr i t e (
are rounded and consist of concentric sets of laminae with inclusions between the
intersticesof the laminae and in the graiRig. 4.10¢ Fig. 4.12f g,);

4. Euhedral / subhedral authigenic pyrite (AE): cubic crgs@gdnerally massive in texir
but may have ~<10 vol% of inclusiorisig. 4.5 Fig.4.12h e, g9; and

5. Authigenic pyrite overgrowth (AP overgrowths on rounded and abraded massive detrital

pyrite grain, corgim structure present and is generally massive (Fig. 4.12c)

The DM and DIR pyite types are the most abundant and oacwll Black reef lithologes
These pyrite grains range framicron size to ~1.8 mnA few pyrite grains show overgrowth
from an abraded detritalubicpyrite grains to a more irregutahaped pyrite (Fig. 4.12cJhe
detrital pyrite grains DM and DIRre commoly alignedas stringers parallel to bedding (Fig.
4.12¢ Fig. 4.6f, g. Sphalerite is the second common sulphitdaeral butdoes not occur
frequently. It is mostly associated with the matrix and carbonacemterial and is normally
irregularshaped.
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Figure 412: Different pyrite morphologies in the Black Reef samples. CN = carbon nddiles massive detrital pyrite,
DIR = random inclusiorbearing detrital pyrite, DIC = concentrically laminated detrifgyrite, AE = euhedral / subhedral

authigenic pyrite, AO =authigenic pyrite overgrowttscale is 500 pum for figuresi E and 250 pum for figurek and G.

4.3.3 Gold

Gold is commonly associatedith the conglomeratic samples. It is irreguidraped and
geneally occurs as elongated grains occurring in quartz microfractures (Fig. 4.13a, 4.13b) and
as inclusions in detrital pyrite grains. Gold also occurs at the boundaries of ealdugenic

pyrite grainsand roundedietrital pyrite grains as hydrothermgéld (Fig. 4.13c, 4.13e) and as

tiny specks at the sites of the figeained brittle extensional fractures in quartz grains (Fig.
4.13d). Figure 4.14 indicates irregukdraped gold inside pyrite @ns and at pyrite grain

boundariesalso comprisingninor Ag and Pb.
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