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a  b  s  t  r  a  c  t

Multiple  sulfur  isotope  ratios  (36S/34S/33S/32S)  and  organic  carbon  isotope  ratios  (13C/12C) were  measured
from  198  non-conglomeratic  sedimentary  samples  that  were  collected  from  five  deep  diamond  drill-cores
that  cover  the  majority  of  the  ca.  2.96–2.82  Ga  Witwatersrand  Supergroup.  �13Corg, �34Spy and  �33Spy

values  of the sample  set  range  from  −44.3 to −21.9‰,  −3.7 to  +16.5‰  and  −4.0 to +1.9‰,  respectively.
These  geochemical  data  vary  relative  to depositional  facies  (proximal  marine,  distal  marine  and  fluvial-
dominated)  and  tectonic  setting  (trailing  margin  and  foreland  basin).

In  the  trailing  margin  setting  of  the  ∼2.96 Ga  Hospital  Hill  Subgroup,  the  proximal  marine  depofacies  is
characterized  by  relatively  high  organic  carbon  contents  (up  to 0.9 wt.%)  and  �13Corg values  around  −28‰,
in  contrast  to  the  distal  marine  depofacies  that  yields  low  organic  carbon  contents  (0.01  wt.%)  and  high
�13Corg values  (up  to  −22‰).  Both  depofacies  yield  low  sulfur  contents  (0.02  wt.‰),  a narrow  range  of  �34S
values  (∼+3 ±  2‰)  and  positive  �33S values  (up to +1.9‰).  This  data  is  consistent  with  photoautotrophic
carbon fixation  in  shallow  marine  environments  and  limited  organic  carbon  production/preservation
in deeper  water  settings  due  to longer  transport  distances  and  effective  biological  degradation  (e.g.,
Fe-reducing  microbes).  Positive  �33S values  imply  that  sulfur  was  largely  derived  from  a photochemical
elemental  sulfur  reservoir.  In the  foreland  basin  tectonic  setting  of the  ∼2.94  Ga Government  and  ∼2.92  Ga
Jeppestown  subgroups,  shelf  deposits  associated  with  fluvial  braidplain  depofacies  are  characterized  by
13C-depleted  organic  carbon  (∼−44 to −38‰),  relatively  high  sulfur  contents  (0.2–1.3  wt.%),  variable  �34S
values  (−3.7  to  +16.5‰)  and  small  negative  �33S values  (∼−0.4‰).  These  data  suggest  that  the  microbial
community  in  the  fluvial-dominated  depofacies  may  have consisted  of  photoautotrophs,  methanogens,
anaerobic  methanotrophs  and  sulfate  reducers.  Sulfate  was  derived  from  a variety  of  sources  that  include
photochemical,  crustal  and  marine  sulfur  reservoirs.
The  occurrence  of  three  regionally  persistent  diamictite  deposits  in  the  Government  Subgroup
coincides  with  the onset  of  compressional  tectonics  and  development  of  pyritic  shales  with  highly 13C-
depleted  organic  carbon,  suggesting  that  an  increase  in  continental  sulfur  flux  and  methane  oxidation
may  have  triggered  the  Mesoarchean  glaciations  (drawdown  of  H2 and  CH4). However,  the  link  between
large  �33S  anomalies  (−4.0 to +1.2‰)  and  diamictite  suggests  low  levels  of  atmospheric  oxygen  and
minimal  dilution  of  photochemical  signatures.
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1. Introduction

The Witwatersrand Supergroup has been the World’s premier
producer of gold for well over the past century. For the geoscien-
tist, this succession and its lateral correlative, the Mozaan Group of
the Pongola Supergroup, contain a bonanza of Earth’s earliest bio-

logical and climatic indicators, including stromatolites, microbial
mats and putative glaciogenic diamictites (Beukes and Lowe, 1989;
Beukes and Cairncross, 1991; Young et al., 1998; Noffke et al., 2006).
The observation of detrital pyrite and uraninite by miners in the
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Fig. 1. Age compilation of �33S signatures from sulfur-bearing minerals. New data
(grey circles) and previously reported data (white circles).

Data  sources: Farquhar et al. (2000, 2002, 2007), Hu et al. (2003), Mojzsis et al. (2003),
Savarino et al. (2003), Ono et al. (2003, 2006a,b, 2007, 2009a,b), Bekker et al. (2004),
Whitehouse et al. (2005), Papineau et al. (2005, 2007), Johnston et al. (2005, 2006),
Ohmoto et al. (2006), Cates and Mojzsis (2006), Kaufman et al. (2007), Philippot et al.
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2007), Kamber and Whitehouse (2007), Partridge et al. (2008), Domagal-Goldman
t  al. (2008), Thomazo et al. (2009) and Hofmann et al. (2009).

itwatersrand gold mines and the absence of these same detrital
inerals in younger fluvial sediments led early workers to suggest

hat Earth’s ancient atmosphere was highly depleted in free oxy-
en (Cloud, 1972; Grandstaff, 1980; Holland, 1984). Although the
eochemical evidence for the onset of oxygenic photosynthesis and
xidative weathering has been reported from rocks as old as 2.78
iga-annum (Ga) (Brocks et al., 1999; Summons et al., 1999, 2006;
nbar et al., 2007), global oxygen levels are thought to have surged
ometime between 2.5 and 2.2 Ga, based on the disappearance of
etrital pyrite and uraninite, the appearance of Fe-rich paleosols
nd deposition of manganiferous sediments of the Kalahari man-
anese field (Holland, 1984; Cairncross et al., 1997; Beukes et al.,
002; Kopp et al., 2005). The exact timing, however, remained elu-
ive until the discovery of mass-independent fractionation of sulfur
sotopes (S-MIF)2 (Farquhar et al., 2000). The disappearance of S-

IF  from the rock record at around 2.32 Ga (Bekker et al., 2004; Guo
t al., 2009) has been interpreted to reflect the oxidative homoge-
ization of various sulfur reservoirs, i.e., the great oxidation event
GOE) (Fig. 1) (Farquhar et al., 2000; Pavlov and Kasting, 2002;
no et al., 2003). Since the discovery, secular trends in the mag-
itude of the Archean �33S signal have been recognized. In this
egard, sulfides from Mesoarchean successions display dampened
33S signals (range of ∼2‰) in comparison to Paleoarchean and
eoarchean sulfides and sulfates (range of ∼12‰) (Fig. 1) (Ohmoto
t al., 2006; Ono et al., 2006a; Farquhar et al., 2007; Hofmann

2 S-MIF is a characteristic feature of Archean and early Proterozoic sulfide
nd  sulfate minerals and is thought to have originated from sulfur photochem-
stry  in an Archean atmosphere devoid of oxygen and an ozone shield (Farquhar
t  al., 2000). Atmospheric model calculations predict that S-MIF can only be pre-
erved when there is an excess of strongly reducing compounds (CH4 and H2)
n the troposphere and the partial pressure of O2 is below 10−5 times present
tmospheric  levels (PAL) (Farquhar et al., 2000; Pavlov and Kasting, 2002; Ono
t  al., 2003; Zahnle et al., 2006). S-MIF refers to the anomalous isotope frac-
ionation  that deviates from mass-dependent relationships among �33S, �34S and
36S (i.e., �33S = 0.515 �34S and �36S = 1.9 �34S); �33S and �36S are the mea-
ures that reflect the deviation of 33S and 36S abundance from that expected
rom  mass-dependent fractionation: �33S = ln(�33S + 1) − 0.515·ln(�34S + 1) and

36S = ln(�36S + 1) − 1.9·ln(�34S + 1), where �3iS = 3iRsample/3iRVCDT − 1, 3iR = 3iS/32S,
 = 33, 34, 36 and VCDT is the Vienna-Canyon Diablo Troilite reference scale defined
s  �33S, �34S and �36S of IAEA S-1 to be −0.3, 0.100 and −0.6‰, respectively (Ono
t  al., 2006b).
 216– 219 (2012) 208– 231 209

et al., 2009). Several hypotheses have been proposed to explain
the muted �33S anomalies:

1. an  ephemeral oxidation of the anoxic Archean atmosphere (Ono
et  al., 2006a),

2. an oxic atmosphere since 3.8 Ga, where large �33S signatures
represent periods of large volcanic eruptions (Ohmoto et al.,
2006),

3. changes in atmospheric chemistry, such as changes in atmo-
spheric  source reactions and the development of a thick organic
haze  (Farquhar et al., 2007; Domagal-Goldman et al., 2008;
Thomazo et al., 2009), and

4. the variability of the oxidation state of volcanic sulfur volatiles
(SO2:H2S) (Halevy et al., 2010).

However, it must be stressed that these discussions have been
based on a limited number of bulk rock analyses and were char-
acterized by inadequate constraints on pyrite paragenesis and
depositional setting. Consequently, this study was  undertaken
to address many of these shortcomings and expand the mul-
tiple sulfur isotope database. Non-conglomeratic strata of the
Witwatersrand Supergroup were specifically targeted since this
succession represents the lateral correlative of the diamictite-
bearing Mozaan succession measured by Ono et al. (2006a) and
because of the preferential accumulation of diagenetic pyrite in
argillaceous sedimentary rocks (e.g., Ono et al., 2009a). Further-
more, the stratigraphy, sedimentology and basin architecture of the
Witwatersrand Supergroup is well studied and fresh deep-diamond
drill cores are readily available. The sampling strategy employed in
this contribution was designed to track sulfur isotope variations
relative to lateral and vertical changes in the rock record. Both bulk
rock and micro-drilling techniques were employed to document
mixing trends and small-scale �33S heterogeneity in pyrite. These
measurements are complemented by detailed petrographic and
chemical analyses of pyrite from the same sample set (Guy et al.,
2010). Bulk rock organic carbon concentrations and �13Corg com-
positions were also measured to examine S/C relationships (e.g.,
Berner and Raiswell, 1983) and links between ancient sulfur and
organic carbon cycling (e.g., Ono et al., 2006a; Thomazo et al., 2009).

Thus, this contribution presents the results of a multiple sulfur
and organic carbon isotope study of non-conglomeratic sedimen-
tary rocks of the Witwatersrand Supergroup and illustrates how
isotope compositions of diagenetic pyrite vary systematically with
respect to pyrite paragenesis, depositional environment and tec-
tonic setting.

2.  Geological background

The  Witwatersrand Supergroup and the Mozaan Group rep-
resent the oldest known cratonic cover sequences on Earth.
The preserved structural remnants outcrop over the central
and southeastern portions of the Kaapvaal Craton and together,
may have occupied an area in excess of 320,000 km2 (Fig. 2A)
(Beukes and Cairncross, 1991; Nhleko, 2003). Both successions
are composed of low-grade (greenschist facies) metamorphosed
sandstone, wackestone, siltstone and mudstone, with minor con-
tributions of conglomerate, mafic lava and diamictite (Law and
Phillips, 2005). Conventional sedimentary terminology is employed
when describing the succession because of the excellent preser-
vation of sedimentary textures (Beukes and Cairncross, 1991;
Beukes, 1995). Note that the fine-grained sedimentary rocks of

the Witwatersrand Supergroup have suffered considerably less
hydrothermal-metasomatic alteration in comparison to the vari-
ably altered Au-U conglomeratic facies in the upper parts of the
succession (Meyer et al., 1990; Phillips and Law, 2000; Guy, 2012).
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ig. 2. (A) Geographic position of the Witwatersrand and Pongola supergroups on th
Y8,  AM1 and DK12).

Sedimentation of the West Rand Group, the lower portion of
he Witwatersrand Supergroup, commenced after 2985 ± 14 Ma
youngest detrital zircon age in basal sandstone; Kositcin and
rapez, 2004), whereas the lower age limit of the Mozaan Group is
985 ± 1 Ma  (rhyodacite of the Nsuze Group; Hegner et al., 1994).
edimentation of the Central Rand Group, the upper portion of the
itwatersrand Supergroup, ended sometime between 2840 ± 3 Ma

detrital xenotime; Kositcin and Krapez, 2004) and 2780 ± 3 Ma
authigenic xenotime; Kositcin et al., 2003). In the Mozaan Group,
he upper age limit is defined by the age of an intrusive quartz
orphyry sill at 2837 ± 5 Ma  (Gutzmer et al., 1999).

The Witwatersrand Supergroup is divided into the lower West
and Group and the upper Central Rand Group (SACS, 2006;
igs. 2B and 3). The West Rand Group represents an underfilled
arine-dominated basin, whereas the Central Rand Group rep-

esents an overfilled fluvial-dominated basin (Catuneanu, 2001).
he West Rand Group (∼5 km thick) is subdivided into the Hos-
ital Hill, Government and Jeppestown subgroups (Fig. 3). The
ospital Hill Subgroup is composed of mature quartz arenite,

iltstone-shale, carbonaceous mudstone, magnetite-rich mudstone
magnetic mudstone) and banded iron formation (BIF). Sedimen-
ary beds are laterally extensive suggesting deposition under stable
ectonic conditions. In contrast, the Government and Jeppestown
ubgroups are composed of conglomerate, immature sandstone,
uartz arenite, wackestone, siltstone-carbonaceous shale, non-
agnetic mudstone (green-colored mudstone devoid of organic
atter and magnetite), magnetic mudstone and minor iron for-
ation. Many units contain abundant soft-sediment deformation

tructures and sharp contacts suggesting rapid deposition and
ncreased tectonic instability relative to the strata of the Hospi-
al Hill Subgroup (Beukes, 1995). A thin amygdaloidal flood basalt
∼60 m thick), known as the Crown Lava, occurs in the middle
f the Jeppestown Subgroup and has been dated at 2914 ± 8 Ma
Armstrong et al., 1991).

Three prominent sheet-like diamictite units, the Witfontein,
ensington and Lagerspoort members, occur in the Government
ubgroup and have been interpreted, along with their Mozaan
ounterparts, to represent the oldest glacial deposits on Earth

Beukes and Cairncross, 1991; von Brunn and Gold, 1993; Young
t al., 1998; Nhleko, 2003). Supporting evidence for a glacial ori-
in includes dropstones, faceted clasts, striated clasts (a clast
ith possible glacial striations was discovered in this study; see
hean Kaapvaal Craton. (B) Locations of drill-cores sampled for this study (TF1, BAB1,

Fig.  11A) and polymictic and exotic clast populations, e.g., gran-
ite, gabbro, gneiss, schist, chert, BIF, volcanic and sedimentary rock
fragments (Nel, 1935; von Brunn and Gold, 1993; Young et al.,
1998). In addition, the diamictite units in the Witwatersrand Super-
group commonly overlie mature inner shelf sandstone beds and
exhibit an extensive sheet-like architecture. These features suggest
a lack of slope prior to deposition and argue against a tectonically
induced debris flow origin, which are generally lobe-shaped and of
restricted lateral distribution (Beukes, 1995).

Northern and northeastern source areas were present during
the deposition of the Hospital Hill Subgroup, but changed to a
northwesterly direction during deposition of the Government and
Jeppestown subgroups (Fig. 3) (Beukes, 1995). The sedimentary
rocks of the Hospital Hill Subgroup represent inner to outer shelf
marine depositional environments, which were deposited in a pas-
sive continental or trailing margin tectonic setting with an open
ocean to the southeast and to the south (Beukes, 1995; Frimmel
et al., 2005). In the Government and Jeppestown subgroups, flu-
vial braidplain deposits occur in proximal settings, particularly in
the northwestern parts of the basin (Watchorn, 1981; Tainton and
Meyer, 1990; Meyer et al., 1990; Watchorn and O’Brien, 1991),
whereas coeval fine-grained marine sandstones occur in distal
settings (Fig. 3). The extensive dispersion of shelf sands during
deposition of the Government and Jeppestown subgroups is indica-
tive of a shallow shelf depth profile (Beukes, 1995; Beukes and
Cairncross, 1991). The sedimentary rocks of the Government and
Jeppestown subgroups have been interpreted to represent either
passive margin (Kositcin and Krapez, 2004) or foreland basin
deposits (Beukes, 1995; Coward et al., 1995; Catuneanu, 2001;
Poujol et al., 2003; Schmitz et al., 2004).

The Central Rand Group (∼3 km thick) is subdivided into the
Johannesburg and Turffontein subgroups (Fig. 3). In contrast to
the West Rand Group, the Central Rand Group is dominated by
coarse-grained siliciclastic rocks of fluvial braidplain origin, such as
immature sandstone and conglomerate. However, a regionally per-
sistent shale unit, known as the Booysens Formation, is present in
the middle of the succession and represents one of the best marker
beds in the Central Rand Group (Fig. 3). The argillaceous Booysens

Formation probably formed in a shallow marine shelf setting due
to a eustatic rise in sea level (Beukes and Nelson, 1995; Karpeta
and Els, 1999). A second volcanic unit, the 100–200 m-thick amyg-
daloidal Bird lava, occurs in the central and eastern parts of the
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Fig. 3. Lithostratigraphic subdivision of the Witwatersrand Supergroup. Column 1: Groups. Column 2: Subgroups. Column 3: Formations. Column 4: Relative drill-core
depths and sampled intervals (black rectangles). Column 5: Genetic successions after Beukes and Nelson (1995). Column 6: Lithology. Column 7: Member/bed/reef. Column
8:  Sensitive High-Resolution Ion Microprobe (SHRIMP) U–Pb or Pb–Pb ages after Frimmel et al. (2005), where (1) zircon (Armstrong et al., 1991), (2) zircon and xenotime
(Kositcin and Krapez, 2004), (3) authigenic xenotime (Kositcin et al., 2003) and (4) zircon (Gutzmer et al., 1999). Column 9: Supercycles after Beukes and Nelson (1995) where
(1)  Hospital Hill, (2) Government, (3) Jeppestown, (4) Main, (5) Bird, (6) Gold Estates and (7) Mondeor. Column 10: Schematic reconstruction of the Witwatersrand Basin
(modified after Beukes, 1995).
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Table 1
Combined paragenetic and morphological classification of pyrite (after Guy et al., 2010).

Detrital pyrite Diagenetic pyrite Epigenetic pyrite

DET-1 Compact, rounded DIA-1 Microcrystal aggregates EPI-1 Euhedral crystals
DET-2 Composite lithoclasts DIA-2 Small euhedral crystals EPI-2 Overgrowths

DIA-3 Finely  disseminated EPI-3 Veinlets
DIA-4 Aggregates EPI-4 Replacive
DIA-5 Concretions  and nodules EPI-5 Pyrrhotite and base metal sulfides
DIA-6  Euhedral to subhedral crystals
DIA-7  Dendritic
DIA-8 Laths
DIA-9 Phyllosilicate pyrite
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DIA-10 Whisker
DIA-11 Overgrow
DIA-12 Replaciv

asin (Kositcin and Krapez, 2004; SACS, 2006). Deposition of the
entral Rand Group took place in a more restricted basin envi-
onment in a pericratonic/retroarc foreland basin tectonic setting
Catuneanu, 2001; Schmitz et al., 2004; Frimmel et al., 2005).

.  Materials

.1. Core samples and sampling strategy

A total of 312 rock samples were collected from 11 forma-
ions and five deep diamond drill-cores covering the majority of
he stratigraphy of the Witwatersrand succession (TF1, BAB1, JY8,
M1  and DK12) (Fig. 3). Cores TF1, BAB1 and DK12 were drilled

n proximal positions in the basin, whereas the cores JY8 and
M1 were drilled in intermediate and distal positions, respectively

Figs. 2B and 3).
The  sampling strategy focused on the collection of well pre-

erved mudstones and shales from parasequences that ranged
rom a few tens of meters to a few hundreds of meters in thick-
ess (Fig. 3). The parasequences grade from deeper and more
istal shelf deposits at the base (e.g., BIF and magnetic mudstone)
hrough to inner shelf marine quartz arenites and/or fluvial imma-
ure sandstone and conglomerate at the top. The contacts between
he parasequences are typically bounded by marine flooding sur-
aces that are characterized by upward coarsening increments of
edimentation (e.g., Brixton Formation; Fig. 3) or erosional dis-
onformities followed by rapid transgression that are marked by
pward fining increments of sedimentation (e.g., Bonanza and
romise formations; Fig. 3). In addition to mudstones and shales,

 few samples of other lithotypes were collected, e.g., BIF, wacke-
tone and sandstone. Although veins, faults and diabase contact
ones were generally avoided, a few samples were collected for
omparison with low grade and unmetamorphosed samples. This
ystematic and sequence stratigraphic approach removes sampling
ias and allows the petrographic and geochemical results to be
valuated in the context of depositional systems tracts, i.e., time-
quivalent deposits of offshore distal marine shelf to nearshore
nd fluvial environments. This approach also facilitates in our
nderstanding of the different depositional environments, since
he knowledge of one depofacies contributes to the interpretation
f others (Beukes and Buxton, 1992).

Descriptions of the different drill-core (TF1, BAB1, AM1, JY8 and
K12) are as follows:

Drill-core  TF1 intersects the majority of the Hospital Hill
ubgroup strata in proximal basinal settings (Figs. 2B and 3).
olymodal paleocurrent directions measured from strata of the
ospital Hill Subgroup indicate a marine shelf environment, i.e.,

n-offshore currents, long-shore currents, tidal currents and storm-
enerated currents (Camden-Smith, 1980; Beukes, 1995, 1996).
ampled lithologies include supermature quartz arenite, siltstone-
arbonaceous shale, carbonaceous mudstone, magnetic mudstone,
Fe-carbonate  and BIF. Mesoscopic pyrite is extremely rare in both
carbonaceous and Fe-rich lithologies, although a pyritic green shale
unit occurs below the Contorted Bed BIF.

The proximal BAB1 drill-core intersects strata of the upper
Hospital Hill, Government and lower Jeppestown subgroups
(Figs. 2B and 3). Unimodal paleocurrent directions, sharp discon-
formable contacts, upward fining sequences, thick assemblages
of poorly sorted feldspathic sandstones and erosively-based grav-
els are indicative of fluvial braidplain deposits (Watchorn, 1981;
Tankard et al., 1982; Beukes, 1995). Sampled lithologies include
immature sandstone, wackestone, siltstone-carbonaceous shale,
non-magnetic mudstone and diamictite. Magnetic mudstone is
very scarce in the BAB1 drill-core (it was  only observed in the Palmi-
etfontein Formation). Detrital pyrite grains and diagenetic pyrite
segregations are relatively abundant in sandstone and carbona-
ceous shale, respectively.

In  contrast to the BAB1 drill-core, the AM1  drill-core inter-
sects distal strata of the Government and Jeppestown subgroups
(Figs. 2B and 3). The bulk of the strata represent marine shelf
deposits. Sampled lithologies include quartz arenite, wackestone,
non-magnetic mudstone, magnetic mudstone, finely laminated
iron formation and diamictite. Carbonaceous mudstone is absent
and diagenetic pyrite is scarce (Guy et al., 2010).

Drill-core JY8 intersects strata intermediate between the proxi-
mal and distal basinal settings of the Government and Jeppestown
subgroups (Figs. 2B and 3). The drill-core contains depositional
environments common to both the BAB1 and AM1  drill-cores, such
as fluvial braidplain and marine shelf deposits. Only one strati-
graphic interval was sampled from the JY8 drill-core, namely the
Palmietfontein Formation in the middle part of the Government
Subgroup. Sampled lithologies include wackestone, non-magnetic
mudstone and magnetic mudstone. Carbonaceous mudstone and
mesoscopic pyrite is absent in the sampled interval.

Drill-core DK12 intersects strata belonging to the Central Rand
Group (Figs. 2B and 3). Although most of the succession is composed
of sandstone and conglomerate that formed in fluvial braidplain
settings, the sampled section, i.e., the Booysens Formation, is com-
posed of siltstone-shale that was deposited in a shallow marine
shelf setting. Sampled lithologies include immature sandstone,
wackestone and siltstone intercalated with carbonaceous shale.
Mesoscopic pyrite was not observed.

3.2. Pyrite classification

Pyrite  is classified into three broad paragenetic categories or
associations: detrital (DET), diagenetic (DIA) and epigenetic (EPI)
(Table 1; see Guy et al., 2010). Each paragenetic association contains

a number of morphological types (e.g., DET-1, DET-2).

The detrital pyrite association (DET) is composed of two  types
of pyrite, namely compact pyrite grains that have undergone var-
ious degrees of rounding (DET-1) and pyrite enclosed in detrital
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Fig. 4. Representative photomicrographs of detrital, early diagenetic and epigenetic pyrite. Detrital. (A) Detrital compact pyrite grains (DET-1) from the Witkop Member,
Brixton Formation. (B) Detrital compact pyrite grains (DET-1) in a heavy mineral lag from the Coronation Formation. (C) Diamictite chert clast (DET-2) with finely disseminated
pyrite from the Coronation Formation. Diagenetic. (D) Microcrystal aggregate/framboidal pyrite (DIA-1) in a carbonaceous shale lamina in diamictite from the Coronation
Formation. (E) Small euhedral pyrite crystals (DIA-2) in a shale clast from the Coronation Formation. (F) Finely disseminated pyrite (DIA-3) in shale from the Promise
Formation. (G) Pyrite aggregates (DIA-4) in a black carbonaceous shale bed from the Promise Formation. (H) Pyrite concretion (DIA-5) in a carbonaceous mudstone lamina
in  diamictite from the Coronation Formation. (I) Pyrite discs (DIA-5) in non-magnetic mudstone from the Roodepoort Formation. Epigenetic. (J) Euhedral pyrite crystals in a
veinlet  (EPI-1, 3) from the Rietkuil Formation. (K) Pyrite veinlet (EPI-3) from the Rietkuil Formation. (L) Pervasive pyrrhotite (EPI-5) in a sandstone lamina near a diabase sill
from  the Promise Formation.
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ithoclasts (DET-2). Detrital grains of compact pyrite (DET-1) are
eadily identified by their rounded morphologies that suggest the
rosion and transportation of pyrite crystals (Fig. 4A) (Fleet, 1998).
hey are commonly associated with other detrital heavy minerals
uch as zircon, chromite and leucoxene (alteration product after
e–Ti oxides) (Fig. 4B). Detrital pyrite grains are typically smaller
han 0.5 mm and are commonly observed in the BAB1 and DK12
rill-cores, but also in some arenaceous units in the TF1 and JY8
rill-cores. Due to size constraints of the micro-drilling technique
1–2 mm)  and the focus on diagenetic pyrite, sulfur isotope anal-
ses were not conducted on detrital pyrite (DET-1). Nevertheless,

 few pyrite-bearing diamictite clasts (DET-2) were analyzed for
heir sulfur isotope compositions (Fig. 4C).

Diagenetic pyrite (DIA) is interpreted to have formed in low tem-
erature environments below the sediment-water interface and
etween the accumulation and lithification of sedimentary beds.
he diagenetic pyrite association contains 12 morphological types
DIA-1 to DIA-12). Pyrite types DIA-1 to DIA-5 represent early dia-
enetic pyrite (Fig. 4D–I), whereas pyrite types DIA-6 to DIA-12
re interpreted to have formed during the latter stages of diagene-
is. The most common types of diagenetic pyrite include �m-sized
mall euhedral pyrite crystals (DIA-2), mm to cm-sized pyrite seg-
egations (DIA-5) and �m to mm-sized subhedral to euhedral pyrite
rystals (DIA-6). Early diagenetic pyrite is relatively abundant in
arbonaceous shale beds associated with fluvial braidplain deposits
n the BAB1 drill-core, whilst it is virtually absent in marine shelf
eposits of the TF1, AM1  and JY8 drill-cores. Early diagenetic pyrite

s generally enriched in Co, Ni and As (Guy et al., 2010).
The  epigenetic pyrite association (EPI) can be broadly defined as

yrite that formed after deposition and lithification of the country
ock. Epigenetic pyrite is commonly associated with diabase sills,
aults and shear zones that are linked to regional metamorphic and
ocal hydrothermal events (Fig. 4J–L). The epigenetic pyrite asso-
iation contains five morphological types (EPI-1 to EPI-5). These
nclude euhedral pyrite crystals (EPI-1), pyrite overgrowths (EPI-
), pyrite veinlets (EPI-3) and replacive pyrite (EPI-4) (Table 1).
ote that metamorphic/hydrothermal pyrrhotite and base metal

ulfides (EPI-5) are also incorporated into the epigenetic associa-
ion. The most common types of epigenetic pyrite and pyrrhotite
nclude euhedral pyrite crystals (EPI-1), pyrite veinlets (EPI-3) and
rregular pyrrhotite aggregates (EPI-5). Crystal sizes of epigenetic
uhedral pyrite (EPI-1) are appreciably larger (mm  to cm-sized)
han diagenetic euhedral pyrite crystals (DIA-6) (�m to mm-sized)
nd frequently occur as aggregates along siltstone-shale contacts
n permeable silt/sandstone beds. The bulk of epigenetic pyrite is
haracterized by low trace element concentrations – notably Co.
owever, when spatially associated with early diagenetic pyrite,
pigenetic pyrite is characterized by elevated contents of Ni and/or
s (Guy et al., 2010). The sulfur isotope compositions of epigenetic
yrite and pyrrhotite were analyzed for comparison.

. Analytical methods

The  bulk rock sulfur contents of 188 samples were measured
y LECO analyses at Set Point Laboratories, South Africa, to select
amples for isotope analyses. Selected aliquots of powdered mate-
ial (1.5 g) were acidified with 6N HCl and agitated overnight, using

 rotator, at room temperature to remove carbonate minerals. The
esidue was washed and dried overnight at 90 ◦C.

Sulfur isotope analyses (�33S and �34S) were carried out for
62 samples at the Stable Isotope Laboratory at the University

f Maryland by a method described in Kaufman et al. (2007).
n this first batch, multiple generations of pyrite were analyzed
or their sulfur isotope compositions (e.g., detrital, diagenetic and
pigenetic pyrite). Of the 162 samples, 120 were measured for
 216– 219 (2012) 208– 231

bulk  rock analyses and 42 were measured for micro-drill analy-
ses. Analyses were performed in duplicate. Separate aliquots of
powdered-decarbonated sample material (30 �g to 15 mg)  were
mixed with proportional amounts of V2O5 into small tin cups. The
samples were combusted with a pulse of O2 at 1030 ◦C and then
analyzed by a Eurovector elemental analyzer, in-line with a GV
Isoprime mass spectrometer. Uncertainties for �34S and �33S are
better than 0.3‰.

A  further 40 samples, consisting mostly of early diagenetic
pyrite, were analyzed for their multiple sulfur isotope compositions
(�33S, �34S and �36S) at the Stable Isotope Geobiology Laboratory
at the Massachusetts Institute of Technology. Of the 40 samples,
seven were measured for bulk rock analyses and 33 were measured
for micro-drill analyses. Sulfur was extracted by conventional Cr
reduction and precipitated as Ag2S (Canfield et al., 1986). The Ag2S
was fluorinated at 300 ◦C to form SF6. The SF6 (6–8 �mol) was  puri-
fied by a preparatory gas chromatography system similar to the one
described in Ono et al. (2006c), and introduced to an isotope ratio
mass spectrometer using a dual-inlet mode to measure masses 127,
128, 129, and 131. Reproducibility for complete analysis, from flu-
orination, GC purification to isotope ratio analysis are 0.1, 0.2 and
0.4‰ (1�) for �33S, �34S and �36S, respectively, and 0.01 and 0.1‰
(2�) for �33S and �36S, respectively.

Organic  carbon contents and isotopes (�13Corg) were measured
from 181 powdered bulk rock samples at the Geophysical Labora-
tory, Carnegie Institution of Washington (161 samples) and at the
Stable Isotope Laboratory at the University of Maryland (20 sam-
ples). The carbonate-free bulk rock samples (between 5 and 15 mg)
were analyzed for isotope ratios and concentrations for organic
carbon using micro-combustion analysis by a Carlo Erba 2500 ele-
mental analyzer (EA) interfaced to a Thermo-Finnigan Delta PlusXL
isotope ratio mass spectrometer. Analyses were performed in sin-
gle and in duplicate. Acetanilide standards (0.15 mg)  and blanks
were run with each batch of samples and were used to correct for
consistent variation in �13C. Analytical precision for �13Corg is bet-
ter than 0.3‰ for samples above 0.03 wt.%, though samples below
that level contain systematically larger errors (up to 2.4‰), due to
blanks and counting statistics.

Carbonate  carbon isotopes (�13Ccarb) were measured for nine
powdered bulk rock samples at the Department of Geology, Uni-
versity of Cape Town. Powdered carbonate material was  treated
with 100% phosphoric acid (McCrea, 1950). Values were calibrated
using NBS-19 carbonate standard. Reactions involving ankerite
took place overnight at 50 ◦C, whilst those involving siderite took
place for four hours at 100 ◦C. Extracted CO2 was analyzed using a
mass spectrometer. Reproducibility for �13Ccarb is within 0.1‰.

5.  Results

The concentrations and isotopic compositions of sulfur and
organic carbon are presented in Figs. 5–9 and Table 2. Based
on sedimentological, stratigraphic and petrographic observations,
the results can be evaluated according to depositional charac-
teristics of the samples. In this regard, three broad depositional
facies have been identified, namely proximal marine, distal marine
and fluvial-dominated depofacies. Each of these depofacies yields
a characteristic relationship between sulfur and organic carbon
(Fig. 5). Whilst acknowledging the possibility of minor modifica-
tion due to greenschist facies metamorphism (e.g., carbon loss and
increase of �13Corg of a few ‰; Hayes, 1983; Strauss et al., 1992;
Watanabe et al., 1997; Schidlowski, 2001; Schwab et al., 2005),

these relationships are considered as primary or diagenetic in origin
largely because of the strict depofacies control, the lack of coexist-
ing carbonate, the presence of low �13Corg values and the relatively
low metamorphic grade of the samples. This excludes samples in
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Fig. 5. Plot of bulk rock S versus Corg (wt.%) for the (A) proximal marine depofacies,
(B)  distal marine depofacies, (C) fluvial-dominated depofacies and (D) sulfur addi-
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ion (detrital and epigenetic pyrite/pyrrhotite). Note that most of the sulfur-rich
on-magnetic  mudstone samples reflect diagenetic sulfur enrichment (Section 6.2
nd Table 2).

ontact with diabase sills and fault zones, where the obliteration of
rimary/diagenetic signatures is evident due to isotope exchange,
evolatilization and metasomatic alteration (Fig. 7G). For this rea-
on, a fourth association, defined here as sulfur addition, has been
ncluded. This association consists of samples that are dominated
y epigenetic pyrite or pyrrhotite, i.e., sulfur unrelated to the depo-
itional and diagenetic environment. Note that samples rich in
etrital pyrite would also fall into this association.

.1. Proximal marine depofacies (low S, high C)

The proximal marine depofacies is represented by carbona-
eous mudstone of the Hospital Hill Subgroup (TF1 drill-core)
Figs. 5A and 6 and Table 2). The mudstones exhibit some of the
owest concentrations of sulfur (down to 0.006 wt.%) and the high-
st concentrations of organic carbon (up to ∼0.9 wt.%) (Fig. 6A). S/C
atios average 0.03 in massive carbonaceous mudstone but increase
n siltstone-shale due to a decreasing proportion of shale laminae
nd addition of epigenetic pyrrhotite. �13Corg values consistently
verage ∼−28‰, irrespective of organic carbon concentrations
Fig. 6A). Average �34S and �33S values for rare diagenetic pyrite
re +3.1 and +0.9‰, respectively.

.2.  Distal marine depofacies (low S, low C)
The distal marine depofacies is represented by non-magnetic
udstone, magnetic mudstone and BIF from the West Rand Group

n the drill-cores TF1, BAB1, AM1  and JY8 (Figs. 5B, 6, 7, 8 and
able 2). These sedimentary rocks are characterized by very low
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concentrations  of organic carbon (average ∼0.01 wt.%). The minute
amounts of organic carbon yield �13Corg values enriched in 13C, up
to ∼−22‰ in BIF (Fig. 6B and Table 2). Diagenetic Fe-carbonate con-
cretions from magnetic mudstone in the lower Parktown Formation
contain highly 13C-depleted �13Ccarb values (∼−17 to −13‰) and
low organic carbon contents (0.02 wt.%) (Fig. 6C and Table 2). Sul-
fides remain scarce in distal marine settings (0.02 wt.%) but increase
below the Water Tower and Contorted Bed BIFs in the Parktown
Formation (up to 0.4 wt.%) (Fig. 6D). �34S values of diagenetic pyrite
average +2.9‰ in the lower Parktown Formation but become more
variable in the upper Parktown and Brixton formations (+1.1 to
+6.5‰). The 34S-enriched �34S values correspond to Fe-carbonate-
bearing mudstone and Fe-carbonate-bearing BIF. Significantly, all
�33S values in the Hospital Hill Subgroup are positive and increase
up to +1.9‰ in BIF.

In  the distal marine facies of the Government and Jeppestown
subgroups, average sulfur contents are slightly higher compared to
the distal marine strata of the Hospital Hill Subgroup (∼0.1 wt.%)
(Fig. 7F). However, average organic carbon concentrations remain
very low (∼0.01 wt.%). �13Corg values of magnetic mudstone range
between ∼−24 and −26‰, whereas �13Corg values of non-magnetic
mudstone display a wider range between ∼−24 and −31‰. Most
�34S values display a limited range between ∼0 and +4‰. The
bulk of these samples exhibit positive �33S values, particularly
those from ferruginous lithologies (up to +1.2‰) (Fig. 7F). However,
negative �33S values were observed from non-magnetic mud-
stone in the Coronation and Rietkuil formations (down to −0.4
and −0.8‰, respectively). In these two  formations, the transition
from non-magnetic mudstone to magnetic mudstone/iron forma-
tion is associated with a change from negative to positive �33S
(Figs. 7E, 8B and D).

5.3.  Fluvial-dominated depofacies (S C covariation)

Braided fluvial deposits in the Witwatersrand succession, sensu
stricto, are typically composed of immature sandstones with minor
conglomerate. The term ‘fluvial-dominated’ depofacies has been
expanded to include shelf siltstone and carbonaceous shale closely
associated or interbedded with the fluvial deposits encountered
in the Government and Jeppestown subgroups, and in the Central
Rand Group (BAB1 and DK12 drill-cores) (Figs. 5C, 7, 8 and Table 2).
The shales are characterized by relatively high concentrations of
sulfur and organic carbon (up to 1.3 and 0.4 wt.%, respectively) and
exhibit weak but positive covariation between sulfur and organic
carbon – yielding average S/C ratios between ∼1 and 2 (Fig. 5C).
Higher S/C ratios in the Promise Formation (∼5) correspond to
intervals of enhanced diagenetic pyrite mineralization in carbona-
ceous shale beds (Figs. 4G and 7A). One of the most distinctive traits
of the fluvial-dominated depofacies is the occurrence of highly
13C-depleted �13Corg values (down to −44.3‰). Generally, sam-
ples with the most 13C-depleted organic carbon exhibit the highest
sulfur contents (Fig. 7A and B). The majority of �34S values range
between 0 and +5‰, however a small number of samples plot
outside this envelope, such as those from the upper Promise Forma-
tion (+6.6 to +11.4‰) and those within and above the Coronation
diamictite (+16.5 and −3.7‰, respectively) (Fig. 7C and D). Simi-
larly, the largest spread in �33S values for the fluvial-dominated
depofacies occurs within and above the Coronation diamictite
(+1.2 and −4.0‰, respectively) (Fig. 7C and D). However, most
�33S values are negative and average ∼−0.4‰. Generally, micro-
drilled samples of early diagenetic pyrite (e.g., DIA-2, 4 and 5) yield
negative �33S values, whereas bulk rock samples with finely dis-

seminated pyrite (DIA-3) yield near-zero or positive �33S values.
The Booysens Formation appears to be a transitional depofacies,
as it contains geochemical signatures common to both the fluvial-
dominated depofacies (S/C covariation and 13C-depleted organic
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Table 2
Multiple-sulfur and organic carbon isotope compositions from non-conglomeratic sedimentary strata of the Mesoarchean Witwatersrand Supergroup.

Core Age
(Ma)

Subgroup Formation Depth
(m)

Lithology Corg
(wt.%)

�13Corg
(‰)

�13Ccarb
(‰)

S
(wt.%)

S/C Analysis Method �34S
(‰)

�33S
(‰)

�36S
(‰)

Nipy
(ppm)

Textural descriptions Association

DK12 2870 Johannesburg Booysens 3296 QTZ-SI 0.03 −26.7 0.02 0.8
DK12  2870 Johannesburg Booysens 3316 ICM 0.07 −31.5 0.06 0.8 SO Bulk 3.1 −0.1 *DIA-3 Po. EPI-3 Po. EPI-5 Po MIX
DK12  2870 Johannesburg Booysens 3325 ICM 0.08 −31.4 0.08 1.0 SO Bulk 2.9 0.4 *DIA-3 Po. EPI-3 Po. EPI-5 Po MIX
DK12  2870 Johannesburg Booysens 3331 ICM 0.07 −31.6 0.12 1.6 SO Bulk 2.3 0.3 *DIA-3 Po. EPI-5 Po MIX
DK12 2870  Johannesburg Booysens 3338 ICM 0.04 −30.7 0.06 1.4 SO Bulk 2.3 N/A *DIA-3 Po. EPI-5 Po MIX
DK12 2870 Johannesburg Booysens 3342 ICM 0.07  −34.4 0.01 0.2
DK12  2870 Johannesburg Booysens 3350 ICM SO Drill 0.7 0.6 *DIA-5 Po Diagenetic-F
DK12 2870  Johannesburg Booysens 3357 ICM 0.03 −30.2 0.07 2.2 SO Bulk 1.9 0.2 *DIA-3 Po. EPI-1 Py. EPI-5 Po MIX
DK12  2870 Johannesburg Booysens 3391 QTZ-SI 0.00 −25.7 0.17 70.6
DK12 2870 Johannesburg Booysens 3452 QTZ-SI 0.01 −24.7 0.22 38.8

AM1 2920  Jeppestown Roodepoort 1016 INM 0.02 −27.0 0.01 0.6 SO Drill 3.2 1.4 1469 DIA-5 Py Diagenetic-DM
SF6 Drill 3.5 1.2 −1.4  441 DIA-5 Py Diagenetic-DM

AM1 2920 Jeppestown Roodepoort 1019 IMM 0.01  −25.3 0.18 17.2 SO Bulk 1.9 1.1 265 DIA-7 Py Diagenetic-DM
SF6  Bulk 0.8 0.9 −1.5 265 DIA-7 Py Diagenetic-DM

AM1  2920 Jeppestown Roodepoort 1023 IMM 0.01 −24.9 0.16 12.0 SO Bulk 1.7 0.8 327 DIA-6 Py (Incl.-rich in MM).
DIA-11  Py

Diagenetic-DM

AM1 2920 Jeppestown Roodepoort 1026 IMM 0.01  −26.4 0.17 16.0 SO Bulk 0.0 0.5 163 DIA-3 Py. DIA-6 Py (Incl.-rich in
QTZ).  EPI-3 Py

Diagenetic-DM

AM1  2920 Jeppestown Roodepoort 1029 IMM 0.01 −25.2 0.09 8.1 SO Bulk 2.7 N/A 678 DIA-6 Py (Incl.-rich in QTZ) Diagenetic-DM
AM1 2920  Jeppestown Roodepoort 1033 IMM 0.01 −25.2 0.05 8.9 SO Bulk 2.5 0.2 821 DIA-6 Py (Incl.-rich in QTZ) Diagenetic-DM
AM1 2920 Jeppestown  Roodepoort 1038 INM 0.01 −25.4 0.06 8.1 SO Bulk 2.9 0.3 391 DIA-3 Py. DIA-6 Py (Incl.-rich in

QTZ)
Diagenetic-DM

AM1  2920 Jeppestown Roodepoort 1059 W 0.02 −24.7 0.01 0.3
AM1 2920  Jeppestown Crown 1064 LAVA 0.02 −24.9 0.01 0.4

BAB1  2920 Jeppestown Rietkuil 47 NM 0.07 −26.3 0.03 0.5 SO Bulk N/A N/A DIA-6, 7, 9 Py Diagenetic-DM
BAB1 2920 Jeppestown Rietkuil  54 IMM 0.06 −26.9 0.03 0.5 SO Bulk N/A N/A DIA-3, 9 Py. DIA-6/EPI-1 Py. EPI-3

Py
Diagenetic-DM

BAB1  2920 Jeppestown Rietkuil 71 Ank-INM 0.06 −27.2 0.07 1.1 SO Bulk N/A N/A DIA-3, 6, 9 Py Diagenetic-DM
BAB1  2920 Jeppestown Rietkuil 80 NM 0.06 −27.2 2.58 41.5 SO Bulk 1.6 0.0 EPI-1 Py. EPI-3 Py EPI
BAB1  2920 Jeppestown Rietkuil 98 CM 0.17 −40.2 0.26 1.5 SO Bulk 2.0 −0.2 DIA-2, 3, 5, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1 2920 Jeppestown Rietkuil 113 ICM  0.38 −44.3 0.70 1.9 SO Bulk −0.3 −0.5 15,307 DIA-2, 3, 6, 8, 9, 12 Py Diagenetic-F
BAB1  2920 Jeppestown Rietkuil 115 ICM 0.39 −44.2 0.39 1.0 SF6 Drill 2.9 −0.8 −0.6 5799 DIA-1, 2, 3, 4, 5, 6, 8, 9, 12 Py.

EPI-3  Py
Diagenetic-F

SO  Bulk 2.3 −0.3 DET-1 Py. DIA-1, 2, 3, 4, 5, 6, 8, 9,
12  Py. EPI-3 Py

Diagenetic-F

BAB1 2920 Jeppestown Rietkuil 120 ICM 0.31  −44.1 0.44 1.4 SO Bulk 0.6 −0.6 DIA-2, 3, 5, 6, 8, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1  2920 Jeppestown Rietkuil 122 ICM 0.20 −43.0 0.51 2.5 SF6 Drill 4.1 0.2 −1.0 10,636 DIA-2 Py Diagenetic-F

SO  Bulk 3.3 0.0 DIA-1, 2, 3, 5, 6, 9, 12 Py Diagenetic-F
BAB1 2920  Jeppestown Rietkuil 123 ICM 0.16 −41.7 0.28 1.7 SF6 Drill 2.2 −0.4 −1.0 1477 DIA-5 Py Diagenetic-F

SO  Bulk 4.2 −0.3 DIA-1, 2, 3, 5, 6, 9 Py Diagenetic-F
BAB1 2920 Jeppestown Rietkuil 125 ICM 0.17  −41.8 0.29 1.7 SF6 Drill 6.6 −0.7 −0.8 DIA-5 Py Diagenetic-F

SO  Bulk 6.3 −0.2 4992 DIA-1, 2, 3, 5, 6, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1  2920 Jeppestown Rietkuil 141 ICM 0.16 −38.9 0.10 0.6 SO Bulk 1.0 0.3 10,578 DIA-2, 3, 6, 9, 12 Py Diagenetic-F

AM1  2920 Jeppestown Rietkuil 1409 INM 0.01 −25.5 0.01 0.8
AM1  2920 Jeppestown Rietkuil 1414 IMM 0.01 −25.0 0.06 7.9 SO Bulk 1.4 0.4 DIA-3, 6 Py. EPI-3 Py Diagenetic-DM
AM1  2920 Jeppestown Rietkuil 1420 IMM 0.01 −26.5 0.11 12.1 SO Bulk 3.0 0.1 *DIA-3 Po. EPI-3 Po MIX
AM1 2920 Jeppestown Rietkuil 1428  INM 0.01 −26.7 0.08 11.4 SO Bulk 3.9 0.1 *DIA-3, 9, 12 Po. EPI-1, 3, 5 Po MIX
AM1  2920 Jeppestown Rietkuil 1434 INM 0.01 −26.3 0.23 33.1 SO Bulk 4.2 −0.3 *DIA-3, 5, 9, 12 Po Diagenetic-DM

SO  Drill 3.1 −0.2 *DIA-5 Po Diagenetic-DM
AM1  2920 Jeppestown Rietkuil 1440 INM 0.01 −30.9 0.52 42.8 SO Bulk 4.8 −0.3 *DIA-3, 4?, 9, 12 Po. EPI-3, 5 Po Diagenetic-DM
AM1  2920 Jeppestown Rietkuil 1449 INM 0.02 −28.5 0.17 11.5 SO Bulk 1.1 −0.2 *DIA-2?, 3, 5?, 6 Po Diagenetic-DM
AM1 2920 Jeppestown Rietkuil 1453 INM  0.01 −29.2 0.34 27.0 SO Bulk 0.9 −0.8 *DIA-2?, 3, 5?, 9, 12 Po. EPI-5 Po Diagenetic-DM
AM1  2920 Jeppestown Rietkuil 1461 INM 0.01 −26.4 0.10 6.9 SO Bulk 4.6 −0.2 *DIA-3 Po. DIA-6/EPI-1 Py. EPI-3

Po
AMB

AM1  2920 Jeppestown Rietkuil 1478 INM 0.01 −25.7 0.04 4.4
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AM1 2940 Government Afikander 1692 D 0.00 −24.6 0.23 65.1 SO Bulk 1.2 0.1 *DET-2 Po. EPI-5 Po MIX
AM1 2940  Government Afikander 1698 D 0.01 −25.1 0.10 15.7 SO Bulk 3.7 −0.1 *DET-2 Po. EPI-5 Po MIX
AM1  2940 Government Afikander 1708 D 0.00 −25.9 0.05 17.2
AM1 2940  Government Afikander 1715 D SO Drill 2.3 0.2 *DET-2/EPI-4 Po AMB
AM1  2940 Government Afikander 1721 D SO Drill 2.3 0.3 *DET-2 Po DET
AM1  2940 Government Afikander 1725 D 0.01 −24.1 0.16 12.6 SO Bulk 3.2 −0.1 *DET-2 Po. *DET-2/EPI-4 Po. EPI-5

Po
MIX

SO Drill 3.1 0.0 *DET-2 Po/EPI-4 Po AMB
AM1  2940 Government Afikander 1735 D 0.01 −27.6 0.29 20.2 SO Bulk 2.8 0.0 *DET-2 Po. *DET-2/EPI-4 Po. EPI-5

Po
MIX

AM1  2940 Government Afrikander 2054 MM 0.02 −26.5 0.17 9.0 SO Bulk 0.0 1.0 *DIA-3, 5 Po. EPI-3 Po Diagenetic-DM
SO Drill −1.7 0.7 *DIA-5 Po-Mt Diagenetic-DM
SF6 Drill −2.0 0.6 −1.7 *DIA-5 Po-Mt Diagenetic-DM

AM1  2940 Government Afrikander 2057 MM 0.02 −24.7 0.02 0.9
AM1  2940 Government Afrikander 2061 MM 0.01 −24.4 0.25 17.9 SO Bulk 1.4 0.9 *DIA-3, 5 Po. EPI-3 Po Diagenetic-DM

SF6 Bulk 0.7 0.7 −2.2 *DIA-3, 5 Po. EPI-3 Po Diagenetic-DM
AM1  2940 Government Afrikander 2066 MM 0.01 −25.6 0.05 4.5 SO Bulk 3.5 1.2 *DIA-3 Po. 30 �m Po agg’s Diagenetic-DM
AM1  2940 Government Afrikander 2073 MM 0.02 −25.5 0.11 6.0 SO Bulk 2.6 1.0 *DIA-3 Po. 30 �m Po agg’s. EPI-3

Po
Diagenetic-DM

SF6 Bulk 2.4 0.7 −2.5 *DIA-3 Po. 30 �m Po agg’s. EPI-3
Po

Diagenetic-DM

AM1 2940 Government Afrikander 2080 INM 0.02 −25.2 0.62 28.1 SO Bulk 0.7 0.6 *DIA-5, 9 Po. EPI-3 Po Diagenetic-DM
SO Drill 0.0 0.7 *DIA-5 Po Diagenetic-DM

AM1  2940 Government Palmietfontein 2235 INM 0.01 −25.9 0.01 1.2
AM1  2940 Government Palmietfontein 2250 IMM 0.01 −25.9 0.08 13.0 SO Bulk 1.2 0.7 DIA-7 Py. EPI-3 Py Diagenetic-DM
AM1  2940 Government Palmietfontein 2263 INM 0.01 −25.2 0.05 8.7 SO Bulk 3.1 −0.1 EPI-1 Py EPI
AM1  2940 Government Palmietfontein 2270 IMM 0.01 −24.4 0.01 1.3
AM1 2940  Government Palmietfontein 2278 IMM 0.01 −24.4 0.02 1.6
AM1 2940  Government Palmietfontein 2283 IMM 0.01 −26.3 0.03 3.7 SO Drill 2.6 0.2 EPI-1 Py EPI
AM1  2940 Government Palmietfontein 2382 NM 0.00 −26.1 0.13 27.1 SO Bulk 0.1 0.4 EPI-5 Po EPI
AM1 2940  Government Palmietfontein 2393 IMM 0.00 −26.2 0.05 11.5 SO Bulk 2.6 0.1 *DIA-3 Po. DIA-7 Py. *DIA-12

Po-Mt  agg’s
Diagenetic-DM

SO Drill 1.2 0.4 *DIA-6 Po/EPI-1 Po AMB
AM1  2940 Government Palmietfontein 2398 IMM 0.01 −25.6 0.06 12.1 SO Bulk 2.8 −0.1 DIA-7 Py? *DIA-12 Po-Mt agg’s.

EPI-3  Py
MIX

AM1  2940 Government Palmietfontein 2404 IMM 0.01 −25.6 0.06 9.9 SO Bulk 2.6 0.0 *DIA-3 Po. DIA-7 Py Diagenetic-DM
AM1  2940 Government Palmietfontein 2408 IMM 0.01 −25.7 0.11 7.6 SO Bulk 1.0 0.1 *DIA-5 Po. *DIA-12 Po-Mt agg’s Diagenetic-DM
AM1  2940 Government Palmietfontein 2415 IMM 0.02 −25.3 0.10 4.9 SO Bulk 1.7 0.7 DIA-7 Py Diagenetic-DM
AM1  2940 Government Palmietfontein 2420 IMM 0.02 −26.4 0.11 6.9 SO Bulk 2.9 0.2 *DIA-12 Po-Mt agg’s. EPI-3 Py-Po.

EPI-5  Po
MIX

AM1  2940 Government Palmietfontein 2425 MM 0.01 −26.8 0.12 14.0 SO Bulk 1.4 0.5 *DIA-5 Po-Py. EPI-1, 3 Po-Py MIX
SO Drill 1.1 0.5 *DIA-5 Po-Py (Py rim) Diagenetic-DM
SO Drill 0.1 0.5 *DIA-5 Po-Py (Po core) Diagenetic-DM
SF6 Drill 0.6 0.1 −1.9 *DIA-5 Po-Py (Po core) Diagenetic-DM

AM1  2940 Government Palmietfontein 2462 QTZ-W 0.01 −25.6 0.04 2.5
AM1  2940 Government Palmietfontein 2477 NM 0.01 −25.4 0.44 60.8 SO Bulk 3.5 0.0 *DIA-3, 5, 9, 12 Po. EPI-3, 5 Po MIX
AM1 2940  Government Palmietfontein 2521 INM 0.01 −24.1 0.30 33.1 SO Bulk 3.7 0.2 *DIA-3, 5, 9, 12 Po. EPI-3, 5 Po MIX
AM1  2940 Government Palmietfontein 2527 INM 0.01 −24.2 0.07 13.7 SO Bulk 3.3 0.3 DIA-7 Py. EPI-3 Py MIX
AM1  2940 Government Palmietfontein 2531 IMM 0.01 −24.2 0.02 2.4
AM1 2940  Government Palmietfontein 2535 INM 0.01 −26.5 0.17 25.0 SO Bulk 3.7 0.0 *DIA-3 Po. EPI-3, 5 Po MIX

JY8  2940 Government Palmietfontein 2623 MM 0.01 −26.4 0.01 1.4
JY8  2940 Government Palmietfontein 2628 MM 0.01 −26.1 0.06 8.4 SO Bulk 3.7 0.0 DIA-6, 7 Py Diagenetic-DM

SO Drill 2.9 0.6 274 DIA-7 Py Diagenetic-DM
SF6 Drill 3.3 0.0 −0.8 274 DIA-7 Py Diagenetic-DM

JY8  2940 Government Palmietfontein 2636 MM 0.01 −26.1 0.07 8.3 SO Bulk 3.4 −0.2 276 DIA-6, 7 Py Diagenetic-DM
JY8  2940 Government Palmietfontein 2646 IMM 0.01 −24.8 0.01 1.1
JY8  2940 Government Palmietfontein 2650 IMM 0.01 −25.7 0.02 2.1
JY8  2940 Government Palmietfontein 2656 IMM 0.01 −29.4 0.01 0.8
JY8  2940 Government Palmietfontein 2660 IMM 0.01 −26.2 0.09 11.6 SO Bulk 1.6 −0.1 DIA-3 Py. DIA-6 Py (Incl.-rich).

EPI-3  Py
Diagenetic-DM

JY8  2940 Government Palmietfontein 2667 Ank-MM 0.00 −24.7 0.07 28.7 SO Bulk 2.7 0.0 DIA-6, 10 Py Diagenetic-DM
JY8  2940 Government Palmietfontein 2676 INM 0.01 −26.4 0.09 8.6 SO Bulk 2.8 0.2 DIA-7 Py Diagenetic-DM
JY8  2940 Government Palmietfontein 2790 INM 0.01 −25.9 0.10 12.8 SO Bulk 2.8 0.1 DIA-6/EPI-1 Py AMB
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Table 2 (Continued )

Core Age
(Ma)

Subgroup Formation Depth
(m)

Lithology Corg
(wt.%)

�13Corg
(‰)

�13Ccarb
(‰)

S
(wt.%)

S/C Analysis Method �34S
(‰)

�33S
(‰)

�36S
(‰)

Nipy
(ppm)

Textural descriptions Association

JY8 2940 Government Palmietfontein 2814 IMM 0.01 −26.4 0.08 11.6 SO Bulk 3.9 −0.1 DIA-3, 6 Py. EPI-1, 3 Py Diagenetic-DM
JY8 2940 Government Palmietfontein 2827 IMM 0.00 −25.4 0.08 22.7 SO Bulk 3.6 0.4 DIA-3, 6, 9 Py. DIA-6/EPI-1 Py Diagenetic-DM
JY8 2940 Government Palmietfontein 2832 IMM 0.01 −26.4 0.06 9.4 SO Bulk 3.0 −0.2 DIA-3, 6 Py. DIA-6/EPI-1 Py Diagenetic-DM
JY8  2940 Government Palmietfontein 2837 INM 0.02 −28.3 0.10 6.6 SO Bulk 1.6 0.4 DIA-3, 6 Py. DIA-6/EPI-1 Py Diagenetic-DM

AM1 2940 Government Coronation 2805 MM 0.01 −25.4 0.51 47.0 SO Bulk 2.1 0.4 DIA-6/EPI-1 Py. EPI-3 Po-Py-Mt.
EPI-4,  5 Po

EPI

SO Drill 2.2 0.4 DIA-5 Py/EPI-1 Py AMB
AM1  2940 Government Coronation 2808 IF 0.01 −25.8 0.35 29.3 SO Bulk 1.3 0.3 DIA-6 Py. EPI-3, 5 Po MIX

SO Drill 2.2 0.5 153 DIA-6 Py Diagenetic-DM
AM1 2940 Government Coronation 2810 D-MM SO Drill 0.3 0.6 223 DIA-5 Py Diagenetic-DM
AM1  2940 Government Coronation 2811 IF 0.01 −24.7 0.24 38.7 SO Bulk −1.8 0.5 EPI-1, 3 Py EPI

SO Drill 0.6 0.0 EPI-1, 3 Py EPI
AM1 2940 Government Coronation 2813 D 0.01 −25.3 0.09 6.7 SO Bulk 3.4 0.1 *DET-2/EPI-4 Po. EPI-4 Po

(quartz).  EPI-5 Po
EPI

SO Drill 2.5 0.2 *DET-2/EPI-4 Po AMB
AM1  2940 Government Coronation 2817 QTZ 0.00 −25.0 0.57 143.7 SO Bulk 1.8 N/A *DET-1 Po. *DIA-6 Po. EPI-5 Po MIX
AM1 2940 Government Coronation 2840 INM 0.01 −25.7 0.21 18.4 SO Bulk 2.9 0.2 EPI-3, 5 Po EPI
AM1 2940 Government Coronation 2843 INM 0.00 −26.4 0.19 40.8 SO Bulk 3.5 −0.1 *DIA-3, 5, 9, 12 Po. EPI-5 Po Diagenetic-DM
AM1 2940 Government Coronation 2848 INM 0.01 −26.7 0.21 28.9 SO Bulk 2.9 −0.1 *DIA-5 Po. EPI-5 Po MIX
AM1  2940 Government Coronation 2853 INM 0.01 −28.1 0.20 17.1 SO Bulk 3.9 −0.4 *DIA-3, 9, 12 Po. EPI-5 Po MIX

BAB1 2940 Government Coronation 914 ICM 0.11 −37.9 0.17 1.6 SO Bulk 3.2 −0.2 DIA-3, 6, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1  2940 Government Coronation 920 ICM 0.09 −37.9 0.12 1.3 SO Bulk 3.9 0.0 DIA-3, 6, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1 2940 Government Coronation 925 ICM 0.09 −37.6 DET-1 Py. DIA-2, 3, 6, 9, 12 Py Diagenetic-F
BAB1 2940 Government Coronation 930 ICM 0.09 −37.9 0.31 3.5 SO Bulk 2.0 −0.5 DIA-1, 2, 3, 5, 6, 9, 11, 12 Py Diagenetic-F

SF6 Drill 0.0 −2.0 0.3 12,934 DIA-2 Py Diagenetic-F
SF6 Drill −3.7 −1.8 2.0 4739 DIA-5 Py (concretion) Diagenetic-F
SO Drill −3.4 −3.1 4908 DIA-5 Py (nodule) Diagenetic-F
SF6 Drill −2.7 −4.0 2.2  7417 DIA-5 Py (nodule) Diagenetic-F

BAB1 2940 Government Coronation 934 ICM 0.11 −38.2 0.15 1.4 SO Bulk 4.8 −0.3 DIA-3, 6, 9, 12 Py Diagenetic-F
BAB1  2940 Government Coronation 937 ICM 0.12 −38.2 0.13 1.1 SO Bulk 3.9 −0.2 DIA-3, 6, 9, 12 Py. EPI-3 Py Diagenetic-F
BAB1  2940 Government Coronation 941 ICM 0.13 −37.9 0.20 1.5 SO Bulk 3.2 −0.1 DET-1, 2 Py. DIA-1?, 3, 6, 9, 12 Py Diagenetic-F
BAB1 2940 Government Coronation 942 QTZ 0.16 −38.1 SO Drill 2.5 −0.6 DIA-6 Py Diagenetic-F

SF6 Drill 2.4 −0.6 −0.3 940 DIA-6 Py Diagenetic-F
BAB1 2940 Government Coronation 947 D 0.02 −34.7 0.19 9.7 SO Bulk 3.0 0.0 DET-1, 2 Py. DIA-2, 6, 9 Py. EPI-1,

4  Py
MIX

BAB1 2940 Government Coronation 954 D SO Drill 1.6 0.0 DET-2 Cpy (with Aln) DET
954 CM SF6 Drill 3.2 −0.5 −0.4 3457 DIA-1, 2, 3, 6, 9, 12 Py Diagenetic-F

BAB1  2940 Government Coronation 959 D 0.02 −32.5 0.16 9.9 SO Bulk 3.6 0.3 DET-1, 2. DIA-2, 6 Py. DIA-6/EPI-1
Py

MIX

SO Drill 7.7 0.1 DET-2 Py (euhedral crystals in
chert  clast)

DET

BAB1 2940 Government Coronation 979 D 0.02 −33.9 0.24 11.5 SO Bulk 4.4 0.5 DET-1, 2 Py. DIA-3, 6 Py MIX
SO Drill −1.4 0.3 DET-2 Py (disseminated layer in

chert  clast)
DET

BAB1 2940 Government Coronation 987 D 0.03 −35.0 0.26 9.7 SO Bulk 4.1 0.3 DET-1, 2 Py. DIA-3, 6, 9 Py. EPI-4
Py

MIX

BAB1 2940 Government Coronation 993 CM 0.22 SF6 Drill 4.7 −1.4 −0.1 2416 DIA-5 Py Diagenetic-F
SO Bulk 5.5 0.1 DIA-2, 3, 5, 6, 9, 12 Py. EPI-3 Py Diagenetic-F

BAB1  2940 Government Coronation 994 W 0.09 −39.4 0.26 3.0 SO Bulk 4.1 0.1 DET-1, 2 Py. DIA-3, 5, 6, 9, 12 Py.
EPI-3  Py

MIX

BAB1 2940 Government Coronation 1000 U.D 0.03 −34.4 0.17 6.7
1000 CM 0.09 −38.1 0.17 2.0 SO Drill 13.0 1.3 2022 DIA-3 Py Diagenetic-F

SF6 Drill 16.5 1.2 −2.9 2022 DIA-3 Py Diagenetic-F
1000  L.D 0.02 −33.7 0.17 8.9

BAB1 2940 Government Coronation 1010 QTZ-W 0.04 −35.3 0.18 4.4
BAB1 2940 Government Coronation 1012 D 0.03 −37.5 0.25 8.9
BAB1 2940 Government Coronation 1013 ICM 0.22 −44.3 1.06 4.9 SO Bulk 0.4 0.3 DIA-2 Diagenetic-F

SO Drill 1.0 0.5 DIA-2 Diagenetic-F
SF6 Drill 0.9 0.0 −0.7 7149 DIA-2 Diagenetic-F
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BAB1 2940 Government Coronation 1015 QTZ-SI 0.09 −38.1 0.17 1.9 SO Bulk 4.8 0.1 DET-1, 2 Py. DIA-2, 3, 6, 9, 12 Py MIX
BAB1  2940 Government Coronation 1016 QTZ 0.01 −29.8
BAB1  2940 Government Coronation 1030 QTZ-SI 0.19 SF6 Drill 3.9 −1.2 −0.2 2054 DIA-2 Py Diagenetic-F

SO  Bulk 5.5 0.2 DET-2 Py. DIA-2, 3, 6, 9, 12 Py MIX

BAB1  2940 Government Promise 1066 QTZ-SI 0.07 −37.5 0.07 1.1 SF6 Drill 11.4 −1.1 −1.3 2294 DIA-2 Py (sandstone) Diagenetic-F
BAB1  2940 Government Promise 1079 ICM 0.27 SO Drill 1.2 0.0 EPI-1 Py (porous) EPI
BAB1  2940 Government Promise 1082 W 0.10 −39.6 0.48 4.8 SF6 Drill 7.5 −1.2 −0.6 DIA-2 Py Diagenetic-F

SF6  Drill 6.6 −0.7 −0.8 DIA-2 Py (CuS, PbS cores) Diagenetic-F
SF6  Drill 3.1 −0.3 −0.4 DIA-2 Py (coalesced into DIA-5) Diagenetic-F
SO  Bulk 4.2 0.3 DIA-2, 5, 6, 9 Py Diagenetic-F

BAB1  2940 Government Promise 1120 QTZ-SI 0.10 −39.7 0.14 1.5 SO Bulk 2.8 0.1 DIA-2, 3, 6, 9, 12 Py Diagenetic-F
BAB1 2940  Government Promise 1138 ICM 0.14 −41.5 1.29 9.2 SF6 Drill 7.7 −0.6 −0.8 DIA-2 Py (sandstone

intercalation)
Diagenetic-F

SF6  Drill 3.3 −0.4 −0.2 2580 DIA-4 Py Diagenetic-F
SO  Bulk 3.1 −0.1 2580 DIA-1, 2, 3, 4, 6, 9, 12 Py. EPI-1, 3

Py
Diagenetic-F

BAB1  2940 Government Promise 1151 ICM 0.10 −44.0 0.41 4.2 SF6 Drill 3.3 −0.3 −0.6 DIA-5 Py (sandstone
intercalation)

Diagenetic-F

SO  Bulk 3.2 0.0 DIA-2, 3, 5, 6, 9, 12 Py. EPI-1 Py Diagenetic-F
BAB1  2940 Government Promise 1155 ICM 0.09 −42.3 1.07 11.7 SF6 Drill 0.6 −0.1 −0.7 3225 DIA-4 Py Diagenetic-F

SF6  Drill 3.7 0.2 −1.8 2386 DIA-2 Py (sandstone
intercalation)

Diagenetic-F

SO  Bulk 2.2 0.3 DET-1, 2 Py. DIA-2, 3, 4, 6, 9, 12
Py.  EPI-1 Py

MIX

BAB1  2940 Government Promise 1157 ICM 0.10 −39.5 0.75 7.7 SO Bulk 1.3 0.2 DIA-2, 3, 6 Py. EPI-1, 2, 3 Py MIX
SF6 Drill  1.6 −0.3 −0.6 2058 DIA-2 Py Diagenetic-F

BAB1 2940  Government Promise 1157 ICM 0.08 −39.8 0.22 2.6 SF6 Drill 2.1 −0.2 −0.4 DIA-2 Py (coalesced into DIA-5) Diagenetic-F
SO Bulk  2.4 0.0 DET-1 Py. DIA-2, 3, 5, 6, 9,12 Py.

EPI-3  Py
Diagenetic-F

BAB1  2940 Government Promise 1172 ICM 0.10 −40.8 0.15 1.5 SO Bulk 3.3 0.1 DIA-3, 6, 9, 12 Py Diagenetic-F
BAB1 2940  Government Promise 1211 ICM 0.05 −39.3 0.43 8.5 SO Bulk 4.5 0.2 DET-1 Py. DIA-1, 2, 3, 6, 9 Py.

EPI-5  Po
MIX

BAB1  2940 Government Promise 1220 ICM 0.05 −38.3 0.49 9.4 SO Bulk 3.2 0.4 *DIA-3, 9, 12 Po. EPI-3, 5 Po MIX
BAB1  2940 Government Promise 1224 ICM 0.05 −37.2 0.51 9.4 SO Bulk 2.8 0.3 *DET-1 Po. *DIA-3, 6 Po. EPI-4, 5

Po
MIX

SO  Drill 2.9 0.3 2777 DIA-5 Py Diagenetic-F
BAB1  2940 Government Promise 1230 D 0.03 −35.9 0.24 7.1 SO Bulk 3.3 0.2 EPI-4 Po (quartz). EPI-5 Po EPI
BAB1  2941 Government Promise 1231 ICM 0.22 SF6 Bulk 3.0 0.1 −1.0 *DET-1 Po? *DIA-2, 6 Po. EPI-4

(quartz).  EPI-5 Po
MIX

BAB1  2940 Government Promise 1236 ICM 0.06 −38.2 0.39 6.4 SO Bulk 4.6 0.0 *DIA-2, 6 Po. EPI-5 Po MIX
SO  Drill 3.1 0.4 *DIA-2, 5 Po/EPI-4 Po AMB

BAB1  2940 Government Promise 1246 ICM 0.05 −36.9 0.33 7.2 SO Bulk 3.9 −0.4 *DIA-3 Po. EPI-5 Po EPI
BAB1  2940 Government Promise 1251 ICM 0.03 −36.0 0.01 0.2
BAB1  2940 Government Promise 1262 ICM-Red 0.01 −25.2 3.52 428.0 SO Bulk 2.8 0.2 EPI-4, 5 Po EPI
BAB1  2940 Government Promise 1263 ICM 0.01 −25.2 0.98 120.7 SO Bulk 2.2 −0.1 EPI-4, 5 Po EPI

SO  Drill 1.3 0.6 *DIA-5 Po/EPI-4, 5 Po AMB
SO  Drill 1.2 0.3 *DIA-5 Po/EPI-4, 5 Po AMB

BAB1  2940 Government Promise 1303 ICM 0.00 −25.0 0.18 43.5 SO Bulk 2.5 −0.3 EPI-5 Po EPI
BAB1  2940 Government Promise 1313 ICM 0.01 −26.3 0.09 16.1 SO Bulk 3.4 −0.4 EPI-5 Po EPI
BAB1  2940 Government Eleazar 1348 ICM 0.05 −36.8 0.15 2.8 SO Bulk 5.1 0.0 *DET-1 Po. *DIA-3, 9, 12 Po. EPI-5

Po
MIX

BAB1  2940 Government Eleazar 1356 ICM 0.04 −28.4 0.23 5.9 SO Bulk 2.8 0.3 DIA-5 Py. EPI-5 Po MIX

TF1  2960 Hospital Hill Brixton 3015 NM 0.02 −26.3 0.03 1.6
TF1  2960 Hospital Hill Brixton 3035 ICM 0.12 −26.1 0.13 1.1 SO Bulk 1.9 0.6 *DIA-3 Po. EPI-4 Po (quartz) MIX
TF1  2960 Hospital Hill Brixton 3055 ICM 0.10 −28.0 0.01 0.1
TF1  2960 Hospital Hill Brixton 3070 ICM 0.06 −24.6 0.01 0.1 SO Drill 4.3 1.0 807 DIA-5 Py Diagenetic-PM

SF6  Drill 4.4 1.0 −1.6 807 DIA-5 Py Diagenetic-PM
TF1  2960 Hospital Hill Brixton 3080 INM 0.01 −23.7 0.01 0.9
TF1  2960 Hospital Hill Brixton 3090 NM 0.03 −24.4 0.01 0.3
TF1  2960 Hospital Hill Brixton 3105 MM 0.02 −24.9 0.00 0.2
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Table 2 (Continued )

Core Age
(Ma)

Subgroup Formation Depth
(m)

Lithology Corg
(wt.%)

�13Corg
(‰)

�13Ccarb
(‰)

S
(wt.%)

S/C Analysis Method �34S
(‰)

�33S
(‰)

�36S
(‰)

Nipy
(ppm)

Textural descriptions Association

TF1 2960 Hospital Hill Brixton 3111 IMM 0.02 −22.4 0.06 2.9 SO Bulk 2.7 0.1 DIA-6 Py  (rare) Diagenetic-DM

TF1  2960 Hospital Hill Parktown 3500 ICM 0.11
TF1  2960 Hospital Hill Parktown 3515 ICM 0.08 −26.9 SO Bulk 5.5 0.2 *DET-1 Po. EPI-5 Po MIX
TF1 2960  Hospital Hill Parktown 3570 ICM 0.09 −27.4 0.12 1.4 SO Bulk 5.5 0.4 EPI-5 Po EPI
TF1 2960 Hospital Hill Parktown 3610 ICM 0.11 −27.9 0.13 1.2 SO Bulk 5.2 0.5 EPI-5 Po EPI
TF1  2960 Hospital Hill Parktown 3670 ICM 0.20 −27.7 0.11 0.6 SO Bulk 5.4 0.1 EPI-3 Po. EPI-5 Po EPI
TF1  2960 Hospital Hill Parktown 3710 ICM 0.16 −27.1 0.10 0.6 SO Bulk 5.6 0.0 EPI-5 Po EPI
TF1  2960 Hospital Hill Parktown 3730 W SO Drill 4.8 0.5 EPI-1 Py EPI
TF1 2960 Hospital Hill Parktown 3760 NM 0.01  −26.6 0.04 2.6
TF1 2960 Hospital Hill Parktown 3775 Sid-IF 0.01  −24.2 0.08 8.9 SO Bulk 6.5 0.6 241 DIA-5, 6, 11 Py Diagenetic-DM

SF6  Bulk 6.3 0.3 −1.8 241 DIA-5, 6, 11 Py Diagenetic-DM
TF1  2960 Hospital Hill Parktown 3783 BIF 0.01 −21.9 0.00 0.3
TF1 2960 Hospital Hill Parktown 3784 Py-NM 0.01 −26.8 0.37 31.7 SO Bulk 1.1 0.6 146 DET-2/DIA-12 Py. DIA-5, 6 Py Diagenetic-DM

SF6 Bulk 1.2 0.2 −0.9  146 DET-2/DIA-12 Py. DIA-5, 6 Py Diagenetic-DM
TF1 2960 Hospital Hill Parktown 3790 Ank-NM 0.02 −25.6 0.12 6.2 SO Bulk 5.5 1.2 DIA-5 Po, Cob, Cpy. DIA-6 Py Diagenetic-DM

SO  Drill 3.8 1.1 DIA-5 Po, Cob, Cpy Diagenetic-DM
SF6 Bulk  4.9 0.9 −1.4 DIA-5 Po, Cob, Cpy. DIA-6 Py Diagenetic-DM

TF1 2960 Hospital Hill Parktown 3795 MM 0.01 −24.9 0.01 0.8
TF1 2960 Hospital Hill Parktown 3800 MM 0.01  −25.2 0.00 0.5
TF1 2960 Hospital Hill Parktown 3804 IMM 0.01  −25.9 0.01 0.6
TF1 2960 Hospital Hill Parktown 3805 MM SO Drill 3.6 0.6 EPI-3 Py EPI
TF1 2960  Hospital Hill Parktown 3810 MM 0.01 −25.6 0.01 1.1
TF1 2960 Hospital Hill Parktown 3815 IMM 0.01 −25.5 0.02 1.7

TF1 2960 Hospital Hill Parktown 4315 INM 0.03 −29.3 0.00 0.1
TF1 2960 Hospital Hill Parktown 4326 MM 0.02 −26.1 −15.5 0.04 2.1 SO Bulk 1.8 0.0 Could not detect sulfides AMB
TF1 2960  Hospital Hill Parktown 4330 QTZ SO Drill 0.6 0.1 DIA-6/EPI-1 Py AMB
TF1 2960  Hospital Hill Parktown 4333 BIF 0.02 −24.0 −13.0 0.01 0.3
TF1 2960 Hospital Hill Parktown 4335 BIF SO Drill 2.9 1.3 178 DIA-6 Py  (Incl.-free) Diagenetic-DM

SF6  Drill 3.2 1.2 −2.2 178 DIA-6 Py  (Incl.-free) Diagenetic-DM
TF1  2960 Hospital Hill Parktown 4340 MM/BIF 0.01 −23.0 −13.0 0.06 4.6 SO Bulk 3.0 1.9 238 DIA-6 Py  Diagenetic-DM

SO  Drill 3.3 1.7 238 DIA-6 Py  (Mt inclusions) Diagenetic-DM
SF6  Drill 3.2 1.4 −2.2 238 DIA-6 Py  (Mt inclusions) Diagenetic-DM

TF1 2960 Hospital Hill Parktown 4350 MM 0.02 −23.2 −13.3 0.01 0.7
TF1 2960 Hospital Hill Parktown 4355 MM SO Drill 2.1 1.5 147 DIA-7 Py  Diagenetic-DM

SF6  Drill 2.8 1.1 −1.8 147 DIA-7 Py  Diagenetic-DM
TF1  2960 Hospital Hill Parktown 4360 MM 0.02 −24.5 −16.5 0.01 0.5
TF1 2960 Hospital Hill Parktown 4369 MM SO Drill 3.0 1.2 172 DIA-7 Py  Diagenetic-DM

SF6 Drill 2.3 1.3 −2.0  172 DIA-7 Py  Diagenetic-DM
TF1  2960 Hospital Hill Parktown 4370 MM 0.01 −23.2 −16.4 0.01 0.6
TF1 2960 Hospital Hill Parktown 4375 MM 0.01 −25.9 −16.5 0.01 0.7
TF1 2960 Hospital Hill Parktown 4377 Sid-Ank 0.02 −23.5 −13.9
TF1  2960 Hospital Hill Parktown 4380 Sid-Ank 0.02 −23.7 −14.2 0.01 0.5
TF1 2960 Hospital Hill Parktown 4385 CM 0.63 −27.5 0.02 0.0 SO Drill 5.0 0.3 DIA-7 Py? AMB
TF1  2960 Hospital Hill Parktown 4390 CM 0.67 −27.6 0.01 0.0
TF1 2960 Hospital Hill Parktown 4395 CM 0.71 −27.6 0.01 0.0
TF1 2960 Hospital Hill Parktown 4400 CM 0.88 −27.9 0.03 0.0 SO Drill 3.0 1.2 843 DIA-7 Py  Diagenetic-PM
TF1  2960 Hospital Hill Parktown 4405 CM 0.58 −27.7 0.02 0.0 SO Drill 2.3 0.6 4569 DIA-7 Py  Diagenetic-PM
TF1 2960 Hospital Hill Parktown 4410 ICM 0.60 −27.5 0.05 0.1 SO Bulk 2.8 N/A 2001 DIA-6, 7 Py Diagenetic-PM
TF1  2960 Hospital Hill Parktown 4415 ICM 0.38 −27.6 0.10 0.3 SO Bulk 3.1 0.3 *DIA-3 Po? DIA-7 Py? EPI-5 Po MIX
TF1  2960 Hospital Hill Parktown 4420 ICM 0.28 −27.0 0.02 0.1
TF1 2960 Hospital Hill Parktown 4430 ICM 0.23 −28.1 0.08 0.3 SO Bulk 5.2 0.0 EPI-5 Po EPI
TF1  2960 Hospital Hill Parktown 4440 ICM 0.29 −27.4 0.02 0.1
TF1 2960 Hospital Hill Parktown 4455 ICM 0.22 −27.5 0.04 0.2

Lithology: I: intercalated siltstone/sandstone; NM: non-magnetic shale/mudstone; CM: carbonaceous shale/mudstone; MM: magnetic shale/mudstone; LAVA: lava; IF: iron formation; BIF: banded iron formation; D: diamictite; SI: shale
interbeds; W: wackestone; QTZ: sandstone; Sid: siderite-bearing; Ank: ankerite-bearing; U/L: upper/lower.
Mineralogy: Aln: allanite; Mt: magnetite; Py: pyrite/pyritic; Po: pyrrhotite; Cpy: chalcopyrite; Cob: cobaltite; Agg’s: aggregates; Incl.: inclusion; *: pyrrhotite pseudomorph.
Depofacies  and paragenetic associations: Diagenetic-PM: diagenetic pyrite-proximal marine; Diagenetic-DM: diagenetic pyrite-distal marine; Diagenetic-F: diagenetic pyrite-fluvial-dominated; DET: detrital pyrite; EPI: epigenetic pyrite; MIX:
paragenetic pyrite mixtures; AMB: pyrite of ambiguous origin.
Other:  N/A: not reported due to large error/low bulk rock S content; Italic Corg data: Carbon analysis performed in single (duplicate otherwise); DIA-6 Py: Bold indicates pyrite type for Ni content (Guy et al., 2010).
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ig. 6. Sampled intersections and geographic position of the proximal TF1 drill-cor
arbonaceous mudstone of the proximal marine depofacies (low sulfur, high carbo
low sulfur, low carbon, high �13Corg and positive �33S). (C) Fe-carbonate concretio

arbon) and proximal marine depofacies (low sulfur contents and
ositive �33S) (Fig. 8E).

.4. Sulfur addition (high S, low C)

This group is composed of samples that possess an abundance of
etrital pyrite or epigenetic pyrite/pyrrhotite (Figs. 5D, 7G, 8C and
able 2). With reference to the former, the pyrite in four diamic-
ite clasts (DET-2) from the Kensington and Lagerspoort members
isplay near-zero �33S values (0.0 to +0.3‰), whereas �34S values
ange from −1.4 to +7.7‰ (Table 2). Regarding the latter, pyrrhotite-
ich samples near a diabase sill in the Promise Formation display
igh S/C ratios (∼428), high sulfur contents (∼3.5 wt.%), low organic
arbon contents (∼0.01 wt.%) and high �13Corg values (∼−25‰) (see
lteration halo in Fig. 7G). �34S and �33S values average +2.3 and
0.1‰, respectively. A highly faulted and pyritic mudstone in the
ietkuil Formation yields a similar set of geochemical character-

stics (Table 2). In the upper Parktown Formation, disseminated
rystals of epigenetic pyrrhotite in siltstone and sandstone laminae
ear a diabase sill exhibit uniform sulfur isotope signatures (�34S
nd �33S values average ∼+5.3 and +0.3‰, respectively) (Fig. 6).

. Multiple sulfur and organic carbon isotopes in a
epofacies context

.1.  Proximal marine depofacies

The  scarcity of early diagenetic pyrite in shallow marine car-
onaceous mudstone from the Hospital Hill Subgroup is reflected
y extremely low bulk rock S/C ratios around 0.03 (Figs. 5A and 6A).

n modern sediments, such low S/C ratios are characteristic of
ulfate-poor fresh water environments (e.g., Berner and Raiswell,
984; Watanabe et al., 1997). However, a number of sedimentolog-

cal features suggest a marine setting for the Hospital Hill Subgroup,
ncluding polymodal and bimodal-bipolar paleocurrent directions,

upermature quartz arenites, extensive shale deposits and banded
ron formation (Camden-Smith, 1980; Eriksson et al., 1981; Beukes
nd Cairncross, 1991; Beukes, 1995; Beukes and Nelson, 1995;
oward et al., 1995; Frimmel et al., 2005). This implies either
e West Rand Basin. S/C plot illustrates proximal and distal marine depofacies. (A)
 �13Corg ∼−28‰). (B) Magnetic mudstone and BIF of the distal marine depofacies

) Pyrite-bearing non-magnetic mudstone underlying Contorted Bed BIF.

that  mesophilic microbial sulfate reduction had not developed by
∼2.96 Ga, the electron donor (i.e., the organic matter) was  unsuit-
able for microbial sulfate reduction, or that the Archean ocean was
sulfate-limited (Habicht et al., 2002). The latter option is preferred
since an early Archean origin (3.5 Ga) for microbial sulfate reduc-
tion has been suggested (Shen et al., 2001; Ueno et al., 2008). The
relatively high organic carbon content, coupled with �13Corg val-
ues around ∼−28‰, is consistent with primary contributions from
oxygenic or anoxygenic photosynthetic microorganisms in a shal-
low marine environment (Fig. 9A) (Brocks et al., 1999; Des Marais,
2000; Eigenbrode and Freeman, 2006; Noffke et al., 2006, 2008;
Ono et al., 2006a; Tice and Lowe, 2006a; Buick, 2008). The positive
�33S values measured from rare diagenetic pyrite suggest inputs
from insoluble polymerized elemental sulfur aerosols (S8) (Fig. 9B)
(Farquhar et al., 2000; Ono et al., 2003).

6.2. Distal marine depofacies

6.2.1.  Hospital Hill Subgroup
The  low sulfur content in Fe-rich rocks from the Hospital Hill

Subgroup (∼0.02 wt.%, Fig. 5B) is consistent with a ferruginous and
sulfate-poor water column in the distal marine shelf environment.
However, a transient rise in sulfur concentrations prior to BIF depo-
sition (up to 0.4 wt.%) may  signal titration of reduced sulfur by
upwelling ferrous seawater (Fig. 6D). Compared to the proximal
marine depofacies, organic carbon contents are significantly lower
(0.01 wt.%) and �13Corg values are high (∼−26 to −22‰) (Fig. 9A).
The source of the original biomass may have been derived endo-
genetically via photoautotrophic and/or chemolithoautotrophic
iron-oxidizing bacteria (Kappler et al., 2005; Beukes and Gutzmer,
2008). Alternatively, it may  have been transported from areas of
high primary productivity, which would have resulted in the sparse
deposition of 13C-enriched organic matter due to slow depositional
rates, longer transport distances and effective biological degrada-
tion (Hayes, 1983; Beukes et al., 1990; Tice and Lowe, 2006b). In

sub-surface diagenetic environments, the presence of 13C-depleted
Fe-carbonate, with �13Ccarb values down to −16.5‰, suggests that
Fe(III)-respiration was an important metabolic pathway for respir-
ing microorganisms (Fig. 6C and Table 2). The majority of diagenetic
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Fig. 7. Sampled intersections and geographic positions of the proximal BAB1, intermediate JY8 and distal AM1  drill-cores in the West Rand Basin. S/C plot illustrates fluvial-
dominated and distal marine depofacies. (A) Carbonaceous siltstone-shale of the fluvial-dominated depofacies (high sulfur, high carbon, low �13Corg and negative �33S). (B)
Carbonaceous siltstone-shale underlying diamictite (high sulfur, high carbon, low �13Corg and negligible �33S). (C) Carbonaceous shale in diamictite with a high �34S value
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+16.5‰) and a positive � S value (+1.2‰) (DIA-3). (D) Pyrite nodules (DIA-5) in ca
E) Finely laminated iron formation from the correlative distal marine depofacies. H

agnetic  mudstone of the distal marine depofacies (positive �33S) (DIA-3, 5). (G) D

yrite in distal Fe-rich settings is characterized by positive �33S
alues; which implies the same (or a similar) reduced sulfur reser-
oir as encountered in the proximal marine depofacies (Fig. 9B). The

ost positive �33S values are recorded during maximum marine

ransgression, i.e., during deposition of BIF (up to +1.9‰). Ono et al.
2009b) noted that argillites with high iron contents contain pyrite

ig. 8. Sampled intersections and geographic positions of the proximal BAB1, proximal D
llustrates fluvial-dominated and distal marine depofacies. (A, B) Lowstand argillite unit
epofacies (high sulfur, high carbon, low �13Corg and negative �33S). (B) Non-magnetic m

n 13Corg and negative �33S). (C, D) Highstand argillite unit of Rietkuil Formation. (C) No
low sulfur, low carbon, high �13Corg and positive �33S). (E) Transitional depofacies of the
ceous shale exhibiting negative � S (−3.7‰) and negative � S (down to −4.0‰).
ulfur content reflects epigenetic pyrite (EPI-1, 3). (F) Non-magnetic mudstone and
e sill in the Promise Formation. Note geochemical alteration halo.

with  large positive �33S signatures, and that the presence of iron
appears to be critical in terms of S8 sequestration. Similar relation-
ships are observed for rocks from the Witwatersrand Supergroup,

where samples with the highest iron contents (>20 wt.%) and the
lowest bulk rock sulfur and organic carbon contents (<0.1 and
<0.02 wt.%, respectively) contain the most positive �33S anomalies.

K12 and distal AM1  drill-cores in the West Rand and Central Rand Basins. S/C plot
 of Rietkuil Formation. (A) Carbonaceous siltstone-shale of the fluvial-dominated
udstone of the distal marine depofacies (high sulfur, low carbon, slightly depleted

n-magnetic mudstone and (D) magnetic mudstone of the distal marine depofacies
 Booysens Formation (fluvial-dominated and marine depofacies).
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Fig. 9. Sulfur and organic carbon plots. (A) �13Corg versus Corg wt.%. (B) �33S versus �34S for diagenetic pyrite in proximal and distal marine depofacies. (C) �13Corg versus
S  wt.%. (D) �33S versus �34S for diagenetic pyrite in fluvial-dominated depofacies. Inset displays bulk rock samples. (E) �36S versus �33S for diagenetic pyrite in marine
and fluvial-dominated depofacies. The �36S/�33S slope of −0.9 is consistent with SO2 photolysis (Farquhar et al., 2001; Kaufman et al., 2007; Ono et al., 2009a). (F) Nipy

versus �33S for diagenetic pyrite in marine and fluvial-dominated depofacies. Ni data from Guy et al. (2010). (G) �13Corg versus �33S for diagenetic pyrite in marine and
fluvial-dominated depofacies. (H) �33S versus �34S for non-diagenetic pyrite (i.e., detrital pyrite, paragenetic pyrite mixtures from bulk rock analyses, ambiguous pyrite and
epigenetic pyrite). Overlapping isotopic ranges for diagenetic and epigenetic pyrite indicate a relatively closed sulfur system during post-depositional alteration. For plots
(A)  and (C) refer to Fig. 5 for symbols. For plots (B), (D), (E), (F), (G) and (H) refer to Fig. 6 for symbols. For plots (B), (D) and (H), line is Archean Reference Array (�33S = 0.89
�34S). Data from the SO method was omitted when samples contained both SO and SF6 data. On average, �33S data from the SO method were ∼+0.2‰ greater than �33S
data from the SF6 method.
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ig. 10. Schematic illustration of the Rietkuil Formation in the proximal BAB1 and d
f  sedimentary facies reflects their former lateral juxtaposition (Walther, 1894). N/

urthermore, these Fe-rich samples lie close to the Archean Ref-
rence Array (ARA), which indicates that �33S sequestration pro-
eeded without the involvement of secondary processes (Ono et al.,
003, 2009a; Johnston, 2011). However, a number of samples plot
ff the ARA and together, display a negative correlation between
34S and �33S (Fig. 9B). This most probably suggests mixing
ith a mass-dependent sulfur reservoir as discussed later in more
etail.

.2.2. Government and Jeppestown subgroups
The majority of diagenetic pyrite from distal marine non-

agnetic mudstone, magnetic mudstone and iron formation of
he Government and Jeppestown subgroups exhibits positive �33S
alues. It is worth noting that �33S values are significantly
ore  attenuated in comparison to samples from the Hospital Hill

ubgroup (<+1‰) and that most samples fall along a different
33S–�34S array (Fig. 9B). Not all samples exhibit positive �33S

alues, however, as negative �33S values were recorded from
on-magnetic mudstone from the distal facies of the Coronation
nd Rietkuil formations. Taken together with the high sulfur con-
ents and relatively 13C-depleted �13Corg values, these geochemical
ttributes may  signal distal extensions of the fluvial-dominated
epofacies (Figs. 8A, B and 10). In both instances, however, pos-

tive �33S values return during maximum marine transgression
nd iron deposition, supporting the link between iron-rich rocks
nd S8 sequestration (Figs. 7E, 8C, D and 10) (Ono et al., 2009a,b).
he absence of Fe-carbonate in the distal facies of the Rietkuil
ormation suggests that organic carbon supplies were too low to
ustain dissimilatory Fe-reduction in deeper water settings (Fig. 10)
Beukes and Klein, 1992; Bekker and Kaufman, 2007). Therefore,
he presence of magnetite in these distal sediments suggests that
he conversion of Fe-oxyhydroxide to magnetite is independent of
rganic carbon, and may  have resulted from the addition of ferrous
ron during diagenesis (Ohmoto, 2003).

.3. Fluvial-dominated depofacies

In contrast to the proximal and distal marine depofacies, sam-
les from the fluvial-dominated depofacies display covariation

etween sulfur and organic carbon contents (Fig. 5C). The cor-
elation between these two constituents in modern depositional
nvironments has been attributed to the activity of microbial
ulfate reducers (e.g., Berner and Raiswell, 1983; Raiswell and
M1  drill-cores. Arrow illustrates the concept that a conformable vertical succession
ur contents too low for sulfur isotope analyses.

Berner,  1986; Kasting et al., 1992), suggesting that microbial sul-
fate reduction was an important part of the ecological landscape
in Mesoarchean times. The antiquity of microbial sulfate reduc-
tion is supported by the multiple sulfur isotope compositions
of early diagenetic pyrite, e.g., negative �33S values and offsets
in �36S (Fig. 9D and E). Negative �33S values have been doc-
umented from Archean sulfate deposits (Bao et al., 2007; Ueno
et al., 2008) and were likely to have originated from soluble sul-
furic acid aerosols derived from the hydrolysis of photolytic SO2
(Farquhar et al., 2000; Farquhar and Wing, 2003; Ono  et al., 2003;
Ueno et al., 2009). Offsets in �36S (deviation from �36S = −0.9
�33S) have previously been ascribed to mass-dependent processes,
such as microbial sulfate reduction (Ono et al., 2006b; Ueno et al.,
2008). The correlation between isotopically light carbon (Fig. 9A)
and high bulk rock sulfur contents (or early diagenetic pyrite)
(Fig. 9C) implies that microbial sulfate reduction was  coupled
to the anaerobic oxidation of methane (AOM)  (Hinrichs et al.,
1999; Hinrichs, 2002; Boetius et al., 2000; Konhauser, 2007).
Thus, the highly 13C-depleted �13Corg values of organic matter in
the fluvial-dominated depofacies may  signify autotrophic carbon
assimilation by a diverse group of organisms, including pho-
toautotrophs, methanogens, anaerobic methanotrophs and sulfate
reducers (Schidlowski et al., 1983; Hayes, 1983, 1994; Des Marais,
2001; Eigenbrode and Freeman, 2006; Eigenbrode et al., 2008).
Hayes (1994) interpreted the exceptionally 13C-depleted organic
carbon (<−60‰) from the ∼2.7 Ga Tumbiana Formation as evidence
for aerobic methanotrophic microbes. However, free oxygen may
not be required to explain the presence of 13C-depleted �13Corg

signatures in the Witwatersrand Supergroup (e.g., Hinrichs, 2002;
Thomazo et al., 2009).

Although  the majority of pyrite in the fluvial-dominated depo-
facies is composed of negative �33S values, near-zero and positive
�33S anomalies are recorded from bulk rock samples in the prox-
imal facies of the Promise and Coronation formations (Fig. 7C). By
comparing micro-drilled and bulk rock sulfur isotope compositions,
it is apparent that the near-zero to positive �33S anomalies are
hosted by finely disseminated pyrite (DIA-3). Similar observations
have been noted from previous studies, where finely dissemi-
nated pyrite revealed positive �33S signatures and nodular pyrite

revealed negative �33S values (Kamber and Whitehouse, 2007;
Ono et al., 2003, 2009b). This small-scale isotope heterogeneity sug-
gests multistage sequestration of sulfur from both oxidized (SO4)
and reduced (S0) sulfur reservoirs (Ono et al., 2009a).
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Fig. 11. The Coronation Formation (Kensington diamictite Member). Proximal diamictite (BAB1 drill-core): (A) Possible striations on a chert-pyrite clast (see Fig. 4C). (B)
Carbonaceous and pyritic siltstone-shale below diamictite. Note sharp contact and deformation of bedding. Similar features occur below the Witfontein diamictite Member in
the  BAB1 drill-core. (C) Carbonaceous mudstone parting in diamictite. (D1) Pyrite nodules in carbonaceous siltstone-shale overlying diamictite. Note increase in �34S values
and  decrease in �33S values with time. (D2) Illustration of slumping event and syn-depositional nodule fragmentation (sediment movement was from right to left). Distal
diamictite (AM1 drill-core): (E) Silverfields iron formation bisected by diamictite hosting anvil-shaped quartz clasts. Data insets: �34S (white regular), �33S (white bold) and
�13Corg (grey bold). Drill-core samples are several decimeters in length.
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.3.1. Interbedded diamictite in the fluvial-dominated depofacies
Anomalous sulfur and organic carbon isotopic compositions

ere observed from sedimentary rocks interbedded with diamic-
ite in the Coronation Formation (Figs. 7B–E and 11). At the base of
he formation, highly 13C-depleted organic carbon (−44.3‰) and

ass-dependent sulfur (+0.0‰) isotope signatures were measured
rom a thin pyritic carbonaceous shale bed underlying the first
iamictite unit (Fig. 11B). These geochemical parameters may  hint
t oxidizing conditions associated with methanotrophy at the onset
f glaciation. However, significant S-MIF from diagenetic pyrite
ithin the diamictite (−1.4 to +1.2‰) suggests that atmospheric

xygen levels were kept low during glaciation (Figs. 7 and 11C). The
ccurrence of a high �34S value (up to +16.5‰) within the diamic-
ite is puzzling, since it surpasses the �34S composition expected
or contemporaneous seawater (+10 to +13‰; Bao et al., 2007).
nusually high �34S values have also been documented from sed-

mentary rocks following Neoproterozoic glacial events, and these
nomalous values were attributed to efficient removal of pyrite
nder extremely low seawater sulfate concentrations (Hurtgen
t al., 2002, 2005; Shen et al., 2008; Ries et al., 2009). The obser-
ation of highly variable and remarkably negative �33S values
rom pyrite nodules in transgressive shales overlying the diamictite
∼−2, −3 and −4‰) is consistent with extremely low sulfate con-
entrations in ambient basin water (Figs. 7D and 11D). These highly
3S-depleted sulfides may  represent the sulfur isotope composition
f sulfuric acid aerosols that were trapped in glacial ice and were
ubsequently washed out into a sulfate-poor basin during post-
lacial stages. This interpretation is based on the lateral correlation
etween the pyrite nodules in the BAB1 drill-core and granule-
ized lonestones/dropstones in the AM1  drill-core (Fig. 11D and
). An alternative explanation for the highly negative �33S values
ay be linked to increased levels of optical transparency in the
esoarchean atmosphere during the period of glaciation (e.g., thin-

er organic haze and lowered ultraviolet shielding capacity) (e.g.,
homazo et al., 2009).

It  is unclear what caused the development of the three puta-
ive glacial events in the Government Subgroup. It is, however,
nteresting to note that the lowermost glacial event closely follows
he advent of compressional tectonics in the basin (Beukes, 1995;
chmitz et al., 2004). If this collisional event marks a stage of super-
ontinent amalgamation, then it could have contributed to colder
limatic conditions by increasing Earth’s albedo (tectonic uplift)
nd by the drawdown of CO2, CH4 and H2 via increased silicate and
ulfide weathering, photosynthesis, methanotrophy, microbial sul-
ate reduction and pyrite burial (Eyles, 1993; Evans, 2003; Kasting
nd Ono, 2006; Kasting and Howard, 2006; Reinhard et al., 2009;
illiford et al., 2011). Indeed, the confluence of these factors has

een proposed as a trigger mechanism for glaciations in the Pro-
erozoic and Phanerozoic Eons (Evans, 2003; Zahnle et al., 2006).
lthough tempting to ascribe the extreme sulfur isotopic signatures

o these global perturbations in the atmosphere and lithosphere, it
s at present, more appropriate to suggest a local control over the
eochemical parameters until the diamictite is assessed in more
etail from other localities.

.  Tectono-sedimentary and depositional models

In  summary, it remains to present a conceptual depositional and
ectonic model that integrates and explains the observed sulfur and
rganic carbon isotope record.
.1. Trailing margin setting of the Hospital Hill Subgroup

At around 2.96 Ga, a protracted marine transgression flooded
he central and southeastern parts of the Kaapvaal Craton. The
 216– 219 (2012) 208– 231

basal  strata of the corresponding depositories, the West Rand
and Mozaan groups, represent the proximal and distal parts of
a trailing margin basin (Figs. 3 and 12A) (Camden-Smith, 1980;
Beukes and Cairncross, 1991; Beukes, 1995, 1996; Beukes and
Nelson, 1995; Nelson et al., 1995; Nhleko, 2003). General high-
stand of sea level conditions and active creation of accommodation
space resulted in the vast accumulation of siliciclastic sedimen-
tary rocks over most of the Kaapvaal Craton. The observation of
mature quartz arenites, gradational contacts between lithologi-
cal units and the scarcity of soft-sediment deformation structures
implies rather stable tectonic conditions that were characterized
by limited sediment input, much reworking and dispersion of sed-
iment into a wide and open shallow marine shelf environment.
The shoreline was characterized by clean and well sorted quartz
arenite, wavy and lenticular-laminated siltstone-shale and car-
bonaceous mudstone (Fig. 12A) (Beukes, 1996). The average �13Corg

composition of these argillaceous sedimentary rocks (∼−28‰)
suggests that the carbon was  mainly derived from primary pho-
totrophic and/or chemolithoautotrophic producers. The absence
of diagenetic pyrite and diagenetic Fe-carbonate in the carbona-
ceous sedimentary rocks indicates that organic carbon degradation
may have proceeded via fermentation processes and possibly
via nitrate-reduction (Fig. 12A) (Godfrey and Falkowski, 2009).
Occasionally during periods of rapid relative sea level rise, the
continental shelf of the trailing margin basin became completely
drowned, resulting in shelf conditions that were starved with
respect to siliciclastic input. It was during these periods that iron-
enriched hydrothermal plume water upwelled onto the shelf to
form laterally continuous beds of magnetic mudstone and banded
iron formation (Beukes and Cairncross, 1991; Smith, 2007). It was
probably during this stage that the Witwatersrand-Mozaan basin
achieved its maximum areal extent – far beyond the presently pre-
served structural limit of the basin (Fig. 2A) (Myers et al., 1990;
Beukes and Cairncross, 1991; Beukes, 1995; Beukes and Nelson,
1995). Such a transgressive event is preserved in the lower Park-
town Formation, where an iron-enriched hydrothermal plume
upwelled over and onto carbonaceous mudstone of the proximal
marine depofacies. The resultant formation of 13Ccarb-depleted Mn-
bearing Fe-carbonate concretions is seen as a direct consequence of
this event and may  signal very low concentrations of free oxygen
in basin water at this time (e.g., Cochrane, 2009). The possibility
that Mn-oxyhydroxides were present in the environment is sup-
ported by the high Co concentrations (up to 1.8 wt.%) measured
from diagenetic pyrite in carbonate facies BIF in the Hospital Hill
Subgroup (Guy et al., 2010). These anomalous concentrations of
Co were tentatively linked to the reductive dissolution of Fe–Mn-
oxyhydroxides during diagenesis (Guy et al., 2010). Interestingly,
rare pyrite in the carbonate facies BIF displays more 34S-enriched
�34S values (+5 to +7‰) than pyrite from magnetic mudstone and
oxide facies BIF, which plot near the ARA (Fig. 9B). Considering
the negative �33S–�34S correlation observed from samples from
the Hospital Hill Subgroup (Fig. 9B), the more 34S-enriched �34S
values from the carbonate facies BIF might indicate the incorpo-
ration of a mass-dependent oceanic-derived sulfate component
(∼+12‰; Ueno et al., 2008). Sequestration of the sulfate reservoir
might have been aided by the presence of an organic substrate,
which was  subsequently degraded into carbonate by the Fe- and
Mn-oxyhydroxide reducers (Figs. 9B and 12A).

From a basinal perspective, the occurrence of positive �33S val-
ues in both proximal and distal marine depofacies implies that
the water column must have been highly depleted in sulfate. This
is supported by the presence of diagenetic Fe–Mn carbonates,

extremely low S/C ratios, absence of early diagenetic pyrite and
high organic carbon content (Fig. 5). However, in more detail there
is a clear trend for �33S values in distal shelf iron formations to
be more positive in relation to proximal carbonaceous mudstones
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Fig. 12A). This trend can be explained by either the rapid sequestra-

ion of the reduced photochemical reservoir in Fe-rich sedimentary
ocks (e.g., Ono et al., 2009a,b) and/or that the diminished signa-
ures in the carbonaceous mudstones reflect later generations of
iagenetic or epigenetic pyrite (Fig. 12A).
up and (B) the foreland basin of the Government Subgroup. Note that with rapid
land basin. Fluvial deposition was interrupted by three putative glacial events.

7.2.  Foreland basin setting of the Government and Jeppestown

subgroups

Sequence stratigraphic analyses and basin reconstruction of the
West Rand Group reveal that the middle and upper parts of the
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est Rand Group were deposited in a foreland basin ahead of
n advancing fold and thrust mountain belt to the west and/or
orthwest, coupled with a trailing margin basin to the southeast
f a peripheral bulge (Fig. 12B) (Beukes, 1995). The base of the
overnment Subgroup (i.e., the Promise Formation) rests paracon-

ormably on the Bonanza Formation in the western parts of the
asin, but unconformably on the stratigraphically lower Brixton
ormation in the central and eastern parts of the basin (Beukes,
995; SACS, 2006) (Fig. 3). The differential preservation of strata
as interpreted as low angle flexuring in response to foreland

asin tectonics (Beukes, 1995). This interpretation is supported by
he supposed age of terrane collision between the Kimberley and

itwatersrand blocks at ca. 2.93 Ga, i.e., the age of the lower Gov-
rnment Subgroup (Beukes and Nelson, 1995; Schmitz et al., 2004).
s a result of increased tectonism, the source area shifted towards

he northwest and depositional styles changed from essentially
arine in the preceding Hospital Hill Subgroup to mixed fluvial-
arine in the Government and Jeppestown subgroups (Watchorn,

981; Beukes, 1995). The deposition of immature sedimentary
ock types, abundance of soft-sediment deformation, and the
resence of disconformable lithological contacts are symptomatic
f rapid sediment deposition, negligible reworking and tectonic
nstability (Watchorn, 1981; Beukes, 1995). Tectonic uplift would
ave facilitated in the delivery of siliclastic components, dissolved
utrients (transition metals, phosphorus) and sulfur into the basi-
al environment (Hoffman and Grotzinger, 1992; Beukes, 1995;
onhauser, 2007; Campbell and Allen, 2008). The effects of this
hemical influx, specifically sulfur, are reflected by the appear-
nce of early diagenetic pyrite (Guy et al., 2010), negative �33S
alues and highly 13C-depleted organic carbon in the fluvial-
ominated depofacies adjacent to the orogenic terrane/volcanic arc
Figs. 7A, 9A, C, D and 12B). Together, these geochemical signa-
ures probably represent the products of a syntrophic relationship
etween sulfate reducers and anaerobic methanotrophs along a
ethane-sulfate transition zone (DeLong, 2000; Orphan et al.,

001). This relationship would explain the limited preservation
f organic carbon in the fluvial-dominated depofacies, the covari-
nce between sulfur and organic carbon (Fig. 5C) and possibly, the
ause of the three glacial episodes in the Government Subgroup.

 crustal source of the sulfur influx was initially proposed due
o the spatial association between trace-element-rich early diage-
etic pyrite (e.g., Ni, Co and As) and fluvial braidplain deposits, and
heir dual connection with a foreland basin tectonic setting (Guy
t al., 2010). This earlier suggestion is coherent with the multi-
le sulfur isotope results obtained during this study and may  also
xplain the preponderance of reworked fragments of sedimentary
yrite in the auriferous quartz-pebble conglomerates of the Cen-
ral Rand Group (Hofmann et al., 2009; Guy, 2012). Although the
recise origin of the inferred crustal sulfur reservoir is not immedi-
tely apparent, it may  be related to subaerial volcanism (Kump and
arley, 2007; Gaillard et al., 2011) and/or low temperature geother-
al systems (McCarthy et al., 1990; Myers et al., 1990; Falconer,

003) and/or weathering of reactive sulfide minerals in the hinter-
and, e.g., pyrrhotite (Reinhard et al., 2009; Lefticariu et al., 2010;

acey et al., 2011). Mixing between these various sulfur reser-
oirs may  have produced a crustal sulfur reservoir characterized
y small �33S anomalies and �34S values between 0 and +10‰
Chaussidon et al., 1989; Ohmoto and Goldhaber, 1997). The par-
ial restriction of the basin behind the foreland bulge could also
ave led to higher concentrations of dissolved sulfur in the basin,
specially at times of relatively low stands of sea level (e.g., the
ower Coronation and Rietkuil formations). Thus, the ambient water

n the foreland basin consisted of sulfur that was  predominantly
erived from a mass-dependent crustal reservoir (�34S = ∼+3 to
5‰), with lesser inputs from a mass-independent photochemical
eservoir (i.e., data points along the ARA) and a mass-dependent
 216– 219 (2012) 208– 231

seawater reservoir (�34S = ∼+10 to +12‰; Ueno et al., 2008)
(Figs. 9D and 12B).

It  is important to stress that in the distal parts of the fore-
land basin (e.g., AM1  drill-core) and in the direction of the Mozaan
basin, distal marine sedimentation prevailed. In a similar manner
to the Hospital Hill Subgroup, Fe-enriched hydrothermal plume
waters occasionally transgressed into the foreland basin during
periods of rapid sea level rise (e.g., Silverfields iron formation in the
Coronation Formation). Depositional facies tracts and geochemical
signatures of the distal marine depofacies in the Government and
Jeppestown subgroups are very similar to those of the distal marine
depofacies of the underlying Hospital Hill Subgroup and much of
the same sedimentary and diagenetic conditions and processes
must have occurred (Fig. 12A and B). However, there are two  major
differences. First, the magnitudes of the positive �33S anomalies
in the foreland basin are attenuated by almost half relative to the
�33S anomalies in the Hospital Hill Subgroup (Figs. 9B and 12). Sec-
ond, the negative �33S–�34S correlation intersects the �34S axis at
a value between +3 and +5‰ in the foreland basin, in comparison
to ∼+12‰ in the Hospital Hill Subgroup (Figs. 9B and 12). The low-
ering of the �34S and �33S intercepts in the foreland basin tectonic
setting is most probably related to mixing with the crustal sulfur
reservoir, as described above.

8. Conclusion

Multiple sulfur and organic carbon isotope ratios were mea-
sured from non-conglomeratic sedimentary rocks of the ca.
3.0–2.8 Ga Witwatersrand Supergroup to investigate the occur-
rence of small �33S anomalies (±2‰) during the Mesoarchean Era
and their potential link to diamictite deposits on the Kaapvaal Cra-
ton (e.g., Ono et al., 2006a,b,c). In contrast to previous studies, a
large number of lithologically diverse rock samples were collected
from different geographic locales in the basin (proximal to distal
depofacies) and from virtually all shale-bearing intervals in the
Witwatersrand Supergroup. In addition, detailed petrographic and
mineral chemical analyses were conducted on pyrite to distinguish
the different pyrite generations and to better constrain the para-
genetic history of pyrite in non-conglomeratic sedimentary rocks.
This multifaceted approach removed the masking effects caused
by post-depositional alteration (e.g., Fig. 9H) and revealed a more
accurate representation of the multiple sulfur and organic isotope
record of the Witwatersrand Supergroup.

The emerging picture of the multiple sulfur and organic carbon
isotope record illustrates the interplay between Archean atmo-
spheric chemistry, biology and geology. In the marine depositional
environments of the tectonically quiescent Hospital Hill Sub-
group, seawater sulfate concentrations were very low and rare
pyrite contained an elemental sulfur photochemical signature.
Carbon cycling probably involved photoautotrophs, methanogens
and Fe–Mn reducers. In contrast, the fluvial-dominated depofacies
that formed during tectonically active periods of sedimentation
contained higher levels of dissolved sulfate – as evidenced by abun-
dant early diagenetic pyrite and the occurrence of small �33S
values caused by mixing of a variety of mass-dependent and
mass-independent sulfur reservoirs (e.g., crustal, photochemical
and marine). Carbon cycling in these environments involved pho-
toautotrophs, methanogens, anaerobic methanotrophs and sulfate
reducers.

Numerous hypotheses have been proposed to explain the sec-
ular reduction of the magnitude of �33S during the Mesoarchean

Era (e.g., Ono et al., 2006a; Ohmoto et al., 2006; Farquhar et al.,
2007; Domagal-Goldman et al., 2008; Thomazo et al., 2009; Halevy
et al., 2010). These hypotheses sought to relate the �33S record
with changes in atmospheric chemistry. However, the results from
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his study suggest that the small magnitudes of the �33S anomalies
n the Witwatersrand Supergroup are primarily due to dilution of
he atmospheric signature by mass-dependent crustal sulfur (e.g.,
ubaerial volcanism, pyrite weathering). Indeed, the input of crustal
ulfur into the basin environment may  have played an important
ole in ushering in the Mesoarchean glaciations – which paradox-
cally, might also explain the presence of large magnitude �33S
nomalies (−4.0 to +1.3‰) in the diamictite-bearing Coronation
ormation (e.g., Fig. 3 of Williford et al., 2011).
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