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ABSTRACT

Geological characterisation and U-Pb geochronology of detrital zircon grains has proven valuable in finding
potential source terranes of siliciclastic sediments. Sediment transport and reworking from gold-bearing
Archaean/Palaeoproterozoic granite-greenstone rocks are significant in the formation of conglomerate-hosted
(Witwatersrand-type) gold deposits. We further support this link with an example from the Neoarchaean Black
Reef Formation, in the Carletonville Goldfield, South Africa. In this study, the detrital and hydrothermal pyrite
grains are petrographically distinguishable. Association of gold with solely detrital heavy minerals such as pyrite
and not with hydrothermal minerals is similar to other Witwatersrand-type examples, which were formed during
reducing atmospheric conditions from granite-greenstone protosource rocks. Textural evidence, together with
gold occurrence data, support gradual homogenisation of primary sedimentological and mineralogical features
due to post-depositional alteration. Uranium-Pb dating of the Black Reef Formation detrital zircon grains yields
an age between 3149 and 3061 Ma, indicating that that the provenance of Black Reef Formation sediments could
have been derived from a mixture of the hinterland proto granite-greenstone rocks, and from the reworking of
Witwatersrand auriferous conglomerates. We further infer a favourable palaeo-drainage for primary sedimentary
gold deposition from an isopach model and palaeocurrent data. The fluvial origin of the Black Reef Formation
basal conglomerate provides an ideal setting for gold mobilisation from the sediment-source rocks.
Notwithstanding the contribution of hydrothermal activity, sedimentary processes are interpreted to have been
primary in the initial concentration of gold through reworking of the Witwatersrand auriferous conglomerates.
This has important implications for the genesis of the younger Witwatersrand-type gold mineralisation. The fact
that the Witwatersrand-type gold deposits, a target for exploration, occur spatially and temporally within the
Archaean/Palaeoproterozoic geological record demonstrates that the Witwatersrand Basin is not unique in terms
of composition and paragenesis, but is unique in terms of physical size and magnitude of its gold and uranium
endowment.

1. Introduction

gold deposits (Phillips 1987; Sutton et al., 1990; Gartz and Frimmel,
1999; Phillips and Powell, 2015). A combination of the nature of the

Palaeoplacer deposits are one of the important sources of gold,
contributing ~30% of the global gold production to date (Frimmel,
2018). The genetic relationship between the formation of palaeoplacer
gold deposits and composition of protosource rocks is a crucial para-
meter in understanding the metallogeny of conglomerate-hosted gold
deposits. Various post-depositional alteration events (e.g. dykes and
metamorphic events) have been recorded within conglomerate-hosted
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hinterland, basin evolution and alteration events, provide a starting
point for establishing geological models that will be applicable for
mineral exploration. Differentiation between the style of gold miner-
alisation occurring in reduced and oxidised conglomerate-hosted gold
deposits, as well as geochemical, metamorphic and sedimentological
characteristics, have been previously applied in order to construct ge-
netic models that may be used for exploration purposes (Davidson and
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Cosgrove, 1955; Button and Tyler, 1981; Maynard et al., 1991; Phillips
and Law, 2000; Frimmel et al., 2005). To date, none of these models
were successful in finding conglomerate-hosted gold deposits that can
match the size of the Witwatersrand Basin. Two classes of the con-
glomerate-hosted gold deposits have been defined, viz. conglomerate-
hosted gold deposits that formed in a reducing Archaean atmosphere,
and those that formed in oxidising conditions (< 2.4 Ga). It is worth
noting that there has been a long-standing debate regarding redox
conditions of the atmosphere linked to gold mineralisation. The debate
started in the 1950s stemming from whether the atmosphere was re-
ducing or oxidising prior to 2.4-2.0 Ga. Proponents of an oxidising
atmosphere argued that the atmosphere had sufficient free oxygen by
3.5 Ga and that iron oxide minerals were stable while uranium would
have been highly soluble (Palmer et al., 1987, 1989; Ohmoto, 1996). In
contrast, the presence of a reducing Archaean atmosphere is supported
by the occurrence of abundant detrital pyrite and uraninite in the Ar-
chaean auriferous conglomerates and is interpreted to have been
characterised by elevated CO,, CH, and H,S gases with lower O,
(< 0.1%) compared to present day levels (Button and Tyler, 1981;
Krupp et al., 1994; Farquhar et al., 2000; England et al., 2002; Canfield,
2005; Frimmel, 2005). In the past three decades, the reducing atmo-
sphere hypothesis has gained more support and led to the development
of commonly applied genetic and exploration models for conglomerate-
hosted gold deposits that were formed during the Archaean, even
though some of them remain contested.

In the discussion about conglomerate-hosted gold deposits, the
controversy has mainly centred on whether the gold deposits of the
Mesoarchaean Witwatersrand Basin were formed by (a) hydrothermal
or epigenetic processes (Phillips and Myers, 1989; Barnicoat et al.,
1997), (b) placer (Minter, 1978), (c) modified placer (Pretorius 1991),
and (d) syngenetic processes (Frimmel, 2014, 2018; Frimmel and
Hennigh, 2015; Heinrich, 2015; Horscroft et al., 2011). Despite the fact
that the modified placer and syngenetic models have been the most
widely accepted in recent years; proponents of the main genetic models
listed above have all provided additional evidence in support of their
hypotheses. It is the authors’ contention that the origin of Witwa-
tersrand gold remains one of the most debatable topics in economic
geology. Over a century of debate has yielded thousands of published
papers, academic dissertations, books, field guides and even novels (e.g.
Gold Mine; Smith, 2006).

The Witwatersrand Basin is located in the centre of the Kaapvaal
Craton, South Africa (Fig. 1). The Kaapvaal Craton preserves a record
of > 1.5 billion years of geological history (Eriksson et al., 2001;
Hunter et al., 2006). It comprises granite-greenstone rocks and sedi-
mentary cover sequences including the Barberton Supergroup
(Hofmann et al., 2019), the Dominion Group (e.g. Marsh, 2006), the
Pongola Supergroup (e.g. Gold, 2006) (a Witwatersrand correlative,
e.g. McCarthy, 2006), and the Ventersdorp (e.g. van der Westhuizen
et al., 2006) and Transvaal supergroups (Eriksson et al., 2006). The
Kaapvaal Craton hosts numerous orogenic gold deposits, mostly located
in Archaean greenstone belts, as well as conglomerate-hosted gold de-
posits occurring in the Dominion Group, Witwatersrand, Ventersdorp
and Transvaal supergroups. The gold endowment and characteristics of
the auriferous conglomerates present within the Witwatersrand Basin
has led to it being regarded as the most important source of conglom-
erate-hosted gold deposits currently known.

Several examples of the Witwatersrand-type gold mineralisation
having similar characteristics exist, including the Black Reef Formation
in South Africa and the Huronian Supergroup in Canada (Mossman and
Harron, 1983), both of which contain localised occurrences of eco-
nomically significant gold concentrations. Although there are simila-
rities between the Black Reef Formation meta-conglomerate and Wit-
watersrand gold deposits, they also display significant, systematic
differences, especially in the mineralogy, ore texture and mode of gold
occurrence. In this study, we address the contemporaneity of younger
Witwatersrand-type gold deposits using the Black Reef Formation as a
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case example due to its proximity to the Witwatersrand Basin. We
present precise U-Pb ages for detrital zircon grains from the basal
conglomerate of the Black Reef using laser ablation inductively-cou-
pled-plasma mass spectrometry (LA-ICPMS). The U-Pb ages are used to
understand the nature of the protosource and sediment source material.
The new age data, together with the results of prior geochronological
studies, are used to evaluate relationships between hinterland compo-
sition, regional tectonic evolution and the formation of conglomerate-
hosted gold deposits from the Archaean to the Paleoproterozoic eras.

2. Geological setting
2.1. Regional geology

The Kaapvaal Craton covers an area of approximately
1,200,000 km? and is part of one of the largest and oldest cratons,
containing a plethora of mineral deposits including gold, platinum
group elements (PGEs), base metals and non-ferrous metals that are
hosted in several Archaean basins occurring in distinct cratonic ter-
ranes. Prominent suture zones, such as the Thabazimbi-Murchison
Lineament and the Colesberg Lineament (Fig. 1), sub-divide these cra-
tonic terranes. The former formed through the collision of the Witwa-
tersrand Block with the Pietersburg Block, whereas the latter arose from
the Witwatersrand Block colliding with the Kimberley Block at 2.93 —
2.88 Ga (Schmitz et al., 2004). The granitic basement of the Witwa-
tersrand Block formed and stabilised between 3.4 and 3.1 Ga (Poujol
et al., 2003). One of the oldest basement terranes is the Barberton
Greenstone Belt, which is well exposed to the east of the Witwatersrand
Basin (Dirks et al., 2013; Dziggel et al., 2010; Dziggel and Kisters,
2019). It is the most prominent of the greenstone belts present in the
Kaapvaal Craton and far better studied than the Murchison, Pieters-
burg, Giyani, Amalia and Kraaipan greenstone belts (Brandl et al.,
2006; Poujol and Anhaeusser 2001; Poujol et al., 2003). The craton’s
maximum and minimum ages are constrained by the 3660 + 4 Ma
Ancient Gneiss Complex in the southern part of the Barberton Green-
stone Belt and the 3106 + 3 Ma Nelspruit Batholith that is intrusive
into the 3216 * 2 Ma foreland basin deposits of the Moodies Group
(Eglington and Armstrong, 2004, Brandl et al., 2006).

Several granite-greenstone domes form part of the Kaapvaal base-
ment rocks. The 2023 *= 2 Ma (Kamo et al., 1995) Vredefort meteorite
impact is thought to have led to the formation of up-doming structures
and exposure of deeply buried basement rocks. The impact of this event
exposed a variety of high-grade metamorphic ca. 3100 Ga (Hart et al.,
1990) gneisses and migmatites and a low-grade metamorphic (ultra)
mafic volcanic unit within the Vredefort Dome, as well as in several
other domes, most notably the Johannesburg Dome. The Johannesburg
Dome occurs to the northeast of the study area (the Carletonville
Goldfield) and consists of tonalite-trondhjemite-granodiorite gneisses
(TTG gneiss suite) with ages ranging from 3340 * 3 Ma to
3114 + 2.3 Ma (Poujol and Anhaeusser, 2001) and minor mafic and
ultramafic rocks, interpreted as remnants of Palaeoarchaean upper
mantle or oceanic lithosphere (Poujol et al., 2003).

Unconformably above the basement greenstone-granitoids lies the
+2000 m-thick clastic meta-sediments and volcanic rocks of the
Dominion Group, a metamorphosed (greenschist to amphibolite facies)
supracrustal sequence that is interpreted as reflecting the first in-
tracontinental basin formation following crustal amalgamation at ca.
3.1 Ga (Jackson, 1992). The Dominion Group’s maximum age is con-
strained by the youngest detrital zircon age 3086 + 3 Ma (Robb et al.,
1992) in sediments derived from the basement granitiods. Its felsic ig-
neous rocks are considered to be one of the sources of the clastic se-
diments (including detrital zircons) of the Witwatersrand Supergroup
and the Black Reef Formation (Robb et al., 1990). The base of the
Dominion Group comprises minor zones of economic U-Au miner-
alisation developed as pyritic quartz-pebble conglomerate beds of the
Dominion Reef (Jackson, 1992).



G.T. Nwaila, et al.

Ore Geology Reviews 121 (2020) 103572

—24°S

BOTSWANA

-
~

THERETIL IS

~
~

— 30°S

|

22°E

24°E
| | |

26°E

L 26° :
2 ) soutH V) P
- > )
% AFRICA  ~J ¢
1
S :
@@ KIMBERLEY E'l
S, BLOCK 5!
[ 28°S S
Q,
=)
(@]
5:
ol
\ 2!
ol /I
(@] TS

, SWAZILAND
BLOCK N i—

N

<2.1 Ga Cover

Transvaal Supergroup (2.64-2.1 Ga)
Black Reef Formation (2.64 Ga)
Ventersdorp Supergroup (2.73-2.71 Ga)
Carletonville Goldfield

Central Rand Group (2.90-2.78 Ga)
West Rand Group (2.99-2.91 Ga)
Pongola Supergroup (2.99-2.90?7 Ga)

>2.8 Ga granitoid
>2.8 Ga greenstone

Fig. 1. A simplified geological map of selected basement units of the Kaapvaal Craton and the Witwatersrand Supergroup, showing the extent of the Transvaal
Supergroup with special reference to the Neoarchaean Black Reef Formation (modified after Frimmel and Nwaila, 2020).

The gold-rich Witwatersrand Basin lies above the Dominion Group
and unconformably above the Kaapvaal Craton’s Palaeoarchaean
greenstone-granitoid basement. Known as the largest gold province in
the world, the Witwatersrand goldfields also constitute one of the
world’s most significant sources of uranium (Frimmel, 2014, 2018). The
Witwatersrand Supergroup extends 350 km in a northeasterly direction
and approximately 200 km to the north-west. It is divided into the West
Rand Group (2985 *= 14 Ma -2914 + 8 Ma; Armstrong et al., 1991)
and the Central Rand Group (< 2902 to > 2780 Ma; Kositcin and
Krapez, 2004; Gumsley et al., 2018), with over 85% of the known Au-U
mineralisation present in the Witwatersrand Basin contained within the
Central Rand Group (Fig. 1), which comprises mainly fluvial to fluvio-
deltaic sandstones and conglomerates (Frimmel and Minter, 2002). The
2785 * 1 Ma Ventersdorp Supergroup lies unconformable above the
Witwatersrand Supergroup and the Dominion Group (Gumsley et al.,
2018). The basal unit of the Ventersdorp Supergroup consists of a gold-

rich quartz-pebble conglomerate bed, known as the Ventersdorp Con-
tact Reef (VCR). Generally, the Ventersdorp Supergroup is composed
primarily of flood basalts and minor clastics (Tankard et al., 1982).
Mining in the Witwatersrand Basin has long reached maturity, with the
remaining resources difficult to extract due to declining ore grades
(from > 8 g/tto < 4 g/t Au) and safety concerns (Frimmel, 2018;
Nwaila et al., 2019).

The Transvaal Supergroup is a 15 km-thick succession of meta-se-
dimentary rocks that unconformably overlies the Ventersdorp
Supergroup (Button, 1986; Walraven and Martini, 1995; Zeh et al.,
2015; Gumsley et al., 2017). The Transvaal Supergroup is divided into
the Black Reef Formation (ca. 2.64 Ga; Walraven and Martini, 1995),
Chuniespoort (2.588 Ga = 7 Ma; Martin et al.,, 1998) and Pretoria
groups (2.3 — 2.0 Ga; Button, 1981). Two major igneous events confine
sediment deposition in the Transvaal Supergroup, that is, the under-
lying flood basalts of Ventersdorp Supergroup and the overlying
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column of the Black Reef Formation in the study area.

volcanic rocks of the lower parts of the Rooiberg Group. The Rooiberg
Group is followed by (ultra)mafic and felsic rocks of the Bushveld Ig-
neous Complex (2054.8 *= 0.3 Ma - 2055.9 = 0.3 Ma; Zeh et al.,
2015). The development of the Neoarchaean-Palaeoproterozoic
Transvaal Supergroup is thought to have been brought about mainly by
magmatic events and palaeoclimate change, with tectonics playing a
minor role (Gumsley et al., 2017). Exposures of the Transvaal Super-
group occur in the Griqualand West Basin in the southwest of the
Kaapvaal Craton, the Kanye Basin to the west of the Transvaal Basin in
Botswana, and in the north-northwest, the Transvaal Basin, which is the
focal area of this study. Note that each basin of the Transvaal Super-
group has its own stratigraphic subdivision (Eriksson et al., 1995).

2.2. Deposit geology

The earliest records of conglomerate-hosted gold occurrences in the

Black Reef Formation are from Stonestreet (1898) and Dorfel (1904).
The Black Reef Formation comprises a basal conglomerate followed by
interbedded quartz arenites and shales deposited on an uneven pa-
laeosurface. The deposition of the Black Reef Formation and its asso-
ciated gold content are believed to have been controlled by the uneven
footwall topography (Germs, 1982). Conglomerates of the Black Reef
Formation are the youngest known auriferous and uraniferous quartz-
pebble conglomerate in the Kaapvaal Craton. These conglomerates have
been exploited for gold at various localities within the basin, with
current exploitation occurring in the Carletonville Goldfields and East
Rand (Gauteng province, South Africa). The overlying carbonaceous
shale beds are interpreted as having been deposited during a marine
transgression (Nwaila and Frimmel, 2019). This led to a higher base
level, which resulted in lower sediment flux and eventually in clear
water conditions permitting the precipitation of the carbonates that
comprise the overlying Malmani Subgroup (Henry et al., 1990;
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Clendenin et al., 1991; Eriksson and Reczko, 1995).

Numerous post-depositional alteration events affected the Black
Reef Formation. These include regional low-grade greenschist-facies
metamorphism, heating during the emplacement of the Bushveld
Complex, and the effects of the Vredefort meteorite impact. These
events altered the gold-bearing rock units, while the stratigraphic and
sedimentological controls on gold grade remained unchanged (Nwaila
et al., 2019). Black Reef Formation outcrops, close to the study area, are
confined to a topographic ridge (the Rand Anticline), which formed due
to the Vredefort meteorite impact (Zhao et al., 2006). Sedimentological
characteristics and the origin of Au-U in the Black Reef Formation has
been the subject of discussion in numerous publications (Swiegers,
1938, 1939; Frankel, 1940; Liebenberg, 1955; Papenfus, 1964; Frey and
Germs, 1986; Van den Berg, 1994; Els et al.,, 1995; Barton and
Hallbauer, 1996; Fuchs et al., 2016; Nwaila et al., 2019). Van den Berg
(1994) and Els et al. (1995) conducted sedimentological studies, which
found that the palaeocurrent distribution of the basal conglomerate unit
is unimodal, while that of the upper quartz arenite is bimodal in specific
locations. Frey and Germs (1986) concluded that the gold, present in
the Black Reef Formation, is detrital and that the conglomerates were
deposited in palaeovalleys. Fuchs et al. (2016) argued and demon-
strated that the gold present in the Black Reef Formation was hydro-
thermally recycled from the Witwatersrand reefs. A recent study by
Nwaila et al. (2019) re-emphasized that the primary control on gold
grade is sedimentological with the gold introduced primarily as detrital
particles. Local remobilisation occurred due to post-depositional al-
teration events, further mobilising the gold and associated material
such as pyrobitumen and hydrothermal pyrite.

Although the Black Reef Formation has been studied since the
1800s, radiometric ages for this formation are limited. Previous U-Pb
and Pb-Pb geochronological studies used pyrite mineral separates to
characterise the source area and textural controls on gold deposition
(Barton and Hallbauer, 1996; Hofmann et al., 2009; Nwaila et al.,
2019). Due to an unfavourable economic condition driven by decreases
in gold price, exploitation of the Black Reef Formation ceased, with the
exception of mining at Modderfontein East (East Rand Goldfield; Gauert
et al., 2010; McLoughlin et al., 2014; Fuchs et al., 2016). Modern ex-
ploration for economically viable Black Reef Formation re-started in the
1990s (JCI or Johannesburg Consolidated Investment Co. Ltd.) and
continued until the 2000s, resulting in localised selective open pit
mining in the Carletonville, Randfontein and Krugersdorp areas
(Nwaila et al., 2019). Of these, only the Carletonville Goldfield deposit
is currently being mined. Exploration is still active in the Carletonville
and West Rand goldfields (Gauteng Province, South Africa).

3. Experimental procedures
3.1. Geological mapping and sampling

The samples used for geological characterisation and zircon U-Pb
dating were collected from the Black Reef Formation located in the
Carletonville Goldfield (latitude 26°24’S and longitude 27°30’E), ca.
70 km west of Johannesburg, South Africa (Fig. 2). The study area
covers an aerial extent of 86 km? Samples were collected from five
representative basal auriferous conglomerates. Fig. 2 shows the location
of the sample sites. All samples comprise of large (> 10 mm; apparent
long axis in mm) quartz pebbles embedded in a dark-grey matrix. Mi-
neralogically, the samples comprise quartz-chlorite-muscovite-galena-
pyrite-chalcopyrite-pyrrhotite-gold-uraninite-zircon. For a quantitative
study of the mineralogy of the Black Reef Formation, see Nwaila et al.
(2019). The extracted zircons are mainly from the matrix of the sam-
ples. Photomicrographs of typical samples and the specific mineralogy
and textural association of the Black Reef Formation are presented in
section 4.2 of this paper. Detailed underground geological mapping of
the Black Reef Formation was also carried out, involving the record of
quantitative and qualitative sedimentological and structural data.
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3.2. Zircon preparation

All samples were crushed using a jaw crusher to < 50 mm and
milled to a coarse powder (< 500 um) with a disk mill. Zircon grains
were separated using a Wilfley table and heavy liquid (sodium het-
eropoly tungstate). No magnetic separation was performed in order to
avoid introducing an artificial bias (Sircombe and Stern 2002; Andersen
et al., 2011). Finally, 200-500 zircon grains were selected from each of
the five samples, using a binocular microscope. Selection criteria in-
cluded turbidity, colour, shape and size. The selected zircon grains were
then mounted using epoxy resin and ground to expose their cores.
Zircon grains were imaged by cathodoluminescence imaging using a
JEOL JSM-6490 scanning electron microscope, with Gatan MiniCL, at
the University of Johannesburg, South Africa. This made it possible to
characterise internal zoning patterns as well as any fractures and pores
in the zircon grains. The zircon grains are transparent to translucent,
colourless or light brown, and euhedral. They are generally
100-150 pm long with 2:1-3:1 length to width ratios.

3.3. U-Pb detrital zircon U-Pb dating using LA-ICPMS

The U-Th-Pb measurements were carried out in the Earthlab at the
University of the Witwatersrand, using an Australian Scientific
Instruments (ASI) Resonetics Resolution 193 nm ArF excimer (SE 155)
system coupled to a Thermo Scientific Fisher sector-field ICPMS
(Element XR). The U-Th-Pb measurements were performed in both low
resolution and electrostatic scanning (E-scan) modes. Data were ac-
quired by single spot analysis (30 pm), using a laser repetition rate of
8 Hz and a fluence of 2.5 Jem ™ 2. Total signal acquisition time was 65 s
to allow data processing and preparation for the next analysis, com-
prising 15 s of pre- and post-ablation (gas blank) and 20 s of ablation
measurements. Laser sampling took place in a SE155 dual-volume ab-
lation cell (Laurin Technic, Canberra, Australia) using a mixed He-Ar
atmosphere and a small volume of N, to enhance signal stability and
sensitivity. The following gas flows were applied: He (300-400 ml/
min), Ar (800-1200 ml/min) and N, (2-4 ml/min), respectively. Zircon
standard GJ1 (Jackson et al., 2004) was used for calibration purposes.
Temora-2 (Black et al., 2003, 2004) and PleSovice (Slama et al., 2008)
zircon certified reference materials (CRMs) were analysed as unknowns
in order to determine the instruments accuracy and precision. The LA-
ICPMS system was tuned during line scans using NIST 612 glass for
maximum sensitivity for 2>U and 2°°Pb, while maintaining oxide levels
(ThO*/Th) < 0.5% and the Th/U ratio > 0.8. Typically, two ana-
lyses of the primary calibration standard were obtained at the begin-
ning and at the end of a sequence. Ten to twenty of the unknowns
(CRMs) were followed by the analyses of one primary calibration
standard and two to four secondary standards as part of the quality
control procedure. Prior to each spot analysis, surface material was
removed using two laser pulses. The following masses were measured
(six samples per peak): 206pp,, 207pp, 208pp  232Th 235y, and 238U
Magnet settling time was 0.001 s, and sample times range from 0.0002 s
(235U) to 0.003 s (?°7Pb). All isotopes were measured in pulse counting
mode, except for 2*U (which was measured in analogue mode).

Data reduction was performed using the Iolite version 3 extension
(https://iolite-software.com) to the Igor Pro software (http://www.
wavemetrics.com), proceeding in a series of sequential steps, including
data import, selection of integrations, baseline subtraction, drift and
down-hole fractionation, calibration and error propagation (Paton
et al., 2010, 2011). Additionally, the data reduction scheme (DRS) Vi-
sualAge (Petrus and Kamber, 2012; http://www.japetrus.net/va) was
applied to select integrations more carefully in order to minimise dis-
cordance. Graphic presentation and calculation of concordia ages were
carried out using ISOPLOT-R software (Vermeesch, 2018). Age dis-
tribution histograms were fitted using Gaussian kernel density esti-
mates (Wasserman 2006; Vermeesch, 2012). Empirical cumulative
distribution functions (ECDF; Wasserman, 2006) were carried out using
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the ‘detzrcr’ software package developed by Kristoffersen (2017) and
described in Andersen et al. (2017). Uncertainties on individual and
mean/regressed ages are 2SE (standard error, absolute).

4. Results and discussion
4.1. Stratigraphic thickness and palaeocurrent direction indicators

The Black Reef Formation, in the study area, displays an upward
fining succession with conglomerates forming the base of the formation,

which then grades into quartz arenites. Carbonaceous shales overlie the
succession occurring above the quartz arenites (Nwaila et al., 2019).
The thickness of the Black Reef Formation varies significantly in the
study area and appears to be footwall controlled. This evident from
variable sediment infill in topographical highs/lows in the paleo-land-
scape. An isopach map showing thickness variation in the Black Reef
Formation was constructed using a combination of surface drill cores,
underground drill cores and underground mapping (Fig. 3). This map
indicates a lensoidal geometry for the Black Reef Formation in the
Carletonville Goldfield, with north-west to south-east trends. The Black
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Reef Formation minimum thickness in the study area is < 0.5 m, with
a maximum thickness of 70 m recorded (Fig. 3). The maximum thick-
ness observed in this study matches well with measurements recoded by
Visser (1989) and Coetzee (1996) in the West Rand Goldfield. The
average dip of the Black Reef Formation strata at the Carletonville
Goldfield is 7°, thus making it insignificant for tectonic dip corrections.
In spite of the sparse number of control points along the margins of the
Carletonville Goldfield, due to low number of exploration drill holes,
the inward thinning Black Reef Formation, as demonstrated by the
goldfield scale isopach map, appears to demonstrate a unitary sub-
siding, thermal sag basin setting (Bumby et al., 2012). The Black Reef
Formation probably represents the last units having strong regional to
local topographic influences on sediment accumulation prior to
flooding of the Kaapvaal Craton (Sumner and Beukes, 2006).
Palaeocurrent direction measurements were carried out on sedi-
mentary structures, such as trough and cross-bedding, and clast im-
brications, in order to determine the direction of sediment transporta-
tion. Measurements were taken at five stations (Fig. 3), which
correspond to the location of the samples selected for U-Pb age dating
except for station 1. Palaeocurrent direction measurements were not
taken in the incised channels of the Black Reef Formation, as they are
not representative of the local or regional palaeo-drainage patterns. To
ensure statistical representability of the measurements, vector mean
orientations of the palaeocurrent direction measurements were calcu-
lated and plotted as rose diagrams. This analysis demonstrates that
sediment sources were located to the northwest and northeast of the
study area (Fig. 3). The orientation of palaeocurrent direction in-
dicators shows local sediment source derivation. The evidence gathered
from the palaeocurrent direction indicators (Fig. 3) shows the inward
direction of sedimentation towards the centre of the Carletonville
Goldfield proximal to the Ventersdorp and Witwatersrand supergroups.

4.2. Petrography

The studied conglomerates comprise mainly detrital and authigenic
quartz grains, detrital zircon, muscovite, chlorite, monazite, pyrite,
gold and uraninite (Fig. 4A and B). Some of the quartz grains contain
microfractures. The dominant form of alteration assemblage is chlorite-
muscovite-quartz, pyrite, and carbonate. Due to the positive correlation
between pyrite and gold (Feather and Koen, 1975), the careful eva-
luation of the different types of pyrite observed in the basal conglom-
erate has the potential to provide constraints on the source of the gold
in the Black Reef Formation. Three morphological types of pyrite grains
were identified from optical microscopy: (I) concentrically laminated
pyrite (< 250 pm) with inclusions, (II) irregular to sub-rounded car-
bonaceous (“sooty”) pyrite, and (III) epigenetic pyrite (Fig. 4A and B).
We interpret both concentrically laminated and carbonaceous pyrite as
allogenic types. Concentrically laminated pyrite grains are rich in gold
and other heavy minerals (as micro-inclusions, identified through op-
tical microscopy and/or analysed by SEM-EDS (Nwaila et al. 2019))
such as zircon and are rare when compared to the other pyrite types.
The inclusions are arranged in concentric laminae. This pyrite type
(Type I) shows mechanical abrasion on the edges and compositional
zoning within the grain (Fig. 4B). Carbonaceous pyrite (Type II) grains
are large (> 500 pm) and common. They are characterised by small
fractures, subhedral rims and surrounded by pyrobitumen. Euhedral
epigenetic pyrite grains are scattered within the matrix of the con-
glomerates (Fig. 4A). Authigenic euhedral pyrite (Type III) is inter-
preted to have formed in-situ, following deposition (Costa et al., 2020).
Since the timing of in-situ pyrite growth cannot be unequivocally de-
termined, both diagenetic and epigenetic pyrite types are referred to as
authigenic pyrite. No inclusions of either gold or any other heavy mi-
nerals were observed in the authigenic pyrite (Type III) grains. In ad-
dition to pyrite, the studied samples contain isolated massive and
nodular pyrobitumen. The massive carbon present consists of graphitic
carbon (Fig. 4B) and the nodular pyrobitumen. Gold occurs in various
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forms. It is located in quartz fractures (in the clasts) as specks, and in
pyrobitumen and pyrite Type I grain as inclusions. A number of isolated
native gold grains (as determined using LA-ICPMS), with irregular
morphology, were observed in thin section (Fig. 4A).

4.3. U-Pb zircon ages of Black Reef Formation

The results of LA-ICPMS U-Pb zircon dating for the auriferous
conglomerates from the Black Reef Formation are compiled in Table S1.
A total of 286 analyses were obtained and 45% of the analysed points
(i.e. 128/286) had a concordance level of 95-105%. Only the analyses
that meet these 95-105% concordance level criteria were considered
for interpretation and discussion. The high degree of discordance in the
zircon grain fraction (Table S1) might be due to a long history of ir-
radiation damage and disturbance by later thermal events. 14 out of
128 zircon grain points show 2°’Pb/?°°Pb ages < 3000 Ma, and the
other 114 points give 2°’Pb/2%°Pb ages ranging from 3009 to 3515 Ma.
It should be noted that the 2°7Pb/2%°Pb age of 3515 Ma is the oldest
reported value from the studied samples. The cathodoluminescence
images indicated that most of the measured zircon grains contained no
inherited cores and that they exhibited good oscillatory zoning, typical
for magmatic rocks (e.g. Fig. 5A1 to A5). In addition, there are grains
virtually free of any (primary) zoning (Fig. 5B13 and E26), and those
showing non-diagnostic zoning (Fig. 5D23). Partially altered grains
commonly show porous or re-crystallised domains, which either
transect the primary zoning or are concentric to it.

Some grains have undergone complete recrystallisation (Fig. 5E28).
Furthermore, a few zircon grains show core-rim relationships
(Fig. 5D18 and D20), with rims resulting either from new growth or
alteration. Several zircon grains, particularly sample A, show narrow
euhedral rims around rounded cores of a few micrometre sizes
(Fig. 5A2). For the five analysed samples, the mean 2°”Pb/2°°Pb age is
3113 + 20 Ma with a range of 2904-3515 Ma. Fig. 6A to E shows the
‘Wetherill' concordia (*°’Pb/?**U versus 2°°Pb/?*%U) diagrams. In-
dividually, sample Tk-10 (Fig. 6A) yielded a concordia age of
3061 = 6 Ma with a mean square of weighted deviation (MSWD) of
0.22.

Sample Tk-15 (Fig. 6B) yielded a concordia age of 3141 * 7 Ma
(MSWD = 36), while sample Tk-32 (Fig. 6C) produced a concordia age
of 3127 * 4 Ma (MSWD = 0.17). Sample Tk-30 (Fig. 6D) produced
three age clusters with a combined concordia age of 3149 + 4
(MSWD = 4.2). Sample Tk-Sh-38 (Fig. 6E) has a concordia age of
3077 = 4 Ma (MSWD = 0.13). Quantification of the age relationships,
using a likeness parameter (Kristoffersen, 2017) that is not dependent
on the number of analyses, revealed that the analysed samples display a
strong positive age correlation (r = 0.6). The lowest age correlation
(r = 0.6) is between samples TK-32 and TK-10 (Fig. 6F).

4.4. Thorium-to-uranium ratios

Uranium and Th contents of zircon grains from the auriferous
conglomerates of the Black Reef Formation are typically in the range of
6-163 and 32-172 ppm, respectively. Age dependency on U or Th
content in the zircon grains was not observed in our study. The varia-
tion of Th content seems to be higher than that of the U content in
individual zircon grains. The Th/U abundance ratio in zircon is some-
times used to distinguish its origin (e.g., Maas et al., 1992). Th/U ratios
in igneous zircon grains from various rocks range from 0.2 to 1.0, while
zircon grains grown under metamorphic conditions show lower Th/U
(< 0.1) (Schigtte et al., 1988; Kinny and Maas, 2003). It is difficult,
however, to distinguish between igneous and metamorphic origins of
zircon grains using only the Th/U ratio, as there are exceptional cases of
igneous zircon grains with low Th/U (Schigtte et al., 1988). In this
study, Th/U values in all 95-105% concordance level zircon grains
(128/128) range from 0.1 to 1.7, and are interpreted as being of ig-
neous origin. Although the Black Reef Formation contains graphitic



G.T. Nwaila, et al.

rite |

"
\

Ore Geology Reviews 121 (2020) 103572

s it |1/

¥

Fig. 4. Reflected-light microscopy photomicrographs of the Black Reef Formation conglomerates showing gold, allogenic- (Type-I and II) and authigenic (Type III)

pyrites. Pyrite overgrowing is evident in the Type-II pyrite.

material, evidence that it played a role in creating a significant local
reducing environment has not been noticed, thus the Th/U ratios in the
zircon grains might not have been heterogeneously disturbed during
the later Bushveld Complex magmatic event.

4.5. Degree of discordance (Disc. %)

The degree of discordance for a zircon grain indicates the chronological
difference between the two ages determined by Pb-Pb and U-Pb methods,
and is defined as {1-(*°°Pb/%*%U age)/(**’Pb/?°°Pb age)} x 100 (%) (e.g.,
Biao et al., 1996). If the samples were influenced by the metamict effect, the
discordance of individual zircon grains would be closely related to their U/
Th contents and/or formation ages. Zircon grains with higher Th/U

dispersions, ranging from 0.1 to 2.5 (158 of 286) are almost all discordant.
Zircon grains that have 95-105% concordance levels have Th/U ratios
ranging from 0.1 to 1.7. In addition, a minor age dependence of the con-
cordance can be observed; only 22% of the concordant grains (28 of 128
grains) are younger zircon grains (<3050 Ma), whereas 78% (100 of 128)
are older zircon grains (> 3050 Ma). There is no strong correlation between
the age and the discordance. Therefore, the U-Pb disturbances observed in
these zircon grains are not caused by the metamict effect.

4.6. Precambrian protosource and sediment source rocks

The protosource rocks of the Black Reef Formation can be mostly
explained by the contribution of multiple source rocks that span the
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Fig. 5. Cathodoluminescence images of zircon grains from the Black Reef Formation basal auriferous conglomerate. The given spot numbers' ages' are 2°°Pb/2”Pb

ages in million years. The given spot numbers refer to Table S1.

Palaeoarchaean to Mesoarchaean eras, including the basement grani-
toid-greenstone rocks. These protosource rocks could include material
derived from the Johannesburg Dome, Murchison Greenstone Belt and
the Amalia-Kraaipan Greenstone Belt (Brandl et al., 2006). This ob-
servation is supported by the Th/U ratio, morphology and size of the
studied zircon grains when compared to pre-Black Reef Formation rocks
(Kositcin and Krapez, 2004; Koglin et al., 2014). However, the sediment
sources are likely to be from the Witwatersrand Basin, due to simila-
rities in the number of zircon modes and overlapping zircon ages be-
tween the Black Reef Formation and those recorded from the Central
and West Rand groups of the Witwatersrand Basin (Koglin et al., 2010a)
— or all those zircon populations came from a common source beyond
the Witwatersrand Basin. Zircon grains with ages of < 3000 Ma
(Fig. 7) are interpreted as representing sediments recycled from the
Witwatersrand Supergroup or Mesoarchaean granites in the hinterland
(Kositcin and Krapez, 2004; Gumsley et al., 2018). The lack of <
2785 + 1 Ma (age of the Ventersdorp Supergroup) (Figs. 7 and 8)
zircon grains in this study is not surprising as the Ventersdorp Super-
group consist primarily of continental flood basalts that are barren of
zircon. Alternatively, the lack of < 2785 = 1 Ma zircon grains could
be due to the presence of the topographic high, present in the Transvaal
Basin at the time, that prevented material being sourced from the north.
Visual comparison of empirical cumulative probability density
functions (ECDF) with associated confidence bands give a good in-
dication on the similarity/dissimilarity of the samples and if apparent
dissimilarity is real or just an artefact of sampling bias (Fig. 8). From

the ECDF plot (Fig. 8), we are certain that the sampled Black Reef
detrital zircon grains are representative and provide a good estimate of
the source rock zircon age population. The size of detrital zircon grains
offers potentially powerful constraints on sediment transport distance
and the reconstruction of palaeofluvial systems (Viljoen, 1963;
Wernicke, 2011), and may be used to discriminate sedimentary trans-
port from crustal deformation (Renik et al., 2008). Binocular micro-
scope size analysis of the zircon grains (> 300 um) revealed that they
are larger than zircon grains found in rock units of the Dominion felsic
volcanic rocks (< 300 um (Frimmel et al., 2009)). A study by Frimmel
et al. (2009) described the presence of granites and hornblende meta-
gabbro, with an estimated age of 3062 * 5 Ma, in the hinterland of the
study area. We infer that some of our zircon grains, with similar ages to
those obtained by Frimmel et al. (2009), are likely to have been sourced
from these basement granitic rocks.

Witwatersrand rocks, which we interpret as having provided the
majority of the sediment load for the Black Reef deposit, were subjected
to various cycles of erosion and deformation (Kerr et al., 2017). Some of
the erosion produced identifiable features such as erosional channels
that would have been very capable of localised gold transport and
concentration from proximal sources (Nwaila et al., 2020). Such en-
vironments, acting in parallel with geomorphological processes (e.g.
seasonal and fluvial-incision; Dunn et al., 2019) permit mechanical
recycling of heavy mineral suites, including gold and pyrite. Lead iso-
tope analysis (Barton and Hallbauer, 1996) of the Black Reef Formation
detrital pyrite grains revealed that their age and source overlaps with
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the detrital zircon ages obtained in this study. A detailed multiple S and
Fe isotope analysis (e.g., Hofmann et al., 2009) of allogenic pyrite
grains of the Black Reef Formation revealed a mixture of magmatic and
sedimentary sources. Nwaila et al. (2019) analysed both allogenic and
authigenic pyrite grains for their Re-Os isotopic composition, which
revealed a local derivation from the hinterland, overlapping with re-
sults from Kirk et al. (2002) and thus supporting the hypothesis of
mechanical reworking of Witwatersrand sediments. With regard to ur-
anium mineralisation within the Black Reef Formation, the
3174 + 9 Ma greisenised granites around Hartebeestfontein (Robb and
Meyer, 1995) have been proposed as the main sources of detrital ur-
aninite found in the Witwatersrand Supergroup. The proximity of the
Black Reef Formation to the Witwatersrand strata enables derivation of
uranium and gold mineralisation as the product of recycling (be it
chemical or mechanical derivation) from the hinterland granites into
the auriferous conglomerate of the Black Reef Formation. If this is valid,
some of the clast assemblage of the Black Reef auriferous conglomerate
could also be the product of felsic volcanic rocks from these hinterland
granites.

4.7. Significance of gold mineralisation in auriferous conglomerates of the
Black Reef

The intimate and necessary link between Archaean protosource
rocks, evolution of atmospheric oxygen, development of the juvenile
crust, background levels of gold concentrations in the Earth’s crust and
auriferous conglomerate, provides a platform to assess sediment-hosted
gold deposits in time (Fig. 9A to C). The genesis of Witwatersrand-type
gold deposits requires several factors to work together or in sequence to
facilitate the mobilisation, transport and precipitation of gold (Fig. 9A).
The spatial distribution and size of these gold deposits (Fig. 10) suggests
that the underlying formational processes of these deposits are not re-
lated to a specific time period and they share many similarities aside
from the host rocks. The Black Reef, which is considered to be the
youngest example of a Witwatersrand-type gold deposit, is one of many
occurrences of this style of mineralisation (Fig. 10). The similarities
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include (a) the composition of the hinterland, (b) mineralogical com-
position and dependence of paragenesis on atmospheric O,, and (c)
gold concentrating mechanism. Additional detailed characteristics and
features of Witwatersrand-type gold deposits including fluid chemistry,
alteration assemblages, geochemistry, basin analysis and structure are
described and summarised in Barnicoat et al. (1997); Frimmel et al.
(2005); Frimmel (2014; 2018); Frimmel and Nwaila (2020); Kirk et al.
(2002); Large et al. (2013); Law and Phillips (2006); Phillips and Law
(1994, 2000) and references therein. Witwatersrand-type gold deposits
are further characterised by the presence of carbonaceous matter in the
conglomerate horizons, as seams and nodules (see England et al., 2002;
Frimmel et al., 2005; Mossman et al., 2008; Fuchs et al., 2016, 2017).
We will only discuss genetic similarities and apparent variations in
mineralisation style of the Black Reef Formation deposit.

4.7.1. Composition of the hinterland

Most known occurrences of Witwatersrand-type gold deposits are
associated with Archaean/Palaeoproterozoic granite-greenstone ter-
ranes (Fig. 9A; Robb et al., 1990; Law and Phillips, 2006; Frimmel et al.,
2005). Some of the basement rocks are important sources of orogenic
gold, which is hosted in the basement greenstones of the Archaean
cratonic nuclei (> 3 Ga) and Palaeoproterozoic mobile belts. Notable
examples are the gold deposits of the Barberton Greenstone Belt, South
Africa and the Ashanti Belt in Ghana. A number of small gold occur-
rences have been reported in the Sutherland, Pietersburg and Murch-
ison greenstone belts, South Africa (de Wit et al., 1993). In the context
of the Black Reef Formation, our detrital zircon ages have shown that
the protosource rocks are derived from a suite of Archaean granite-
greenstone basement rocks.

A comparable composition of the protosource rocks has been de-
scribed in the 2.65 Ga Moeda Formation, Brazil. The Moeda Formation
is a meta-sedimentary clastic sequence of Witwatersrand-type con-
glomerate and quartz arenites occurring at the base of the Neoarchaean
to Palaeoproterozoic Minas Supergroup, Quadrilidtero Ferrifero of
Minas Gerais (Koglin et al., 2014). Gold in the Moeda Formation is
mined from basal pyrite-bearing meta-conglomerates (Garayp et al.,
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Fig. 8. Plot of the empirical cumulative distribution functions of 2°’Pb/2%°Pb age spectra (solid line) with associated 95% confidence (dotted lines) bands (Dvoretzky

et al., 1956) of the Black Reef Formation.

1991). These conglomerate layers, locally auriferous, occur either as
channels on, or in tectonic contact with Archaean rocks of the Nova
Lima Group, which forms the upper part of the Rio das Velhas Super-
group (Endo and Machado, 2002). The contact between the latter is
marked by an angular and erosional unconformity, a common feature in
Witwatersrand-type gold deposits, including the Black Reef Formation
(Machado et al., 1996). In contrast to most of the known Witwa-
tersrand-type hinterlands, the detrital zircon populations of the Moeda
Formation sediments provide little evidence for juvenile crustal for-
mation in the hinterland, at 2.65-2.61 Ga (Koglin et al., 2014). In the
Bahia Province, north-eastern Brazil, the Jacobina Palaeoproterozoic
gold-bearing conglomerates are possibly one of the youngest, eco-
nomically significant, Witwatersrand-type gold deposits; with sedi-
mentation estimated to have occurred between 2086 and 1883 Ma
(Milesi et al., 2002), although the Jacobina conglomerates also de-
monstrates evidence consistent with hydrothermal mineralisation
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(Milesi et al., 2002). Analogous to the Black Reef Formation, the hin-
terland comprises granite-greenstone rocks (Pretorius, 1981). The
youngest example in Brazil is Roraima, with an estimated U-Pb zircon
age of 1901 + 1 Ma (Milesi et al., 2002), which lies above a basement
with high concentrations of gold when compared to both the average
Archaean and Bulk Crust standards (Pitcairn, 2011).

In West Africa, Witwatersrand-type gold mineralisation occurs in
the 2107 Ma (Perrouty et al., 2012) Tarkwa gold deposit in Ghana,
which exploits the Bankets Series (also referred to as Banket Formation)
of the Tarkwaian Group, overlying the Birimian Supergroup. The ma-
jority of Ghana is underlain by metamorphosed Palaeoproterozoic
(2300-1900 Ma) rocks of the volcano-sedimentary Birimian Super-
group and the overlying clastic sedimentary Tarkwaian Group
(Oberthiir et al., 1998; Griffis et al., 2002) that make up the Man Shield
(also known as the Leo Shield) of the West African Craton (Griffis et al.,
2002). The Banket Series comprises well-sorted conglomerates and
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Mesoarchaean Witwatersrand Supergroup
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Fig. 9. A. Schematic palinspastic illustration of Archaean granite-greenstone terrane showing sequential processes for the formation of the Mesoarchaean
Witwatersrand-type such as the various reefs found in the Central Rand Group. The envisioned Archaean conditions include (i) intense volcanic activity and acidic
rains, (ii) lower than present-day levels of atmospheric oxygen (reducing atmosphere before ~2.4 Ga), (iii) transportation of dissolved gold by Archaean rivers from
chemically weathered granite-greenstone rocks and quartz veins into shallow sea and oxygenated oceans (Frimmel, 2014; Heinrich, 2015), (iv) gold precipitation and
accumulation near shallow lakes facilitated by the presence of early life forms (i.e. stromatolites), (v) reworking of precipitated gold by fluvio-deltaic processes and
subsequent distribution into arenitic (quartz arenite) and ruditic (conglomerate) units (Frimmel, 2014, 2018). B. Depiction of the Neoarchaean environments
showing the formation of the Ventersdorp Contact Reef (written as “Ventersdorp Reef”) and preservation of the Witwatersrand strata by continental flood basalts, an
analogy of modern-day Hawaiian, Icelandic volcanism. C. Illustration of the formation of the Neoarchaean Black Reef gold deposit which was brought by further
reworking of auriferous conglomerate units of the Witwatersrand Supergroup, Ventersdorp Supergroup and hinterland granites. Note that additional processes such
as post-depositional remobilisation of gold have been acknowledged in the text, but have not been included in this palinspastic restoration for simplification.

Basalt layer

Neoarchaean Ventersdorp Supergroup
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Fig. 9. (continued)
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Reworking of auriferous units

Fig. 9.

quartz arenites, with clasts generally considered to be derived from the
Birimian Supergroup, and containing significant gold mineralisation,
hosting the Tarkwa orebody (Oberthiir et al., 1995). The Tarkwa ore
bodies form a significant portion of the stratigraphy of the Ashanti Belt
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(continued)

in southwest Ghana (Smith et al., 2016). The Tarkwaian Group in the
Ashanti Belt formed in a long, narrow basin, with the western fault-
bounded contact forming a half-graben. The contact between the Bir-
imian Supergroup and the Tarkwaian Group is commonly marked by
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Fig. 10. Geographical distribution of the Witwatersrand-type gold deposits. ZA = South Africa; BR = Brazil; NZ = New Zealand; AU = Australia; IN = India;

CA = Canada; FI = Finland; GH = Ghana.
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zones of intense shearing and is host to a number of significant shear-
hosted gold deposits including Prestea, Bogoso and Obuasi (Yao and
Robb, 2000). Similar to the Black Reef Formation, the Tarkwaian Group
has been metamorphosed to lower greenschist facies (Griffis et al.,
2002). In all the Witwatersrand-type gold deposits/occurrences found
globally, the background concentration of gold is higher than the
average crust (Nwaila et al., 2017; Pitcairn, 2011; Frimmel, 2018).

4.7.2. Mineralogical composition and dependence of paragenesis on
atmospheric O,

In most of the Witwatersrand-type gold deposits, the primary mi-
neralogical assemblages and textures have been altered by post-de-
positional tectonothermal events. The starting material, in which the
replacement textural features are developed, is highly diverse and in-
cludes individual minerals and rock units. Primary minerals are highly
variable, the most common being gold, uraninite, pyrite, zircon, quartz,
Fe oxides and feldspars. Pyrite is the most noticeable, occurring typi-
cally in the matrix of the conglomerate, as layers on foresets within the
conglomerate, and in the quartzitic rock of the footwall and hanging-
wall sequences (Hallbauer et al., 1983). The primary assemblages have
been altered to produce metamorphic minerals, typically pyr-
ophyllite-chloritoid-muscovite—pyrite-chlorite-quartz with local kaoli-
nite or pyrrhotite (Phillips and Law, 1994; Frimmel, 1997; Gartz and
Frimmel, 1999). Such an assemblage is a typical metamorphic mineral
assemblage, reflecting temperatures in excess of 300 °C (Phillips, 1986;
Phillips and Law, 1994; Phillips and Powell, 2015).

The concentration of atmospheric O, plays a major role on the
stability of both primary and secondary mineral assemblages (Heinrich,
2015). Mineralogical assemblages of Witwatersrand-type gold deposits,
which formed during low atmospheric oxygen levels, consist of pyrite
and uraninite in which their stability was facilitated by high fH,S
(> 1073 (Rasmussen and Buick, 1999). Within the reducing atmo-
sphere regime, evidence of atmospheric oxygen whiffs has been re-
corded (Lyons et al., 2014; Frimmel and Hennigh, 2015). This is sup-
ported by molybdenum (Mo) isotope data, which proved the existence
of Mn-oxides in 3.0 Ga seawater (Planavsky et al., 2014). A negative Ce-
anomaly was also recorded in a 2.8 Ga biogenic limestone (Riding et al.,
2014). In addition, Cr-isotopes and redox-sensitive metals in 3.0 Ga
palaeosols and BIFs showed the probable, although not definitive pre-
valence of oxygen oscillation during the Archaean, which would have
permitted the stabilisation of various minerals (Crowe et al., 2013). The
use of Cr-isotopes to constrain atmospheric conditions is still debatable,
as depending on the circumstance, heavy Cr isotopes may be associated
with a marine setting and therefore not indicative of atmospheric
oxygen levels (Albut et al., 2018). Therefore, Cr-isotopic results should
ideally be co-constrained with other lines of evidence. Evidence from
microbially-induced sedimentary structures at 3.2 and 2.9 Ga provided
prime evidence to support the dependence of specific mineral para-
geneses on atmospheric O, (Noffke et al., 2008). In contrast, miner-
alisation in the Tarkwa gold deposits, which postdate oxygenation of
the atmosphere, is associated with Fe oxides (i.e., magnetite and he-
matite) and tourmaline, whereas pyrite and uraninite are absent (Law
and Phillips, 2006). The youngest example of Witwatersrand-type gold
deposits formed in an oxidising atmospheric regime is the Palaeopro-
terozoic (1.88-1.80 Ga) Kumpu Group, located within the Central
Lapland Greenstone Belt in Finland (Eilu et al., 2003). Similar to the
mineralisation present in the Tarkwa and Roraima deposits, the mi-
nerals associated with gold are magnetite and hematite. Other examples
are listed in Fig. 10 together with their relative age estimates.

4.7.3. Gold-concentrating mechanism

Although the processes that led to Au and U mineralisation in the
Black Reef Formation are contested, there has been evidence supporting
that these elements were sourced from the immediate hinterland
(Fig. 9C). This could have occurred through remobilisation of primary
detrital mineral phases and redeposition in the Black Reef by active
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hydrocarbon fluids (Fuchs et al., 2016), or by primary mechanical
processes that were followed by hydrothermal activity (Nwaila et al.,
2019). Similar to Witwatersrand gold deposits, the strata (e.g., quartz
arenites and pelitic rocks) overlying (i.e., hangingwall) and underlying
(i.e., footwall) the conglomerate unit of the Black Reef Formation are
poorly mineralised. Previous studies that focused on detrital heavy
mineral suites (e.g. apatite, cassiterite, chromite, corundum, diamond,
garnet, gold [debated], monazite, pyrite [debated], uraninite [debated]
and zircon; Feather and Koen (1975), Phillips and Law (2000), Frimmel
and Minter (2002), and Law and Phillips (2006)) of the pre-Black Reef
rocks, such as the Ventersdorp Contact Reef and various other Witwa-
tersrand reefs, suggested that the variation in morphology and trace
element composition of these minerals is due to mechanical sorting and
not fluid activity (Robb and Meyer, 1991, 1995; Koglin et al., 2010b;
Large et al., 2013; Burron et al., 2018).

Counter arguments for ‘detrital minerals’ were presented by Phillips
and Law (2000), who argued that alteration and changes in physico-
chemical conditions can form similar minerals, e.g. an association of
gold with round pyrite may reflect sulphidation of detrital Fe-oxide
grains and precipitation of gold transported as sulphur complexes,
whereas a correlation of uranium with detrital titanium minerals may
reflect precipitation of uranium by reaction with Ti to form brannerite.
This would fit well with post-depositional interpretation of chemical
precipitation of gold and associated ore minerals in the Black Reef
Formation (Fuchs et al., 2016). Many publications on the mineralogy
and chemistry of the Witwatersrand rocks, which made use of the re-
cent advances in mineralogical and isotopic techniques, clearly showed
unambiguous evidence for the existence of detrital mineral phases such
as uraninite and pyrite (Hofmann et al., 2009; Frimmel et al., 2014;
Agangi et al., 2015).

Our current data support the existence of these detrital phases and
they correlate well with gold (Frimmel and Minter, 2002; Nwaila et al.,
2019). These detrital phases indicate protracted periods of sedimentary
reworking and mineral concentration under oxygen-deficient condi-
tions. Concentrically laminated pyrite from the Witwatersrand Super-
group is known to contain heavy trace element inclusions such as Sb,
Mn, Au, Ag, T1, Cu, Mo and Mn. Analysis of the content of the pyrites as
well as the ratios of these elements can be used to infer the setting of
pyrite formation (Koglin et al., 2010b; Large et al., 2013; Agangi et al.,
2015). A similar distribution of trace elements, in pyrite, was observed
in the Black Reef Formation conglomerates (Fuchs et al., 2016).
Therefore, detrital mineral suites of the Black Reef Formation and their
association with gold provide strong evidence that gold mineralisation
in the Black Reef Formation resulted, at least partially, from sedimen-
tary source rocks. Even though post-depositional hydrothermal fluids
interacted with the hydrocarbons within the Black Reef Formation
during regional metamorphism (Fuchs et al., 2016) and contributed to
additional gold and uranium mineralisation (Nwaila et al., 2019), this
does not inhibit primary recycling of gold from the underlying pa-
laeoplacers.

Comparison with similar styles of mineralisation in the Pardo de-
posit, Canada, reveals the importance of weathering and favourably
reworked fluvial conglomerates that rest on an erosional unconformity
and where a corresponding Au-enriched Archaean hinterland existed
(Whymark and Frimmel, 2017). Coeval Witwatersrand-type gold mi-
neralisation, post the Archaean, indicates that this style of mineralisa-
tion exists across different eras, even though the size of the deposits
does not match that of the Witwatersrand Basin. As described in the
introduction, previous studies have suggested a range of sources of gold
for Witwatersrand-type gold deposits and occurrences. These include
mobilisation of background Au concentrated in the hinterland by syn-
depositional surface waters (Frimmel, 2014), orogenic-type auriferous
quartz veins (Griffis et al., 2002), altered hinterland granites (Klemd
and Hallbauer, 1987), and post-depositional metamorphic devolatili-
sation reactions (Phillips and Law, 2000). A refutation of the hydro-
thermally-altered granite ages was presented by Klemd et al. (1994),
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who argued that most of the alteration is a result of sediment dewa-
tering affecting both the granitoids and gold-bearing horizons; thus the
hydrothermally altered granitoids do not support their role as a possible
source for the sulphides, gold and carbon nodules of the Witwatersrand
reefs. We propose that the primary source of Black Reef Formation gold
is the earlier Witwatersrand reefs and that the initial gold concentrating
mechanism was a response to changes in drainage patterns and deep
fluvial incisions closer to the Black Reef Formation/Witwatersrand
Basin subcrop positions (Fig. 9C). Tectonic evolution, post-depositional
metamorphism and metasomatism during the Black Reef Formation’s
prolonged geological history will have altered most of the primary
textural details in gold, uraninite and some of the overgrowth along the
rim-edges of detrital zircon. All these demonstrate that understanding
the composition of the hinterland and the mechanisms of how this type
of gold deposit/occurrence forms, will likely improve exploration tar-
geting and discovery of new deposits in regions that are currently un-
derexplored.

5. Conclusion

Uranium-Pb age dating of zircon grains contained within the Black
Reef Formation indicates that the sediment was derived from erosion of
both granite-greenstone protosource terranes, and Witwatersrand con-
glomerates and quartz arenites. Evidence of protosource and sediment
reworking is prevalent in the Black Reef, not only in the Carletonville
Goldfield, but also throughout Witwatersrand-type gold deposits.
Petrological analysis of pyrites contained within the Black Reef
Formation, in association with their previously reported Re-Os sig-
natures, indicates the significance of granite-greenstone rocks in the
formation of conglomerate-hosted gold deposits. In the case of the
zircon age spectra, dilution of a fraction of detrital zircon grains oc-
curred due to recycling of the underlying Witwatersrand rocks and post-
depositional alteration. Recycling of Witwatersrand sediments corro-
borates with the primary mechanism of gold concentration in the Black
Reef Formation, and thus serves to establish multiple lines of evidence
that favours the mechanical concentration of gold from granite-green-
stone terranes and gold-rich clastic sequences into the younger sedi-
mentary succession. The paucity of gold distal to the Black Reef/
Witwatersrand subcrop, indicates that gold transport distance and
subsequent deposition was strongly controlled by localised palaeo-
drainage patterns and source proximity. Lack of Ventersdorp
Supergroup zircon grains in the Black Reef Formation is due to the
rarity of zircon grains in continental flood basalts or insufficient
amount of samples. The diversity of protosource rocks underlying
Witwatersrand-type gold deposits globally demonstrates the im-
portance of Archaean/Palaeoproterozoic granite-greenstone terranes,
especially those with elevated background concentration of gold.
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