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Abstract
We revisit the S-isotope systematics of sedimentary pyrite in a shaly limestone from
the ca. 2.52 Ga Gamohaan Formation, Upper Campbellrand Subgroup, Transvaal,
South Africa. The analysed rock is interpreted to have been deposited in a water depth
of ca. 50–100 m, in a restricted sub-basin on a drowning platform. A previous study
discovered that the pyrites define a nonzero intercept δ34SV-CDT–Δ33S data array. The
present study carried out further quadruple S-isotope analyses of pyrite, confirming
and expanding the linear δ34SV-CDT–Δ33S array with an δ34S zero intercept at ∆33S ca.
+5. This was previously interpreted to indicate mixing of unrelated S-sources in the
sediment environment, involving a combination of recycled sulphur from sulphides
that had originally formed by sulphate-reducing bacteria, along with elemental sulphur. Here, we advance an alternative explanation based on the recognition that the
Archaean seawater sulphate concentration was likely very low, implying that the
Archaean ocean could have been poorly mixed with respect to sulphur. Thus, modern
oceanic sulphur systematics provide limited insight into the Archaean sulphur cycle.
Instead, we propose that the 20th-century atmospheric lead event may be a useful
analogue. Similar to industrial lead, the main oceanic input of Archaean sulphur was
through atmospheric raindown, with individual giant point sources capable of temporally dominating atmospheric input. Local atmospheric S-isotope signals, of no global
significance, could thus have been transmitted into the localised sediment record.
Thus, the nonzero intercept δ34SV-CDT–Δ33S data array may alternatively represent a
very localised S-isotope signature in the Neoarchaean surface environment. Fallout
from local volcanic eruptions could imprint recycled MIF-S signals into pyrite of restricted depositional environments, thereby avoiding attenuation of the signal in the
subdued, averaged global open ocean sulphur pool. Thus, the superposition of extreme local S-isotope signals offers an alternative explanation for the large Neoarchaean
MIF-S excursions and asymmetry of the Δ33S rock record.

1 | INTRODUCTION

ca. 2.4 Ga, but absent in younger strata (Farquhar, Bao, & Thiemens,

A major breakthrough in understanding the long-term evolution of

2000). In the context of experimental UV photolysis of SO2 and atmospheric chemistry models (Farquhar, Savarino, Airieau, & Thiemens,

the atmosphere was the discovery that mass independently fraction-

2001; Farquhar et al., 2000; Pavlov & Kasting, 2002), this discovery

ated sulphur (MIF-S) is preserved in sedimentary rocks older than

implied that extremely low free oxygen levels, less than 0.001% of the
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present atmospheric concentration (Pavlov & Kasting, 2002), charac-

significant irreversible decline in oceanic Ni concentration at ca. 2.6 Ga

terised the atmosphere before 2.4 Ga. At such low oxygen levels, the

is observed (e.g., Gallagher, Turner, & Kamber, 2015; Konhauser et al.,

effective absence of ozone allowed for photochemical production of

2009, 2015; Large et al., 2014), likely reflecting the disappearance of

MIF-S in the atmosphere and its delivery to the Earth’s surface. Since

komatiite and high-Mg basalts on land (Kamber, 2010), a direct con-

the discovery of MIF-S in the pre-great oxygenation event (GOE)

sequence of cooling mantle plume temperatures and a concomitant

sedimentary rock record, the combined data from many studies re-

end of very high-Mg volcanism (Konhauser et al., 2009). Once plume

veal an apparent temporal trend in the magnitude of observed Δ33S

magmas became less magnesian, the crust too was being reorganised

anomalies (e.g., Halevy, Johnston, & Schrag, 2010; Hofmann, Bekker,

in terms of radioactive heat production, and the geology started to ac-

Rouxel, Rumble, & Master, 2009; Thurston, Kamber, & Whitehouse,

quire a more familiar look to that of the Phanerozoic (Kamber, 2015).

2012). Somewhat counter-intuitively, the largest anomalies are not

The onset of Wilson-style plate tectonics has most recently been pro-

found in the oldest terrestrial sediments but occur in sedimentary

posed to have occurred at ca. 3 Ga (Shirey & Richardson, 2011). For

rocks of Neoarchaean age (2.5 to 2.8 Ga), deposited only ca. 100 Ma

these reasons, there is a possibility that throughout the Archaean, the

prior to the putative GOE (e.g., Bekker et al., 2004; Farquhar & Wing,

relative contributions of sulphur species from plume-related versus

2003; Rouxel, Bekker, & Edwards, 2005). It is worth noting that widely

subduction volcanoes may have changed and influenced the evolution

contrasting ranges of Δ33S have been reported from time equivalent

of the Neoarchaean sulphur cycle.

ca. 2.5 Ga old, but geographically and spatially discrete samples; the

Here, we develop a new working hypothesis for the interpreta-

Batatal Formation in Brazil (Cheney, 1996) and the South African

tion of the Neoarchaean S-cycle. It is based on an analogy with the

Campbellrand Carbonate Platform (Paris, Adkins, Sessions, Webb, &

20th-century anthropogenic atmospheric Pb emission “experiment.”

Fischer, 2014; Zhelezinskaia, Kaufman, Farquhar, & Cliff, 2014). In ad-

It posits that Neoarchaean S-cycling was far more dynamic than pre-

dition, an asymmetry in the Δ33S record has emerged, with mean data

viously thought (e.g., Fischer et al., 2014) and that seawater isoto-

skewed in favour of positive Δ33S values during the ca. 2.5–2.7 Ga age

pic compositions could have fluctuated on much shorter timescales

window (Reinhard, Planavsky, & Lyons, 2013). The significance of the

than they do today (Crowe et al., 2014), facilitating the preservation

topology and reason for the asymmetry of the Neoarchaean MIF-S re-

of local S-isotope signatures. We propose the possibility that non-

cord are subject of active research (e.g., Farquhar et al., 2013; Halevy,

zero intercept δ34SV-CDT–Δ33S data arrays may alternatively represent

2013; Halevy et al., 2010; Hofmann et al., 2009; Ohmoto, Watanabe,

very localised S-isotope signatures in the Neoarchaean surface envi-

Ikemi, Poulson, & Taylor, 2006; Ono, Beukes, Rumble, & Fogel, 2006)

ronment, whereby fallout from local volcanic eruptions could imprint

but remain to be fully established.

recycled MIF-S signals into pyrite of restricted depositional environ-

Preservation of the ancient atmospheric MIF-S signal in the sedi-

ments, thereby avoiding attenuation of the signal in the subdued, av-

mentary environment was aided by the inability of the O-depleted, pre-

eraged global open ocean sulphur pool. This model is applied to new

GOE atmosphere to oxidatively weather sulphides from land. Therefore,

quadruple S-isotope data and compiled triple S-isotope MIF-S data

oceanic sulphur was not sourced from riverine run-off (Canfield, 2004;

for Neoarchaean sulphides, addressing the magnitude of MIF-S, the

Ono et al., 2003) but instead almost exclusively derived from the at-

apparent asymmetry of Neoarchaean MIF values, and linear data ar-

mosphere. The evaporite record suggests the pre-GOE sulphate con-

rays from a single Neoarchaean sample (Figure 1a), which do not

centration of sea water was critically low, as gypsum and anhydrite

pass through the origin of the δ34SV-CDT–Δ33S plot (e.g., Kamber &

were only rarely precipitated prior to halite precipitation during evap-

Whitehouse, 2007; Whitehouse, 2013).

oration prior to ca. 1.9 Ga (Grotzinger & Kasting, 1993). The discovery
of MIF-S significantly strengthened earlier arguments for low oceanic
sulphate levels that were based on the observation that the range in

2 | MATERIALS

δ34S is much lower in Archaean sedimentary pyrite than in Phanerozoic
equivalents. The original argument for low levels of seawater sulphate

In terms of new data, this study revisits the 2.521 ± 3 Ga (Sumner &

in the Archaean was explained by Canfield and co-workers (Canfield,

Bowring, 1996) shallow water sedimentary rocks of the Gamohaan

Habicht, & Thamdrup, 2000; Canfield & Raiswell, 1999; Habicht, Gade,

Formation of the Campbellrand Subgroup, Transvaal Supergroup,

Thamdrup, Berg, & Canfield, 2002); however, the simplicity of the logic

South Africa (Beukes, 1987; Sumner & Bowring, 1996). Rocks from

has since been revised (e.g., Fike, Bradley, & Rose, 2015). Nonetheless,

this Formation were first investigated for their MIF-S composi-

a number of recent studies have put forward several lines of evidence

tion by Papineau, Mojzsis, Coath, Karhu, and Mckeegan (2005) and

still pointing towards low levels of seawater sulphate in the Archaean

have since been the subject of further, more comprehensive, studies

(e.g., Crowe et al. 2014; Zhelenskaia et al. 2014). Thus, the Archaean

(Kamber & Whitehouse, 2007; Whitehouse, 2013). The Gamohaan

oceanic sulphur was almost exclusively derived from volcanic emis-

Formation is the uppermost Formation of the >2 km Campbellrand

sions (Holland, 1984; Walker & Brimblecombe, 1985). In this respect,

Subgroup, which preserves interesting quadruple S-isotope systemat-

it is important to recall that the style of magmatism may have evolved

ics throughout (Izon et al., 2015). The Gamohaan Formation is charac-

throughout the Precambrian. Agreement exists that the Archaean

terised by platformal subtidal fenestral microbialites and shales that

witnessed abundant emplacement of plume-derived basalt, driven

ultimately grade into the overlying deeper water Kuruman Formation

by very high temperature plumes (e.g., Kamber, 2015). However, a

iron formation (Figure 2), and has been interpreted to have formed
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F I G U R E 1 Panels a, and c illustrate new quadruple S-isotope data from analysis of the shaley limestone SrKu 34 (see Table S2 in the
supporting information for data). Panel a shows a δ34SV-CDT–Δ33S plot of the new data, exhibiting two well-defined linear arrays. These arrays do
not pass through the origin of the δ34SV-CDT–Δ33S plot, instead intercepting Δ33S at a value of ca. + 5 ‰ and + 4 ‰ (see Figure 2b). The major,
shallowly sloping trend (Figure 2b, m = 0.444) is picked out by both angular and disseminated pyrite morphologies while the minor, more steeply
sloping trend (Figure 2b, m = 0.848) is picked out only by a small portion of the disseminated pyrite. Panel b shows compiled Neoarchaean
and other pre-GOE MIF-S data, with the Neoarchaean data depicting the Archaean array. Many data points fall on an empirical linear trend in
δ34S–Δ33S (Δ33S = 0.9 ×  δ34S; Ono et al., 2003), termed the Archaean array. This is widely interpreted to reflect formation of sulphides formed
by mixing sulphur from two primary atmospheric sources carrying opposite S-MIF signals; reduced sulphur, e.g., S8 (Δ33S >0), and residual
oxidised sulphur, e.g., SO2 and/or H2SO4 (Δ33S <0), both of which are rained out to the hydrosphere and subsequently delivered to the ocean
and sediments (Farquhar et al., 2001; Ono et al., 2003). Additionally, S-species may be subject to MDF and exhibit fractionation in δ34S, along
the SRB trend parallel to the δ34S axis. Panel c shows a Δ33S–Δ36S plot of the new Gamohaan Fm. data from SrKu 34. All of the angular SrKu
34 pyrite data, and some of the disseminated SrKu 34 pyrite data define a very strong linear trend in Δ36S vs. Δ33S with the typical slope of 0.9
but a negative Δ36S intercept of −1, while the rest of the disseminated SrKu 34 pyrite data define a linear regression line Δ36S vs. Δ33S with a
steeper slope (−1.3) and a positive Δ36S intercept of 0.75. The bold black dotted line represents the Archaean MIF array (e.g., Shen, Farquhar,
Masterson, Kaufman, & Buick, 2009), exhibiting the characteristic negative Δ33S–Δ36S correlation with a slope of ca. −1, reported from
Archaean sulphides
in a progressively deepening depositional environment (Fischer et al.,

(1987) and Klein and Beukes (1989) envisaged whole-sale drowning of

2009). Sample SrKu 31 is a contorted microbial mat limestone con-

the platform, whereas Altermann and Siegfried (1997) and Altermann

taining spheroidal pyrite grains (typically >ca. 2 mm) inferred to be of

and Nelson (1998) proposed that there was significant topography

a sulphate-reducing bacterial origin (SRBO) (Kamber & Whitehouse,

across the platform, with emergent palaeo-highs in amongst poorly

2007), interpreted to have formed above the storm wave base in a

connected shallow sub-basins. There is clear evidence that the pre-

shallow marine environment (Beukes, 1987).
Further up the section sample SrKu34 is located. This is a shaley

dominant shallow marine limestone deposition was interrupted by
shale and, more rarely, volcanic tuff emplacement (e.g., Altermann &

limestone interbedded with microbial limestones and abiotic calcite

Siegfried, 1997). Hälbich (1992) commented on the facies variability

precipitates. It is interpreted to have formed in deeper water than

along strike of the Gamohaan Formation and the frequent intermit-

SrKu31, at a depth of 50–100 m, during a brief episode of drowning

tent return of fine-grained clastic sedimentation, implying a relatively

(Beukes, 1987). Pyrite in SrKu34 is present in a range of grain sizes

proximal source of continental sediment. In their Palaeoproterozoic

from massive (ca. 1 mm) concretionary solid angular aggregates, to

plate reconstruction of the Zimbabwe, Kaapvaal and Pilbara cratons,

fine-grained (typically <ca. 20 μm) and disseminated (figure 5: Kamber

Zeh, Wilson, and Ovtcharova (2016) proposed the existence of a

& Whitehouse, 2007). Previous studies (Kamber & Whitehouse,

“Hamersley” arc-retro arc system to the west of the study area as the

2007; Whitehouse, 2013) reported a range of 7.5 ‰ Δ33S within a

source of the tuff horizons and shales, found to be associated with

15 × 5 mm cutting from a single 76 × 26 mm thin section of this sam-

carbonates in the Campbellrand Subgroup. As will become apparent,

ple. In addition, data from this single sample define a strong linear

we attribute special importance to the position of shale beds and tuffs

array that clearly does not pass through the origin of the δ34SV-CDT–

for the interpretation of S-isotope systematics.

Δ33S plot (Kamber & Whitehouse, 2007), thus strongly deviating from

the “Archaean” array (Ono et al., 2003).
There is agreement that the Gamohaan Formation was deposited

3 | METHODS

during subsidence of the underlying carbonate platform, eventually
giving rise to the deeper water Kuruman Formation. However, opin-

Sulphur isotopes (32S, 33S, 34S and 36S) were analysed using a CAMECA

ions diverge regarding the nature of the subsidence event. Beukes

IMS1280 ion microprobe at NordSIM, Swedish Museum of Natural
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F I G U R E 2 Schematic lithostratigraphic context of the studied samples, including representative REE+Y patterns of carbonates and selected
S-isotope plots. The positions of all samples discussed in text are shown relative to stratigraphic depth in the drill core. The tuff bed at 103 m
depth was dated to 2521 ± 3 Ma by Sumner and Bowring (1996). Insets a, b and d show representative REE+Y diagrams (see Table S1 in the
supporting information for data). The symbols are colour-coded from dark blue (deepest in core) grading to pink (middle) and further to dark
red and black (shallowest in core). The shape of the patterns shows a coherent trend, starting with steeply positive slopes and typical marine
features (e.g., SrKu 2). Up core, the LREE start to increase in abundance and the patterns flatten out (inset a), exemplified by calcareous shale
sample SrKu34 (inset c). Further up the core, the trend is reversed and patterns become steeper again with more prominent marine features,
as shown, for example, by sample SrKu 17 (inset d). The data were first normalised with local shale SrKu 32 (see supporting information Table
S1) followed by vertical transposition to a constant sum of normalised values of 1 to aid visual comparison. Inset b shows a δ34SV-CDT–Δ33S plot
of the newly reported SrKu 34 S-isotope data, along with previously reported (Kamber & Whitehouse, 2007) data for SrKu 31. The spheroidal
pyrites of SrKu 31 exhibit consistently negative MIF-S, with consistent Δ33S values of ca. −0.54 ‰ and variable δ34S values, indicative of a
sulphate-reducing bacterial origin (SRBO)

History, Stockholm. Analytical settings are described briefly below,

Δ36S of −2.44 ± 0.25 ‰ (±1 σ), confirming the reproducibility of the

and closely follow those reported in Kamber and Whitehouse (2007),

SIMS method.

and Whitehouse (2013). Sulphur was sputtered using a

133

+

Cs primary

New rare earth element (REE) data are reported for a few sam-

beam with 20 kV incident energy (10 kV primary, −10 kV secondary)

ples bracketing the pyrite-bearing limestones and the shaley lime-

and a primary beam current of ~1.5 nA, producing secondary ions

stone. These were obtained with routine solution quadrupole ICP-MS

from a slightly elliptical area ~10 μm in diameter (long axis). A normal-

method after preferential digestion of the carbonate fraction in 5%

incidence low-energy electron gun was used for charge compensa-

triple-distilled HNO3 (Kamber, Webb, & Gallagher, 2014).

tion. Analyses were performed in automated sequences, with each

In order to verify the possibility that the recorded Neoarchaean

analysis comprising a 70-s pre-sputter to remove the gold coating of

MIF-S might not average the canonical terrestrial value of V-CDT, sta-

the sample mount over a rastered 15 × 15 μm area, the secondary

tistical analysis of compiled, previously published Neoarchaean and

beam being centred in the field aperture to correct for small variations

other pre-GOE MIF-S data were performed (Figure 3). Neoarchaean

in surface relief, and data acquisition in 24 4-s integration cycles. The

data were defined as those having been obtained from Neoarchaean

magnetic field was locked at the beginning of the session using an

rocks, that is aged between 2500 and 2800 Ma. Pre-GOE data were

NMR field sensor. Secondary ion signals of all four S isotopes were

defined as those having been obtained from rocks aged between

detected simultaneously using three Faraday detectors (for
and

32

S,

33

S

2320 and 4000 Ma, excluding all Neoarchaean data. Separate anal-

S) and an ion counting electron multiplier ( S), with a mass reso-

ysis of three distinct lithological subdivisions was also undertaken.

34

36

lution appropriate to resolve 33S from 32S1H (ca. 4860 M/ΔM).

The supporting information gives further detail on how the litholog-

Data were normalised for instrumental mass fractionation using

ical subdivisions were defined. The compiled data are from references

matrix-matched standards mounted together with the sample mount

assembled in Reinhard et al. (2013); see supporting information for a

and analysed after every seventh sample. The standards were Ruttan

full list of references. For each subset of data, the sample size (n), the

pyrite and Balmat pyrite, with conventionally determined values

range of values, that is the maximum and minimum, the mean, the first

of +1.2 ‰ and + 15.1 ‰, respectively (Crowe & Vaughan, 1996).

quartile, the median, and the third quartiles of the data are provided.

However, recent detailed re-evaluation (Whitehouse, 2013) of the
pyrite standards has resulted in slightly higher recommended values
(+ 1.41 ‰ for Ruttan and + 16.52 ‰ for Balmat, reported in Cabral

4 | RESULTS

et al., 2013), which were used for normalisation in this study. External
precision (standard deviation) based on the observed δ3xS values from

The new REE+Y data are reported in Table S1 of the supporting in-

the primary standard (Ruttan) were propagated onto the reported δ3xS

formation and illustrated in stratigraphic context (Figure 2a, c, and d).

values in quadrature with the run errors, while the external precision

The shale normalised REE+Y patterns display a coherent trend with

on Δ3xS values are the maximum of the external based on Δ3xS values

respect to stratigraphic depth. A marine origin with an open ocean

from both non-MIF standards or the run δ S value. The typical pre-

signal is indicated for the stratigraphically lowest samples (SrKu 2,

3x

cision of δ34S, Δ33S and Δ36S values, after propagating the within-run

SrKu 31, and SrKu 36) (Figure 2a). These samples show the well-

and external uncertainties from standard measurements, were ±0.09

established marine REE features, such as a positive slope (Pr/Yb <1),

‰, ±0.04 ‰ and ±0.26 ‰, respectively. All results are reported with

a positive La anomaly and a superchondritic Y/Ho ratio (see Kamber

respect to the Vienna-Canyon Diablo troilite (V-CDT) meteorite stan-

et al., 2014 for a full discussion) that were originally reported for the

dard (Ding et al., 2001). In addition to these standards, a MIF-positive

Gamohaan Formation by Kamber and Webb (2001). By contrast, up

pyrite from the early Archaean banded iron formation (BIF) in the

section, SrKu34 exhibits a relatively flat shale normalised REE+Y pat-

Isua Greenstone Belt, which previously yielded Δ33S of + 3.18 ± 0.05

tern (Figure 2c) indicative of deposition in a more restricted basin,

‰, and Δ S of −2.20 ± 0.21 ‰ (95% confidence interval) by SIMS

while further up the section, the REE+Y patterns of samples from the

(Whitehouse, 2013), was analysed seven times during this study. The

top of the formation (SrKu 33, SrKu 37 and SrKu 17) (Figure 2d) return

seven analyses yielded an average Δ33S of + 3.12 ± 0.11 ‰ (±1 σ), and

to those typical of more open marine conditions (Kamber et al., 2014).

36
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F I G U R E 3 Four δ34SV-CDT–Δ33S plots of compiled, previously published MIF-S data (a), along with the data subdivided into three distinct
lithological types; carbonates (b), shales (c) and siliceous chemical precipitates (d, including chert, BIF and barite). Compiled, previously published,
Neoarchean MIF-S data are shown in red, while all other pre-GOE data, excluding the Neoarchaean data, are shown in blue. Panels e to h show
corresponding histograms and box and whisker plots identically colour-coded. The range in magnitude of analysed Δ33S values is illustrated
with histograms. The histogram bin size represents 0.2 ‰ Δ33S, within the range of 0.06 ± 0.16 ‰ (average ±2 SD) of all mass dependently
fractionated data from the past 2.2 Ga (Reinhard et al., 2013). In each case, the number of analyses (n) for both Neoarchaean and other pre-GOE
data is noted. See the supporting information for a full list of references used for this compiled, previously published MIF-S database. In box
and whisker plots, the whisker ends illustrate maximum and minimum values, the box illustrates the interquartile range with the median at the
centre, and the mean value in each case is superimposed on the box and whisker plot as a black filled circle. See Table S3 for full details of the
statistical data used for these plots

In situ secondary ion mass spectrometer quadruple S-isotope data

SrKu 34 pyrite data exhibit the characteristic negative Δ33S–Δ36S cor-

for SrKu 34 are reported in Table S2 of the supporting information,

relation with a slope of −1 (e.g., Farquhar et al., 2000), reported for

photomicrographs of analytical sites are given in Figure S1 of the sup-

many Archaean sulphides (Figure 1c). For the purpose of discussion,

porting information, and interested readers are referred to figure 5 of

the newly reported S-isotope data for SrKu 34 are shown along with

Kamber and Whitehouse (2007) for greater petrographic context. The

compiled MIF-S data for Neoarchaean and other pre-GOE sulphides

new data confirm and extend the extreme range in MIF-S recorded

(Figure 1b), and previously reported (Kamber & Whitehouse, 2007)

in this relatively small, single sample, ranging from Δ33S of 0 to + 9.5

S-isotope data for SrKu 31 (Figure 2b).

‰ (Figure 1a). The new data also confirm and expand the previously
34

33

Neoarchaean and other pre-GOE MIF-S data are shown as δ34SV-

established linear arrays and nonzero intercept in the δ SV-CDT–Δ S

33
CDT–Δ S

plot (Kamber & Whitehouse, 2007; Whitehouse, 2013). There is a

analysis (Figure 3e–h; see Table S3 for full details of this statistical

dominant, shallow trend (m = 0.44) and a secondary, steeper trend

analysis). In all cases, the Neoarchaean data are seen to form an overall

(m = 0.85), neither of which intersect the origin, instead intercepting

trend from positive δ34S and Δ33S towards slightly negative δ34S and

33

plots (Figure 3a–d), along with corresponding statistical

Δ S at ca. + 5.06 ‰ and ca. + 4.19 ‰, respectively (Figure 2b). In

Δ33S (Figure 3a–d), broadly delineating Ono et al.’s (2003) Archaean

detail, both the solid angular pyrite and the fine-grained disseminated

atmospheric array (Figure 1b). In contrast, the other pre-GOE data (i.e.,

pyrite from SrKu 34 define the dominant, nonzero intercept linear

all pre-GOE data excluding all Neoarchaean data) appear to cluster

trend, while only a small portion of the fine-grained disseminated py-

more tightly around the origin of the δ34SV-CDT–Δ33S plot and exhibit

rite from SrKu 34 defines the minor, more steeply sloping, nonzero

greater fractionation in δ34S values (Figure 3a–d). In each case, the

intercept linear trend (Figure 1a). Both the angular and disseminated

corresponding histograms with box and whisker plots illustrate the
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range in magnitude of data, the maximum and minimum values, the

to sulphur. Even if the oceanic sulphur residence time was >103 years,

interquartile range, the mean and the median of the compiled data

it is still possible that the mixing time of the Achaean ocean was lon-

(Figure 3e–h). The most important result of this analysis is that the

ger owing to factors such as the smaller continental mass at that time

mean Δ33S value of all compiled Neoarchaean data (Figure 3e: +2.6

(Collerson & Kamber, 1999), possible lack of polar ice caps and differ-

‰) is significantly higher than a neutral, 0 ‰ Δ33SV-CDT mantle com-

ent ocean floor topography (e.g., Galer & Mezger, 1998).

position. This holds true for each of the Neoarchaean lithological

In a situation where the ocean harbours a very large dissolved

subdivisions, with none of the lithologies showing an average 0 ‰

non-MIF sulphate inventory, it becomes impossible to transmit an at-

Δ33SV-CDT mantle composition (Figure 3f–h). The mean Δ33S value

mospheric MIF-S signal into the sedimentary record. This can be illus-

of Neoarchaean carbonate data is furthest from a mantle compo-

trated with data from sulphur retrieved from modern ice caps. Unlike

33

33

sition, at a Δ S value of + 3.0 ‰ (Figure 3f), while the mean Δ S

the ocean, present-day polar ice caps have very low sulphur concen-

value of Neoarchaean siliceous chemical precipitates is closest to a

trations (Minikin et al., 1998; Wagenbach et al., 1998) and, akin to the

mantle composition, albeit still well above 0 ‰ at 1.3 ‰ (Figure 3d).

pre-GOE ocean, do not obtain sulphur from sulphide weathering on

The absence of stronger lithological distinctions in average Δ33SV-CDT,

land. This allows for preservation of MIF-S anomalies associated with

including between shales and carbonates, is somewhat surprising if

large, stratospheric volcanic eruptions (including from low latitudes) in

pyrite formed via two different pathways from separate sulphur pools

polar ice even under the modern oxic atmosphere (e.g., Mt. Pinatubo,

(Farquhar et al., 2013).

June 15, 1991: Baroni, Thiemens, Delmas, & Savarino, 2007; Savarino,

The statistical findings from the compiled Neoarchaean data

Romero, Cole‐Dai, Bekki, & Thiemens, 2003). Naturally, the extent

contrast significantly with findings for the compiled pre-GEO data-

of MIF-S measured in polar ice cores (Δ33S: −0.5 to + 0.7 ‰; Ono

base, excluding Neoarchaean data. For all lithological subdivisions,

et al., 2003) is much smaller than that observed in pre-GOE sediments

the mean Δ33S value of those data is much closer to a MIF-neutral

(Δ33S: −2.5 to + 12.5 ‰; Reinhard et al., 2013), because stratospheric

mantle composition (Figure 3e–h). The pre-GOE carbonates, exclud-

MIF-S that may actually have reached the extreme values recorded in

33

ing Neoarchaean data, have a mean Δ S value approaching 0 ‰

Archaean rocks (Baroni et al., 2007) is heavily diluted with atmospheric

Δ33SV-CDT, at 0.09 ‰ (Figure 3f). The pre-GOE siliceous chemical

sulphur that shows only mass-dependent fractionation (MDF-S). The

precipitates have a mean furthest from a MIF-neutral mantle compo-

polar ice cap data thus show the limitations of using the modern oce-

sition, at 0.45 ‰ (Figure 3d). The magnitude of Δ33S excursions for

anic sulphur systematics as a key to the past. Rather, a more useful

all compiled Neoarchaean data encompasses a wider range of values

modern analogue for the ancient sulphur cycle can come from an el-

(Δ33S from −3.9 ‰ to 14.4 ‰) than the rest of the pre-GOE data (Δ33S

ement that has a very short residence time in the ocean and whose

from −4 ‰ to 11.7 ‰) (Figure 3e). Furthermore, in all cases the com-

main pathway to the ocean is via the atmosphere and not through the

piled, previously published Neoarchaean data are asymmetrical about

dissolved load of rivers or hydrothermal venting. Here we argue that a

33

0 ‰, with a clear bias towards positive Δ S values (Figure 3e–h).

well-studied example of this situation is the anthropogenically dominated lead cycle of the 19th and 20th centuries.

4.1 | The 20th-century atmospheric lead analogy
Before discussing the new data and the statistical analysis, we draw

Lead has a very low natural concentration in sea water, due in
part to its high particle reactivity (Schaule & Patterson, 1981), resulting in very short oceanic residence time (2–100 years: Chow &

attention to the Archaean seawater sulphur concentrations (inferred

Patterson, 1962; Bacon, Spencer, & Brewer, 1976; Nozaki, Thomson,

to be very low) and, as such, the limitations of using modern oceanic

& Turekian, 1976; Nozaki & Tsunogai, 1976). Before industrialisation,

sulphur systematics as a key to the past. Instead we propose that the

the various ocean basins had their individual, unique Pb-isotope sig-

20th-century atmospheric lead event may be a better analogue for the

natures. These can, for example, be reconstructed from analysis of

Archaean sulphur cycle.

pre-anthropogenic hydrogenous sediments, such as ferromanganese

In the absence of oxidative weathering of terrestrial sulphides, the

deposits (e.g., Abouchami & Goldstein, 1995). From the distribution

global pre-GOE sulphur cycle was radically different from the pres-

of the isotope values and their temporal evolution, it is possible to

ent situation (Fike et al., 2015; Habicht et al., 2002). To appreciate the

reconstruct aspects of the ocean circulation over the past 100 Ma or

magnitude of the difference, readers are reminded that sulphate is

so (e.g., Ling et al., 1997) and riverine as well as volcanic aerosol input

the second most abundant anion after chloride in the modern ocean

into the ocean basins (e.g., Chen, Ling, Hu, Frank, & Jiang, 2013; Van

at concentrations of 28,000 μm (Ohmoto & Felder, 1987), whereas

De Flierdt et al., 2003). Thus, prior to industrial pollution, local riverine

pre-GOE seawater sulphate concentration was very low. Available

and atmospheric isotope signals were transmitted to sediments on the

estimates range from <1% (Zhelezinskaia et al., 2014) to <0.01%

ocean floor, yielding provincial patterns (Von Blanckenburg, O’Nions,

(Crowe et al., 2014) of that of modern sea water. Such low sulphate

& Heinz, 1996).

concentrations translate into a very short oceanic sulphur residence
3

4

time, estimated at 10 to 10 years (Crowe et al., 2014). If estimates

In the early 19th century, local industrial lead signals developed
in response to coal burning (e.g., Arnaud et al., 2004) before large-

for a 103 years oceanic sulphur residence time are correct, these res-

scale mining and lead smelting and refining resulted in dominant

idence times are shorter than the modern day ocean mixing time, im-

point sources of atmospheric lead. For example, release of lead from

plying that the Archaean ocean was quite poorly mixed with respect

the giant Pb-Zn-Ag deposit of Broken Hill (New South Wales) can
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be quantitatively reconstructed thousands of km downwind in peat

originally elemental sulphur from the water column. The geological

and lake sediment cores (e.g., Marx, Kamber, Mcgowan, & Zawadzki,

context for this idea, from REE+Y data (Figure 2) and petrographic

2010). With the advent of industrialisation and particularly with the

analysis (Kamber & Whitehouse, 2007), is that SrKu31 was deposited

use of tetraethyl lead as an anti-knock agent in petrol, the natural

in open ocean, shallow water (Figure 2a) incorporating SRBO pyrite

atmospheric-oceanic lead cycle became completely transformed. The

largely plotting in the bottom left quadrant of the δ34SV-CDT–Δ33S

addition of tetraethyl lead to petrol increased from the early 20th
century to a peak in 1970, after which international bans led to the

plot, with consistently negative Δ33S values, ca. −0.54 ‰, and an isotopic gradient in δ34S from ca. −8 to + 2 ‰ (Figure 2b). Subsequently,

near-complete phasing out towards the end of the 20th century. Due

the basin became restricted and the carbonate platform was slightly

to the fact that tetraethyl lead was largely sourced from only a few

drowned as SrKu34 was deposited in deeper water in a temporarily re-

very large mines and widely distributed, hemispheric differences in the

stricted basin (Figure 2c), while simultaneously burying the sediment

atmospheric Pb-isotope compositions were created and transposed

below, that is strata like the host of SrKu31. Basinal fluids then poten-

into the oceans and eventually into coeval sediments (e.g., Patterson,

tially dissolved pyrites from sediment such as SrKu31, transporting its

1965; Wu & Boyle, 1997). These industrial signals completely over-

S-isotope signature to the sediment–water interface where it was

whelmed the pre-anthropogenic Pb-isotope provinciality but since the

mixed with S in the water column. Here SrKu34 pyrite grew by incor-

phase-out, more regional atmospheric pollution patterns have again

porating sulphur from these two distinct sulphur sources. The nonzero

become apparent (e.g., Bollhöfer & Rosman, 2002). There are thus

intercept array obtained from SrKu34 may thus imply a hybrid sulphur

many similarities between the industrial lead cycle and the Archaean

source, leading to a mixing line between sulphur with an isotopic sig-

sulphur cycles:

nal similar to SrKu31 SRBO sulphate from the bottom left quadrant
of the δ34SV-CDT–Δ33S plot, and water column (originally S8) from the

i)   the oceanic inventories of both elements are/were low;

top right quadrant of the δ34SV-CDT–Δ33S plot (Figure 2b). Additionally,

ii) both elements have/had short oceanic residence times;

stable isotope fractionation may have altered the composition of the

iii) the main oceanic input was atmospheric raindown;

mobilised SRBO sulphate. The SrKu34 array is currently the best de-

iv) individual giant point sources (explosive large-scale volcanic erup-

fined, but other studies have also found striking linear trends with

tions in the case of sulphur, and giant smelters in the case of lead)

significant nonzero intercepts. Philippot, Van Zuilen, and Rollion-Bard

could at least temporally dominate atmospheric input and be trans-

(2012) reported the discovery of a possible evolved volcanic sulphur

ported thousands of km down-wind.

source plotting in the upper left quadrant of the Δ33S–δ34S plot.
Mixing of such sulphur with remobilised sulphur from samples plotting

By analogy with the findings from the inadvertent industrial lead

on the reference Archaean array (Figure 1b) could also lead to linear

experiment, it can thus be hypothesised that in the Neoarchaean, the

trends similar to those observed in SrKu34. However, we believe that

above factors combined permitted the effective transmission and pres-

the extreme compositions reported by Philippot et al. (2012) for the

ervation of localised MIF-S signals and that seawater sulphate and its

“felsic ash data” need to first be replicated in further studies before

isotopic composition were extremely sensitive to perturbations in the

they could be used to support our hypothesis.

global sulphur cycle, particularly to large volcanic eruptions that released
high quantities of sulphur.

Regardless, with both of these interpretations, the nonzero intercept of the array has no atmospheric significance. Both explanations require basinal fluids to have dissolved pyrite and transferred
its S-isotope signature upwards and/or downwards stratigraphically.

5 | DISCUSSION

This was unlikely to have occurred via pyrite oxidation and transport

We initially address the significance and possible origin of the ob-

idation and dissolution of sulphides. Namely, very delicate microbial

of S as sulphate because of the lack of petrographic evidence for oxserved nonzero intercept δ34SV-CDT–Δ33S data array. Next we discuss

kerogen is preserved in exquisite detail in the limestones below the

the apparent temporal variation in the extent of MIF-S throughout the

host of SrKu34 (e.g., Kamber et al., 2014; Sumner, 1997) and many

Archaean before concluding on the origin of the Neoarchaean bias

of these limestones contain intricately distributed micron-scale pyrite

towards positive Δ33S.

grains with no evidence for dissolution. Furthermore, the pyrite chem-

5.1 | The significance of the nonzero Δ33
S–δ34S intercept

the hosting limestones (e.g., Kamber et al., 2014) argues strongly in

istry itself (Gallagher et al., 2015) as well as the REE systematics of

Kamber and Whitehouse (2007) proposed that the main nonzero
34

33

favour of reducing conditions during the Gamohaan Fm.’s deposition
and diagenesis.
Williford et al. (2016) also reported δ34SV-CDT–Δ33S trends with

intercept δ SV-CDT–Δ S data array shown by sample SrKu34 could

nonzero intercepts from the Neoarchaean Mount Rae Shale, the

indicate diagenetic mixing of unrelated sulphur sources in the sedi-

Jeerinah Formation and the Wittenoom Formation. Intercepts were

ment environment. More specifically, recycled sulphur from basinal

found at different Δ33S, ranging from ~ +2 to ca. ~ +7. According to

brines (e.g., from stratigraphically lower samples similar to SrKu31,

Williford et al. (2016 p.122), “the mechanisms behind these various

which contained SRBO spheroidal pyrite) could have mixed with

positive intercepts were difficult to understand in the depositional
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context” but the overall positive Δ33S likely indicated preferential

of the disseminated pyrite could indicate resumption of background

transfer of S relative to SO4

into sediment. Although the possi-

sulphate delivery from the wider basin, with the more normal lower

33

Δ33S composition. The larger, coarser grained, angular aggregates of

0

2−

bility of preferential transfer of the positive MIF

S via S0 remains

a viable explanation for nonzero intercepts, it does not also explain

pyrite appear to overgrow the finer, disseminated pyrite (Kamber &

the bias towards generally positive Δ33S for all analysed Neoarchaean

Whitehouse, 2007), with far greater δ34S and Δ33S variability exhibited

sedimentary pyrite.

by the finer, disseminated pyrite. However, greater variability possibly

Farquhar et al. (2013) proposed that linear arrays in δ34SV-CDT–

existed in the earlier disseminated pyrite, which formed the precur-

Δ33S could arise by mixing of sulphur derived from two co-existing

sor to the later angular aggregates of pyrite, similar to the findings of

S-pools, each with a separate pathway to pyrite formation. Although

Williford et al. (2016).

the ion-probe data for their own samples did not show clear nonzero

With respect to the Δ36S vs. Δ33S systematics of our samples, we

intercepts, the possibility exists that the array defined by our own data

note (Figure 1c) that those data points that make up the dominant

could represent mixing between the two S-pools, if these pools could

shallow δ34S vs. Δ33S trend, define a very strong linear trend in Δ36S

physically co-exist in the Archaean marine sedimentary environment.
Farquhar et al. (2013, p. 17642) noted that “the main unresolved issue
with this hypothesis is how the different forms of sulphur (sulphate-

vs. Δ33S with the typical slope of 0.9 but a negative Δ36S intercept of
−1. By contrast, the data points that define the steeper δ34S vs. Δ33S

trend fall on a linear regression line Δ36S vs. Δ33S with a steeper slope

derived sulphide and zero valent-derived polysulphide) were supplied

(−1.3) and a positive Δ36S intercept of 0.75. This intercept is similar to

to the microenvironments where pyrite formation occurred.” Whereas

the trend for sample GKF01-1102.6 m in Farquhar et al. (2013) but

we agree that the possibility of separate pathways exists, we here de-

we note that for all their other samples, these authors forced Δ36S vs.

velop an alternative explanation.
34

33

Our hypothesis for the nonzero intercept δ SV-CDT–Δ S main

Δ33S regressions through the origin. Williford et al. (2016) also found
certain samples of the Mount McRae shale to define regression lines

data array (Figure 1a) is that the array could represent the atmospheric

with positive Δ36S intercepts. These authors interpreted the consis-

signal from local rainout of aerosol from an arc volcano eruption, for

tency of slopes of ca. 0.9 to infer relative stability of atmospheric MIF

example in the adjacent “Hamersley” arc-retro arc system (Zeh et al.,

production but noted that the significance of the intercepts remained

2016). We note that Farquhar et al. (2013) also envisaged heteroge-

more difficult to interpret. By contrast, Zerkle, Claire, Domagal-

neous distribution of S across the globe and these authors equally at-

Goldman, Farquhar, and Poulton (2012) documented strong deviations

tributed significance to the proximity of volcanoes. However, where

in slopes (−1.5 to −0.9), which these authors interpreted to the state

our hypothesis differs is that we envisage the volcano to have emit-

and composition of the atmosphere. In our working model, the pos-

ted sulphur that did not have the canonical V-CDT bulk Earth isotope

sibility exists that the deep arc-volcanic sulphur source experienced

composition, but rather, recycled subducted sedimentary sulphur that

mass-dependent isotope fractionation, variably changing the δ34S,

had a positive mean Δ33S signal (Figure 3e–h, and 4). Thus, UV photol33

Δ33S and Δ36S ratios, which could help to explain nonzero intercepts

ysis proceeded to fractionate the already positive Δ S of the volcanic

not just in δ34S vs. Δ33S space but also in Δ36S vs. Δ33S. Furthermore,

aerosol to even higher values (+ 9.46 ‰ Δ ) in the S8 phase, and lower

volcanic emission plumes to various atmospheric heights could also

the sulphate phase towards lower, but still positive values (ca. + 3.5 ‰

result in differing isotopic pathways (i.e., affecting slopes).

33

33

Δ S). Thus, with respect to the original MIF-positive volcanic aerosol,

We appreciate that the idea of emitting volcanic aerosols with

the sulphate phase was MIF-negative, even if, with respect to V-CDT,

non-V-CDT S-isotope composition is a significant departure from the

it remained positive. The original MIF-positive volcanic aerosol’s iso-

current paradigm. Before justifying this proposal, we stress here again

topic composition cannot be accurately established because the δ34S

that the stratigraphic context (Figure 2) informs us that the most py-

33

value of the aerosol is not known. If the Δ S was already positive, UV

ritiferous sample, exhibiting the most extreme S-fractionation with a

photolysis would have fractionated it to even higher values. The slope

nonzero intercept δ34SV-CDT–Δ33S data array, is in stratigraphic prox-

of the main nonzero intercept array (m = 0.44, Figure 2b) is very simi-

imity with shale beds and tuffs. We interpret this to imply temporary

lar to the slopes of the nonzero intercept arrays reported by Williford

basin restriction (Hälbich, Lamprecht, Altermann, & Horstmann, 1992),

et al. (2016), less steep than that of the “Archaean array” (m = 0.89,

increasing the likelihood of trapping more isolated sulphur emissions.

Figure 1b) proposed by (Ono et al., 2003) but is much more similar

Thus, we do not envisage the entire atmospheric inventory to have

than the negative slope of data reported by Philippot et al. (2012).

had a non-V-CDT S-isotope composition. Rather, an isolated volcanic

However, if similar arrays to those reported by Philippot et al. (2012)

aerosol emission experienced UV photolysis at a specific atmospheric

can be reproduced in other laboratories, in the context of our model,

height and was transmitted into a local, partly restricted basin. For ref-

these too may be the product of single volcanic degassing episodes.

erence, we draw attention to the 15 June 1991 eruption of Pinatubo,

Since our model envisages an isolated volcanic emission, it is possible

whose plume travelled west to south-west, forming a layer of aerosol

that the recorded slope is characteristic of UV photolysis operating

at heights approximately 20–25 km above sea level, with main rain-

at specific atmospheric height, unlike the global background sulphur

out occurring across the South China Sea (Oppenheimer, Scaillet, &

whose UV photolysis reflected reactions across the entire strato-

Martin, 2011).

spheric and atmospheric cross section. In our explanation, the second-

It is noteworthy that distinctive volcanic ash layers occur through-

ary steeper array (m = 0.85, Figure 2b) that is recorded only by some

out the Gamohaan Formation. The resulting tuffs are present above
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F I G U R E 4 Schematic illustration of terrestrial magmatism at play during the Neoarchaean, depicting three distinct volcanogenic sources
of atmospheric sulphur. The block diagram (a) depicts a newly formed, Neoarchaean subduction zone and resultant volcanic arc, in addition
to a hotspot volcano, more typical of the plume-related volcanism prevalent throughout the early Archaean. The hotspot volcano quiescently
degasses 0 ‰ Δ33SCDT mantle sulphur to the atmosphere. Subsequent atmospheric UV interaction with this mantle CDT type S imparted a
MIF-S signal before incorporation into sedimentary sulphides of the oceanic crust. Once effective subduction was underway, sedimentary
sulphides may have been recycled from the subducting oceanic plate into the melt source of the arc volcano, and released as anomalous nonzero
Δ33S MIF-S. The oceanic sediments depicted in the block diagram show a colour gradient and contours representative of thickness illustrating
that oceanic crust with thicker sediment was more successful in transferring MIF-S into the subduction zone. Additionally, the transfer of
sulphur is highly dependent on rock type (insert b). Potential S-sources in the subducted Archaean oceanic crust include argillite, BIFs, VMS
deposits and serpentinised harzburgite (insert b). Sulphur from VMS deposits is difficult to mobilise (Ulrich, Long, Kamber, & Whitehouse, 2011)
and not likely a significant contributor to the subduction zone melt source, while the subduction of lithospheric mantle, that is serpentinised
harzburgite, is a potential source when undergoing devolatisation and expulsion of sulphur (Evans, 2012). Only 10% of sedimentary sulphur
from mud is estimated to make it to the subduction zone melt source (Evans, Tomkins, Cliff, & Fiorentini, 2014), analogous to Archaean argillite.
Liberation of sulphur from BIF sulphides (Thurston et al., 2012), BIF may have had the largest potential for preferential release of S in the
subduction zone. The diagram also highlights how explosivity of eruptions determines the potential for production of a global S-signal. Basaltic
recharge into an evolved magma reservoir (Pallister, Hoblitt, Meeker, Knight, & Siems, 1996; Pallister, Hoblitt, & Reyes, 1992), can separate a
SO2 rich aqueous fluid (liquid and gas) phase and trigger an eruption (insert c) releasing several million tonnes of SO2 into the atmosphere (e.g.,
Bluth, Doiron, Schnetzler, Krueger, & Walter, 1992; Daag et al., 1996). Also shown is local rainout from a lesser eruptions into a restricted basin
that may have facilitated preservation of an isolated S-signal
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and below SrKu34 (Figure 2) and these have been used for U/Pb zir-

(e.g., Hofmann, 2000; Schopf, Kudryavtsev, Czaja, & Tripathi, 2007).

con geochronology (e.g., Sumner & Bowring, 1996), providing strong

On these shallow, high organic productivity platforms, sulphate con-

evidence for relatively proximal, explosive volcanism from evolved

centrations may have been very low. They also provided an environ-

magmas (that permitted crystallisation of zircon), possibly in the adja-

ment in which local sub-basins evidently formed (e.g., Hälbich et al.,

cent “Hamersley” arc-retro arc system (Zeh et al., 2016). Finally, there

1992). The importance of these is that local aerosol signals from sin-

is evidence that the Gamohaan basin was sulphate-limited; not only

gle volcanic events could quickly be transmitted into the sediment of

is the range in δ34S limited (Domagal-Goldman, Kasting, Johnston, &

such sub-basins, as exemplified by sample SrKu34. These settings thus

Farquhar, 2008; Guo et al., 2009; Papineau et al., 2005; Whitehouse,

provided an ideal environment to rapidly transfer discrete aerosol sig-

2013) but several Gamohaan Formation spheroidal pyrites also pre-

nals without dilution with the more global marine background signal.

serve δ34S isotopic gradients as a function of their spherical segment

It may be significant that when omitting samples from the Kaapvaal

radius, suggesting a limit on sulphate availability during BSR (Gallagher

and Pilbara cratons, the remaining Neoarchaean data show much less

et al., 2015; Kamber & Whitehouse, 2007). Thus, sulphur fallout could

extreme Δ33S values (Δ33S: −3 ‰ to + 2.12 ‰). Because at the time of

easily overwhelm the ambient isotopic signal.

sediment deposition, these two cratons were likely adjacent parts of
an originally larger craton (i.e., Vaalbara; Nelson, Trendall, & Altermann,
1999; Zegers, De Wit, Dann, & White, 1998), the evidence for global

5.2 | The significance of the wide range in
Neoarchaean Δ33S

extreme Δ33S actually only comes from one large platform and its
sub-basins.
33

The implicit assumption from global compilations of the Δ S MIF re-

The discussion of the temporal evolution of the extent of Δ33S

cord is that the maxima and minima recorded correspond to the least

has attributed most significance to the range in positive values. Here

hybridised and thus purest end-member isotope compositions of sul-

we draw attention to the negative values and to the ability of our

phur species formed by prevailing UV photolysis. Consequently, the

new hypothesis to explain variations in these. We note that three

very large Neoarchaean spread in Δ33S is argued to have global atmospheric significance and is seen as a global phenomenon that persisted

broadly contemporary carbonate-hosted Neoarchaean datasets show
distinctive negative Δ33S values. The most negative Δ33S values are

for some 150–200 Ma. According to this interpretation, the sulphur

found in the Batatal Fm. which preserves Δ33S values as low as −3 ‰

cycle can be modelled with a mass conservation approach. Here we

(Zhelezinskaia et al., 2014). By contrast, the Carawine dolomite pre-

propose to consider the implications of the possibility that the sedi-

serves negative Δ33S extremes of −2.5 ‰ (Ono et al., 2003), while the

mentary record preserves local signals and that maxima and minima
do not represent global end members.

contemporaneous Gamohaan Fm. preserves negative Δ33S extremes
of −0.9 ‰ (Kamber & Whitehouse, 2007). Our hypothesis could pro-

In this alternative explanation, the extent of UV photolysis-induced

vide an explanation for why different magnitudes of negative MIF-S

MIF-S fractionation occurring in the atmosphere could have remained

were preserved, namely the most negative minimum Δ33S values

relatively unchanged throughout the Archaean. The greater extent of

would form from aerosol plumes that on average, already had nega-

Neoarchaean observed Δ33S was instead caused by two evolutions.

tive MIF relative to V-CDT, whereas only slightly negative minimum

Firstly, consensus is beginning to emerge that the onset of Wilson-

MIF could imply local average sulphur with mildly V-CDT-positive

type plate tectonics was in the lead-up to the Neoarchaean (at ca.

composition. Indeed, it is possible that MIF-neutral S could represent

3 Ga; Shirey & Richardson, 2011). The associated advent of subduc-

negatively MIF fractionated sulphur from local positive aerosols that,

tion of sediment, from which sulphur with pre-existing MIF signals was

on average, were already moderately V-CDT positive. In summary, the

recycled into arc magmas and eventually released as volcanic aerosols

large MIF-S excursions in global Neoarchaean Δ33S compilations could

into the atmosphere (Figure 4), provides a rationale for the emission of

be superpositions of local signals, which reflect atmospheric process-

Neoarchaean volcanic aerosol plumes of non-V-CDT average compo-

ing of individual volcanic eruptions.

sition. Depending on the combination of type of seafloor subducted
and type of devolatilisation reaction in an arc segment, it appears
feasible that locally, higher or lower Δ33S than V-CDT sulphur aerosol

5.3 | The Neoarchaean positive Δ33S bias

could have been emitted by volcanoes. Once the sulphur experienced

Because the predominant source of seawater sulphate in the Archaean

the same extent of UV photolysis-induced MIF-S, lower and higher ex-

was volcanogenic, the evolving nature of terrestrial magmatism may

treme Δ33S were produced. This scenario is discussed in greater detail

have strongly influenced the quantity, species and isotope composi-

in the final section.
Secondly, the establishment of the first platformal carbonate fac-

tion of sulphur emitted into the Archaean atmosphere. The possibility of recycling of sedimentary sulphides at subduction zones is of

tories occurred at ca. 2.65 Ga (Fedo & Eriksson, 1995). Evidence for

paramount importance. In this regard, it is important that anomalous

such carbonate factories is found both on the Kaapvaal Craton (i.e.,

Δ33S sulphide inclusions in 2.9 Ga diamonds have been interpreted as

the Gamohaan Fm.) and on the Pilbara Craton (i.e., the Carawine dolo-

direct evidence for recycling of sedimentary sulphur (Farquhar et al.,

mite) and also on the São Francisco Craton (i.e., the Batatal Fm.). These

2002). Diamond sulphide inclusions exhibit a major compositional

sedimentary environments were characterised by a proliferation of mi-

change at 3 Ga, when eclogite inclusions resembling metamorphosed

crobial life, preserved as an unprecedented diversity of stromatolites

basaltic crust become more prevalent. This has been interpreted as

12

|

GALLAGHER

et  al

the capture of eclogite via subduction (Shirey & Richardson, 2011) and

that the predominant non-platformal sediments were of hydrogenous

that Wilson cycle plate tectonics were in operation from 2.9 to 3.0 Ga

nature (chert and BIF; Figure 4b). Indeed, in juvenile greenstone belts,

onwards (Dhuime, Hawkesworth, Cawood, & Storey, 2012)

volcanic deposits are often separated by Algoma-type BIFs, cherts and

The subduction of sediment to sufficient depth for capture by arc

minor argillites, which collectively could represent long intervals of low

magmas alone is not sufficient to support the notion that individual

clastic sedimentation rate (e.g., Thurston, Ayer, Goutier, & Hamilton,

arc eruptions could have emitted sulphur of non-V-CDT composition.

2008). Of these sedimentary rocks, BIF could have played a key role

Modern subduction zone studies offer some insight but like the mod-

in releasing sulphur to the supra-subduction zone mantle. Firstly, be-

ern marine analogue, the major issue is that modern subduction zones

cause of its simple chemical composition dominated by FeO and SiO2,

contain a lot more sulphide than would have been possible in the

the resulting metamorphic mineral parageneses are also constrained

Archaean, because of the much lower sulphate content of Archaean

to very few minerals (e.g., Mloszewska et al., 2012) with limited reac-

sea water. The Archaean seafloor was also likely of a very different

tion potential with sulphides or sulphates. Secondly, there is strong

composition than at present. Nonetheless, modern studies show that

evidence for secondary mobility of BIF-hosted sulphides (Thurston

arc magmas have δ34S heavier than mantle, implying that slab-derived

et al., 2012) suggesting potential for preferential sulphur release from

sediments are significant contributors to the sulphur flux in subduc-

BIFs in subduction zones. Thurston et al. (2012) reported 2704-  to

tion zone volcanoes (De Hoog, Taylor, & Van Bergen, 2001; Métrich,

2734-Ma-old BIF-related pyrite nodules with Δ33S extremes of−1.5

Schiano, Clocchiatti, & Maury, 1999).

‰ to +4.1‰. Furthermore, the findings of our statistical analysis of

A possibly very important insight from modern arcs is that only a

the compiled pre-GEO S-isotope database show that for all lithological

small proportion of the total subducted sulphur is actually recycled

subdivisions, the Neoarchaean data are asymmetrical about 0 ‰, with

at volcanoes. For example, Evans (2012) estimated that <20% of sul-

a clear bias towards positive Δ33S values (Figure 3e–h). Because the

phur subducted in sediments, altered oceanic crust and serpentinised
lithospheric mantle is recycled. Jégo and Dasgupta (2013) estimated

Archaean Δ33S–δ34S array shows greater absolute variability in positive
Δ33S than in negative Δ33S, the dataset may be biased as there may

that 15%–30% of the subducted sulphur is returned to surface res-

be a tendency to obtain a larger number of data points from the pos-

ervoirs by arc processes. When an aqueous sulphur-rich fluid (liquid

itive Δ33S samples in the hope of finding the maximum positive Δ33S

and gas) phase develops, volcanic arc magmas can form in the same

value. Nonetheless, this possibility for bias cannot explain why the de-

subduction zone tectonic setting as porphyry-copper systems (Imai,

viation from zero values is only found in the sample of Neoarchaean

Listanco, & Fujii, 1993). Thus, arc volcanoes emitting high quantities

age. Preferential release of such nonzero Δ33S sulphur into arc magma

of sulphur can be viewed as failed potential porphyry-copper deposits

sources could thus lead to nonzero Δ33S volcanic emissions.

(Pasteris, 1996) meaning that surface reservoirs also include sulphur

If it is accepted that preferential transfer of non-V-CDT sulphur

that did not make it into the atmosphere. Regardless, consensus exists

into Archaean arc magmas was at least theoretically feasible, the be-

that today, the much larger portion of subducted sulphur is apparently

haviour of sulphur in the evolving magma then determined whether

transported to the mantle at depths of >150 km (Evans & Powell,

the signal became local or hemispheric. Only highly explosive vol-

2015). This evidence for non-quantitative recycling of sulphur opens

canic eruptions, where a separate sulphur fluid phase developed in

the possibility for preferential transfer of sulphur with particular iso-

the magma (Figure 4c) and was released as a steam plume of SO2

tope compositions to arc magmas. Thus, the recycled sulphur may not

into the stratosphere (e.g., the eruption of Mount Pinatubo in 1991:

have had “average sedimentary” isotope composition.

Pasteris, 1996), had the potential to dominate the sulphur content of

In modern subduction zones, the transfer of sulphur from the slab

the global atmosphere, at least for several years, producing a hemi-

with fluids is dependent on metamorphic grade. The most efficient

spheric sulphur signal. By contrast, fast rainout from lesser eruptions

transfer of sulphur from sulphides apparently occurs at eclogite fa-

into a restricted basin could have facilitated preservation of the iso-

cies (Giacometti et al., 2014). Although no agreement exists about the

topic composition of a localised volcanic source (Figure 4a). In ad-

thermal structure of Archaean subduction zones, melting of eclogite

dition, variability in the location of arc volcanoes contributes to the

facies metabasalt is widely discussed in the literature as a means of

preservation of localised S-isotope signatures because atmospheric

producing tonalite–trondhjemite–granodiorite magmas that show evi-

circulation limits the dispersion of high latitude eruptions. Thus,

dence of arc-type geochemistry (e.g., Kamber, Collerson, Moorbath, &

very little aerosol of a high latitude eruption will reach the opposing

Whitehouse, 2003). Thus, transfer of sulphur from the igneous portion

hemisphere (Oppenheimer et al., 2011). The MDF-S-isotope com-

of slabs may have been different in the Archaean.

position of volcanically emitted sulphur can also vary with eruption

The largest difference between Archaean and post-1.8 Ga ocean

style. For example, the gas phase during early open system degassing
34

floor concerns the nature of its sediment cover. In a comprehensive

is often

study of modern trenches, Plank and Langmuir (1998) showed that

a correspondingly

the weighed average composition of subducting sediment has a rel-

Subsequent UV photolysis MIF of initially 34S-depleted sulphur could

atively constant composition (e.g., SiO2 = 58.6 ± 2.5 wt%; FeO =
5.2 ± 0.4 wt%) and that the terrigenous component far outweighs

S-depleted, whereas during later large eruptions there is
34

S-enriched gas phase (Mandeville et al., 2009).

further shift the isotope composition of the resultant MIF array in the
δ34SV-CDT–Δ33S plot. Furthermore, the sulphur concentration of vol-

the biogenic, hydrothermal and hydrogenous components. Although

canic gas emitted from individual modern arc volcanoes is also highly

no fossil Archaean trenches are preserved, there is strong evidence

variable (Oppenheimer et al., 2011).
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In summary, there are several processes that undoubtedly influ-
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A further more speculative implication arises if at least some volca-

enced the S-isotope composition of volcanic emissions as the Earth

noes emitted recycled sedimentary sulphur that was not MIF-neutral.

transitioned from a plume-dominated planet towards Wilson-style

This possibility does not require that the bulk of subducted material

tectonics. In this context of the evolution of Archaean magmatism, the

had an average composition different from the Δ33SV-CDT because

33

mean +2 ‰ Δ S value of pyrite from all Neoarchaean sedimentary
33

rocks (Figure 3a–d) may imply preferential recycling of Δ S-positive
sulphur in subduction zones, rather than a change in photochemical

only a small proportion of subducted S is actually transferred into the
magma feeding zone of arc volcanoes. Thus, if preferential transport
of either Δ33S positive or negative S into the arc magma feeding zone

reactions or evolving atmospheric composition. The absence of this

did occur, it would seem possible that some volcanoes could emit S

bias towards positive Δ33S in older sedimentary rocks would then be

with non-neutral MIF. Nonzero intercept Δ33S–δ34S data arrays could

a tectonic consequence, namely only after initiation of Wilson-style

then form in basins near arc volcanoes that emitted non-neutral MIF-

subduction, did transfer of sulphur from slabs to arc magmas become

S. Preferential transport of non-neutral MIF-S in the subduction zone

feasible. The extent of the MIF-S signal rapidly diminished after 2.5 Ga,

could have been aided by the very different make-up of sedimentary fa-

some 150 Ma before evidence for the GOE. There are currently too

cies (e.g., BIF, chert, paucity of carbonate) on the Archaean ocean floor,

few data to accurately reconstruct the post-Archaean MIF evolution

leaving S from some subducted rocks more reactive than from others.

but there is wide agreement that a major change in magmatic evolu-

If this speculation is accepted, it would follow that the initiation of

tion occurred at that point (Keller & Schoene, 2012). This manifests

Wilson-style plate tectonics at ca. 3 Ga had serious consequences for

in the geochemistry of the emplaced <2.5 Ga igneous rocks and may

the global S-cycle. The transfer of sedimentary sulphur from subduc-

have strongly affected volcanic degasing.

tion zones to the atmosphere via newly established arc volcanoes could
help to explain the deviation of Neoarchaean sedimentary sulphur from

6 | CONCLUSIONS

the 0 ‰ Δ33SV-CDT mantle composition. At least temporally and locally,
the sampled atmospheric sulphur could have had a different composition from average bulk Earth, and the large Neoarchaean excursions

Previous studies modelling the sulphur cycle (e.g., Canfield & Raiswell,

and asymmetry could be explained by superposition of local signals.

1999) worked from the implicit assumption that sulphur was globally

We acknowledge that the remaining unresolved issue with our hy-

mixed in the Archaean atmosphere and hydrosphere. Here we have

pothesis is the speculation that Archaean arc volcanoes could have

used the 20th-century lead analogue to propose that the low concen-

emitted non-neutral MIF-S. The unresolved issue with Farquhar et al.’s

tration and short residence time of oceanic sulphur combined with

(2013) separate S-pool hypothesis is that it remains unclear how the

its near exclusive volcanogenic source meant that the Archaean at-

separate pathways could have remained sufficiently isolated in the

mosphere and ocean were more likely poorly mixed with respect to

micro-environments where pyrite formed. Regardless, the plausibility

sulphur. Thus, although preservation of MIF-S in Archaean sediments

of our explanation can be tested with multiple-S-isotope composition

continues to have implications for the Archaean redox state of the

of putative Precambrian arc magmatic rocks.

global atmosphere, Archaean sedimentary rocks may preserve local
MIF-S signals.
Very large explosive volcanic eruptions had potential to inject large
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amounts of SO2 into the stratosphere, where it persisted for years and
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could dominate the atmospheric S budget. In the sedimentary record,
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however, even such global events will only represent miniscule lay-

Geological Survey of Finland, and the Swedish Museum of Natural

ers. Ion-probe, S-isotope data are capable of resolving micron-scale

History. This is Nordsim contribution 495. This analytical work was sup-

variability that may be testimony to the lack of a well-mixed, long-
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may have had the potential to impart very local sulphur signals, particularly if they occurred over restricted basins and at latitudes away
from the equator. Such volcanic perturbations are not as visible in
today’s ocean due to masking of the signal by the high global oceanic sulphate pool. These implications emerging from thinking of the
Archaean S-cycle in terms of the lessons learnt from the 20th-century
lead “experiment” are not dependent on whether volcanoes emitted S
that was non-MIF-neutral.
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