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Abstract. First large-scale concentration of gold in the
continental crust resulted from Mesoarchaean atmospheric and biological evolution. Chemistry of the Mesoarchaean atmosphere and hydrosphere enabled a high
Au flux off the Archaean land surface. When early life
gradually changed from anaerobic anoxygenic to
oxygenic photosynthesizers at around 3.0 Ga, the first
“whiffs” of free oxygen produced by emerging oxygenic
photosynthesizers under an overall reducing atmosphere
provided a trap for Au dissolved in the huge reservoir of
meteoric and shallow sea waters. Remnants of this
microbially mediated gold are preserved in thin kerogen
layers in some Witwatersrand reefs, which developed on
erosional unconformities, scour surfaces and bedding
planes in near-shore environments at around 2.9 Ga.
This gold provided the principal source for the very rich
Meso- to Neoarchaean placer deposits that formed by
subsequent sedimentary reworking of the delicate
microbial mats on aeolian deflation surfaces, into fluvial
channels and delta deposits. Later tectonic reworking of
these ancient gold-rich sediments by orogenic processes
explains the temporal peak of orogenic-type gold
formation at around 2.7 to 2.4 Ga. With time the strongly
gold-enriched Archaean sediments became progressively
eroded, covered or tectonically reworked, and their role
as potential source of younger placer deposits
diminished.
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1 Background
Gold has been concentrated in a huge variety of deposit
types through a diverse range of magmatic, hydrothermal
and sedimentary processes. By far, the two most
important gold deposit types are conglomerate-hosted
(Witwatersrand-type) and orogenic-type deposits.
Temporal distribution of orogenic gold deposits is
closely linked with periods of enhanced crustal growth
between 2.7 and 1.9 Ga as well as lesser peaks at around
2.9, 0.6, 0.28 and 0.12 Ga (Groves et al. 2005). Mode of
deposition and timing of Witwatersrand gold
mineralization has been a source of extreme controversy
with disparate depositional models, syngenetic
(palaeoplacer) and epigenetic, having been proposed
(e.g. Robb and Meyer 1991; Minter et al. 1993;
Barnicoat et al. 1997; Phillips and Law 2000). Data
gathered over the past two decades clearly indicate that a
purely epigenetic model is untenable, however, and that
the principle stage of mineralization was synsedimentary. Limited local remobilization of gold and
other ore constituents by post-depositional fluids has
occurred (modified palaeoplacer model of Robb and
Meyer 1991); for a review and arguments for/against the
various models see Frimmel et al. (2005).

It has been estimated that more than 80% of all
known gold was initially deposited in continental crust
of Mesoarchaean age and this gold was likely mantle
derived (Frimmel 2008). Melts and hydrothermal fluids
in the course of tectonic recycling of Archaean crust
undoubtedly remobilized much of this early gold as
indicated by order of magnitude less Os in
(hydrothermally) recycled gold (Frimmel and Hennigh
2015).
A syngenetic model for Witwatersrand deposits
requires a mega-gold depositional event during the
Mesoarchaean. The ultimate source of this gold has
remained the biggest challenge for the palaeoplacer
model and has remained highly controversial for many
decades. Recent research has shown the possibility of
microbial mediation in the concentration of gold and of
high Au-solubility in syn-depositional meteoric waters
and seawater, thus offering a potential solution to the
source problem (Horscroft et al. 2011; Frimmel 2014;
Frimmel and Hennigh 2015; Heinrich 2015).

2 Witwatersrand-type deposits
Conglomerate-hosted gold mineralization is by no means
restricted to the Mesoarchaean Witwatersrand Basin but
is a style of mineralization observed on almost all
cratons and is common to many siliciclastic successions
that developed on Archaean to Palaeoproterozoic
basement. The overall ore mineralogy of the
Witwatersrand-type deposits/occurrences is strikingly
similar, with differences being related primarily to age.
Deposits that are older than the Great Oxidation Event
(GOE) at c. 2.4 Ga are rich in both detrital and
synsedimentary pyrite as well as detrital uraninite,
whereas those younger than the GOE contain detrital Feoxides (haematite, magnetite) and lack detrital uraninite.
Moreover, many of the older Archaean examples,
especially those that are particularly well endowed in
gold, contain more or less abundant stratiform kerogen
layers (“carbon seams”) that represent former microbial
mats (Frimmel and Hennigh 2015). Such carbon seams
are conspicuously missing in all the younger,
Palaeoproterozoic examples.
A further significant difference lies in the shape and
size of gold particles in the various deposits. The
presence of detrital gold particles has been ascertained in
almost all examples but much of that gold had been
remobilized into texturally late positions in those
deposits that had experienced low- to medium-grade
metamorphic overprint. This notwithstanding, many of
these deposits, except for those in the Witwatersrand
Basin, contain well-preserved gold nuggets that display
variable degrees of mechanical abrasion and deforPlenary Sessions
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mation, thus reflecting a range of transport distances
from their respective sources in a former hinterland.
Specific sources in the form of older, eroded gold
deposits, be it greenstone-hosted gold-quartz veins or
older conglomerate-hosted placer deposits, is indicated
for many of the Witwatersrand-type deposits that are
younger than 2.8 Ga, such as those in the Fortescue,
Caraça, Jacobina, and Tarkwa groups, the Roraima
Supergroup, as well as in the younger deposits in the
Kaapvaal Craton, specifically the Elsberg Reefs,
Ventersdorp Contact Reef and the Black Reef. In
contrast, no specific sources are known for the older
examples in the Witwatersrand Supergroup, which has
posed a major problem for the palaeoplacer model and
has been used as critical argument by those favouring an
epigenetic gold mineralization (e.g. Phillips and Law
2000).

3

Hydrocarbons and gold

Hydrocarbons are, though usually very rare, a ubiquitous
feature in many Witwatersrand-type deposits, especially
in Archaean ones. Two principal types of textural
appearance of such hydrocarbons can be distinguished:
(i) bituminous globules and (ii) “carbon seams”. Carbon
isotope data on both types attest to a biogenic origin of
the C (Spangenberg and Frimmel 2001). The textural
position of pyrobitumen globules leaves little doubt that
they are related to migrating oils, which is further
supported by the presence of oil-bearing fluid inclusions
(Drennan and Robb 2006). In contrast, the “carbon
seams” occur as stratiform, mm- to cm-thick layers, or as
thin films on erosional unconformities, scour surfaces
and bedding planes at the bottom of the auriferous
conglomerate beds, where they display stromatolite-like
columnar microstructures perpendicular to bedding.
Their microstructural and textural characteristics as well
as very little variation in δ13C between individual nalkanes suggest that they represent in-situ microbial mats
and thus kerogen (Frimmel and Hennigh 2015). In
places, as much as 70 % of all the gold has been reported
as attached to such kerogen seams in the form of thin
platelets on the surface of the stromatolite-like surface
structures. This raises the question of the possibility of
microbially mediated fixation of gold. Considering the
age of the kerogen seams (mainly at around 2.9 Ga) and
the growing recognition that the change-over from
anoxygenic to oxygenic photosynthesis took place at
around 3 Ga (Lyons et al. 2014), it is most likely that
these kerogen seams represent remnants of first oxygenic
photosynthesizers, probably cyanobacteria.

4 From microbially mediated to placer gold
In an essentially O2-free Archaean atmosphere, high CO2
as well as SO2 and H2S concentrations were invariably a
consequence of volcanic degassing, with the SO2/H2S
ratio being predominantly controlled by the proportion
of submarine to subaerial volcanism. Contemporaneous
rainwater was acidic (pH ≈ 4) and caused deep chemical
weathering of the Archaean land surface as indicated by
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geochemical data. Widespread kaolinitization of
feldspar-bearing rocks buffered the pH of local meteoric
waters to c. 6. This, together with elevated H2S fugacity,
as indicated by the omnipresence of detrital and
synsedimentary pyrite enabled orders of magnitude
higher solubility of Au as AuHS(aq) or as Au(HS)2-, thus
causing a high fluvial Au flux from the Mesoarchaean
land surface (Frimmel 2014; Heinrich 2015).
Wherever and whenever river water with a high
dissolved Au-load came into contact with the surface of
the postulated cyanobacterial mats, gold would have
precipitated according to an oxidation reaction, such as:
4 Au(HS)2- + 15 O2 + 2 H2O = 4 Au + 8 SO42- + 12 H+.
The microbial mats, which had grown in low-energy
environments, such as temporarily flooded river banks in
braided river systems, estuaries, lagoons or shallow
shelves, are delicate structures with little preservation
potential. Any regressive stage in the littoral region or
flooding event in the braided river system would
invariably have led to fluvial reworking of the freshly
deposited microbial mats into coarser-grained fluvial
deposits, such as the auriferous conglomerates (Fig. 1).
This is beautifully evidenced by the truncation of carbon
seams that developed on very gently dipping
unconformities or disconformities, by fluvial erosion
channels. Platy and filamentous gold particles released
from the carbon seams by fluvial reworking would have
been rolled into micro-nuggets and re-deposited
downstream as heavy mineral concentrate. Many of the
rounded micro-nuggets described from several
Witwatersrand reefs (e.g. Minter et al. 1993) can be thus
explained.
Elsewhere, on aeolian deflation surfaces, microbial
mats would have dried up and become removed by
wind. The delicate thin gold platelets on the growth
surfaces of the microbial columns would have been
released and blown away as flakes. A typical
morphological expression of wind-blown gold particles
is toroids with double-sided over-folded rims that result
from peening by saltating sand grains (Fig. 1e) – a
morphological feature common in some Witwatersrand
reefs (e.g. Basal Reef, Minter et al. 1993).
Although gold-enrichment processes may have acted
in the shallow marine environment, evidence of gold
enrichment in deep marine siliciclastic sedimentary
rocks from the Mesoarchaean is unclear. The lack of
gold-enrichment in deeper marine sediments of the
Witwatersrand may be explained by a lack of planktonic
photosynthesizing microbes at that time, thus no goldprecipitation mechanism was available to contribute
gold to the sediment column, or perhaps gold grades
were diluted where sedimentation rates were higher.
Mesoarchaean marine turbidite sequences, the material
with which the latter hypothesis could be tested, are only
poorly represented in the geological record. One of the
few well-preserved turbidite sequences from this time is
the 2.93 Ga Mosquito Creek Formation near Nullagine
in the Pilbara Craton and it displays high background Au
concentrations of up to 1.4 ppm in conglomerate facies
within the fan apex (Frimmel and Hennigh 2015).
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Figure 1. Schematic block diagram illustrating
the likely depositional environments of a braid
delta, using the Steyn and Basal reef
palaeoplacers in the Welkom goldfield as
example (after Minter et al. 1993), also
highlighting the four principal stages involved
in the formation of the gold deposits; b – d
Photographs illustrating different stages of
reworking of microbial mat-hosted gold to
placer gold: b Gold platelets/filaments on
surface of microbial columnar structures, Vaal
Reef ; c Gold toroid with overfolded rim in
conglomerate next to kerogen seam shown in
Fig. 1b; d SEM image of gold toroid with
overfolded rim, Basal Reef; e In-situ gold toroid
with overfolded rim (arrow) between detrital
pyrite grains (Py) in Basal Reef, under
combined transmitted and reflected light; f Gold
concentrated along crossbeds in pebbly quartz
arenite at base of Basal Reef, Free State Geduld
mine, Welkom goldfield (from Frimmel and
Hennigh 2015).

5 The Precambrian crustal gold cycle
Similar to the secular changes in the concentration of
other metals, such as Fe and Mn, the interplay between
Earth’s evolving mantle, atmosphere and biology also
dictated the concentration of gold into Earth’s crust (Fig.
2). For a highly siderophile element (HSE), such as Au,
sequestration into juvenile continental crust would have
reached a maximum in Palaeo- to early Mesoarchaean
times and been a function of crustal growth rate, degree
of melting in the mantle (and thus mantle temperature),
and HSE-availability in the source region within the
mantle. Thus elevated background concentrations of Au
are to be expected in Archaean crustal rocks, with likely
differences between better and less well-endowed
cratons dependent on the HSE-pre-enrichment in their
respective source regions in the mantle, be it due to
endogeneous processes (e.g. incomplete core-mantle
separation) or exogeneous processes (HadaeanPalaeoarchaean heavy meteoroid bombardement).
Considering the exceptionally high amounts of Au and
PGE in the Kaapvaal Craton in the Witwatersrand Basin
and the Bushveld Complex, respectively, that craton
appears to represent crust that differentiated from a
particularly well-endowed mantle domain.

By about 3 Ga, maximum Au flux off the land
surface should have been reached because of maximum
Au background values in the young continental crust and
most suitable environmental conditions. Only by about
2.90 Ga had sufficiently large oxygenic photosynthesizing microbial communities developed that
could scavenge large amounts of gold from the
surrounding waters. This first concentration of gold to, in
places, ore grade had a profound effect as it triggered the
onset of the crustal gold cycle. Much of the microbially
fixed gold soon became reworked by sedimentary
processes into placer deposits that are marked by small
grain size of the detrital particles. With a delay of some
200-400 myr, tectonic recycling of the Mesoarchaean
sediment-hosted gold by orogenic processes led to the
secular peak in orogenic gold deposit formation in the
Neoarchaean. Subsequently, these orogenic gold deposits
became more and more important sources for younger,
Neoarchaean to Palaeoproterozoic gold placer
accumulations,
whereas
older
palaeoplacers
progressively lost significance as source rocks over time.
Concentration of gold in deeper marine environments
was probably slowed down from Meso- to Neoarchaean
times because of a change in seawater chemistry due to
the transition from predominantly submarine to
predominantly subaerial volcanism.
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surface waters to take up Au from chemically weathered
rocks diminished by orders of magnitude. The Au flux
from the land surface towards the ocean became
effectively insignificant and the Au concentration in
Palaeoproterozoic seawater must have decreased
dramatically. Further large-scale microbially mediated
fixation of gold as postulated for Archaean times, be it in
fluvial or shallow marine environments, became
practically impossible. As the preservation potential of
the Archaean and possibly earliest, pre-GOE
Palaeoproterozoic gold-rich microbial mats and placer
deposits on the surface quickly decreased with time, they
became less and less likely source candidates for
younger placer gold accumulation. This might explain
the lack of Witwatersrand-type deposits younger than 1.8
Ga. Instead, much of the crustal gold cycle took place by
magmatic, hydrothermal and metamorphic processes
within the lithosphere.
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Figure 2. Main stages of gold concentration styles in relation
to the evolution of Earth’s atmosphere and secular distribution
of iron formations from Archaean to Palaeoproterozoic time: a
Evolution of atmospheric partial pressure of oxygen (pO2)
relative to present atmospheric level (PAL); blue arrows denote
first “whiffs” of O2 emanating from first emerging oxygenic
photosynthesizing microbes; b Evolution of atmospheric
H2S/SO2 ratio and pCO2; c Secular distribution of marine Fe
deposits (banded and granular iron formations) compared with
that of mantle plumes (red), also shown is the secular variation
in mantle temperature (stippled curve); d Secular variation in
orogenic gold formation and the main stages of surficial gold
concentration on microbial mats, as uraninite-pyrite placers
and as Fe-oxide-bearing placers; also shown (brown stippled
curve) is the estimated secular variation in the Au-flux off the
ancient land surface (from Frimmel and Hennigh 2015).

As time progressed, more and more of the gold-rich
Archaean sediments became recycled by orogenic or
other tectonic overprints into metamorphic crustal
terrains or via subducted slabs back into the upper
mantle. Some of them melted partially to form potential
reservoirs for later gold-mineralizing magmatic systems.
Thus a variety of gold sources for a range of magmatic
and hydrothermal mineralizing systems evolved, giving
rise to the variety of gold deposit types known. The role
of palaeoplacers as sites for large-scale gold
concentration, however, began to diminish, as their most
fertile sources, the Mesoarchaean microbial mats and
resulting placers, had been either eroded or covered by
younger
sediments
or
tectonically
reworked.
Palaeoproterozoic placers are, therefore, mainly derived
from point sources, i.e. discrete deposits in their former
hinterland. With the drastic changes in atmospheric
composition at around 2.4 Ga (GOE), the capacity of
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