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Earth’s oxygenation is often described in terms of two unidirectional steps at the beginning and end
of the Proterozoic Eon, separated by a long-lived intermediate redox state. Recent work defines a more
complicated path to oxygenation, exemplified by an apparent drop in oxidation state following the early
Paleoproterozoic Lomagundi carbon isotope excursion. The timing of this proposed drop in oxidation
state is not well constrained, and it is not clear how it relates to redox conditions during the remainder
of the Proterozoic. Here we present a study of pyrite multiple-sulfur isotopes, supported by Fe speciation
and organic carbon isotopes, from early Paleoproterozoic black shales. We find evidence for the rapid
expansion of the seawater sulfate reservoir during the Great Oxidation Event at ca. 2.3 Ga followed
by a subsequent contraction in the size of the seawater sulfate reservoir at ca. 2.05 Ga. This scenario
is consistent with the emerging view of a rise and fall in surface oxidation state during the early
Paleoproterozoic. Comparison of our new data to other records of the seawater sulfate reservoir suggests
that the elevated sulfate concentrations that characterize the early Paleoproterozoic did not return until
the late Neoproterozoic.

Published by Elsevier B.V.
1. Introduction

The oxygenation of Earth’s atmosphere and oceans is a ma-
jor focus of Precambrian biogeochemistry. Early models for Earth’s
oxygenation called upon two unidirectional steps at the beginning
and end of the Proterozoic eon. It is generally agreed upon that
permanent atmospheric oxygenation (a switch to >10−5 present
atmospheric levels (PAL); Pavlov and Kasting, 2002) occurred be-
tween 2.47 and 2.32 Ga (Holland, 2002; Bekker et al., 2004) during
the onset of the so-called ‘Great Oxidation Event’ [GOE]. A sec-
ond step in surface oxygenation likely occurred in the late Neo-
proterozoic (Scott et al., 2008; Sahoo et al., 2012). Because this
second oxygenation event is roughly coincident with the first ap-
pearance of macroscopic metazoans in the rock record, a causal
relationship is commonly evoked. Given the likelihood of Neo-
proterozoic deep-water oxygenation (Canfield, 2005), estimates for
atmospheric oxygen in the immediate aftermath of this second
oxygenation event are at minimum between 40%–60% PAL (e.g.,
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Canfield, 1998; Ozaki and Tajika, 2013). In between these two
steps Earth is believed to have experienced a long-lived inter-
mediate state, more oxidized than the Archean (Canfield, 1998;
Scott et al., 2008), but insufficiently oxygenated to allow for the
evolution of animals (Narbonne, 2005).

Emerging work describes a more complicated picture of oxy-
genation, particularly in the Paleoproterozoic era, and it is increas-
ingly clear that oxygenation did not occur as a single, unidirec-
tional step (Canfield, 2005; Frei et al., 2009; Bekker and Holland,
2012; Planavsky et al., 2012; Partin et al., 2013). This new scenario
raises a number of important questions. First, what was the mag-
nitude and duration of the GOE? Goldblatt et al. (2006) predicted
an abrupt transition from oxygen-free to oxygen-rich conditions
across the GOE, and Planavsky et al. (2012) provided evidence for
sulfate-rich oceans during the GOE and a contraction of the seawa-
ter sulfate reservoir (SSR) following the Lomagundi carbon isotope
excursion. Conversely, Kump et al. (2011) argued for a progres-
sive oxygenation that culminated before 2.05 Ga. Second, when did
the surface oxidation state rebound and to what degree? Canfield
(2005) and Frei et al. (2009) argued for a gradual drop in surface
oxidation state prior to the return of iron formations at ca. 1.9 Ga
but implied that Earth’s surface oxidation state soon returned to
early Paleoproterozoic levels. Finally, does the emerging picture of
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fluctuating surface oxidation state in the Proterozoic undermine
the proposed link between late Neoproterozoic oxygenation and
the evolution of animals?

The apparent rise and fall in the Earth’s oxidation state during
the early Paleoproterozoic is coincident with the GOE and the Lo-
magundi carbon isotope excursion (LCIE), a massive (∼+10�) and
long-lived (∼2200 to 2100 Ma) seawater carbon isotope excursion
that is captured in sedimentary carbonates from numerous Paleo-
proterozoic basins distributed worldwide (Schidlowski et al., 1976;
Karhu and Holland, 1996; Bekker et al. 2003a, 2003b). The LCIE
has been interpreted as reflecting increased organic carbon burial,
which could have released >20× the amount of oxygen in the
present atmospheric reservoir (Karhu and Holland, 1996). This
pulse of oxygen must have influenced the chemical composition
of seawater.

Because there is a direct, although complicated, relationship
between the oxidation state of Earth’s surface environments and
the concentration of sulfate in seawater, our understanding of
Earth’s progressive oxygenation has often utilized records of the
SSR. Three principal approaches have been used to estimate the
size of the Precambrian SSR: the preservation of sulfate evap-
orites minerals in shallow-marine deposits (e.g., Schröder et al.,
2008) or their absence from the record when evidence for other
evaporite deposits is preserved (Pope and Grotzinger, 2003), vari-
ability in the concentration and isotopic composition of carbonate-
associated sulfate (e.g., Kah et al., 2004; Gellatly and Lyons, 2005;
Planavsky et al., 2012), and the isotopic composition of sedimen-
tary pyrite sulfur (e.g., Canfield, 1998; Canfield et al., 2010). Since
the rock record is incomplete, it is important to investigate each
of these sulfur cycle proxies both independently and collectively in
order to best describe the evolution of the SSR.

In this paper we present a multi-proxy study of early Paleopro-
terozoic black shales with a focus on the multiple-sulfur isotope
(32S, 33S, and 34S) record of pyrite sulfur. In support of our sulfur
isotope data we also present Fe speciation and bulk organic car-
bon isotope data. These new data provide insight into the size of
the SSR in the early Paleoproterozoic oceans during and immedi-
ately after the GOE and thus contribute to the developing picture
of fluctuating surface redox conditions in the early Paleoprotero-
zoic.

2. Geological setting

2.1. 2200–2100 Myr old Sengoma Argillite Formation, Pretoria Series,
Lobatse, Botswana

The Sengoma Argillite Formation (SAF) is up to 700 m thick
and is divided into two upward-shallowing sequences by mafic
volcanics. Each sequence is composed of carbonaceous and pyritic
argillite with siltstones, minor chert, carbonate, and fine-grained,
hematite-rich quartz sandstone layers. Argillites often have con-
voluted bedding and sandstone dikes. It was deposited in the
open-marine, epicontinental Transvaal basin in deltaic to offshore
environments and experienced greenschist facies metamorphism.

To date, there are no direct geochronologic constraints on the
SAF. However, carbonate rocks above and below the SAF have 13C-
enriched carbon isotope compositions indicating their deposition
during the peak of the Lomagundi Event (Schidlowski et al., 1976).
In addition to this chemostratigraphic constraint, the SAF has also
been correlated with the Silverton Formation of the Pretoria Group
in South Africa (Key, 1983; Bekker et al., 2008). The Pretoria Group,
including the Silverton Formation, is unconformably overlain by
felsic volcanic rocks of the Rooiberg Group and intruded by the
Bushveld Complex, both having an age of 2.05–2.06 Ga (Walraven,
1997; Olsson et al., 2010). The maximum age is constrained by the
underlying 2.22 Ga Hekpoort volcanics (Cornell et al., 1996) and a
2316 ± 7 Ma Re–Os isochron pyrite age for the Rooihoogte-lower
Timeball Hill formations (Hannah et al., 2004), which are strati-
graphically below the Hekpoort volcanics. We therefore infer that
the Sengoma Argillite Formation was deposited between 2.2 and
2.1 Ga, during the peak of the Lomagundi carbon isotope excur-
sion. Samples were collected from the drill-hole STRAT 2 collared
near Lobatse (Key, 1983) and represent the carbonaceous argillites
from the upper sequence.

2.2. 2100–2000 Myr old Zaonega Formation, Ludikovian Series, Karelia,
Russia

The Zaonega Formation consists of a 1500-m-thick sequence of
basaltic tuffs, siltstones, mudstones, and cherts and is divided into
two subformations: a lower, carbonate–argillite subformation (LZ)
and an upper, volcano-sedimentary subformation (UZ) in which
the bulk of organic-rich rocks are hosted (Medvedev et al., 2001).
The Zaonega Formation experienced greenschist facies metamor-
phism (Melezhik et al., 1999). In the Lake Onega area, the LZ rests
disconformably on Upper Jatulian Series carbonates (Tulomozero
Formation) that carry high (>+10�) 13C-enrichments typical of
the ca. 2.2–2.1 Ga Lomagundi carbon isotope excursion (Karhu and
Holland, 1996; Melezhik et al., 1999; Master et al., 2010), while
carbonates of the LZ show 13C-enrichments up to +7.9� (Yu-
dovich et al., 1991; Tikhomirova and Makarikhin, 1993), suggesting
that deposition of the UZ black shales occurred during the late
stages of the Lomagundi Event. A minimum age for the Zaonega
Formation is constrained by 1983±6.5 and 1984±8 Ma U–Pb ages
of the Koikary-Svyatnavolok and Pudozhgora dolerite sills (Filippov
et al., 2007). These sills are considered to be co-magmatic with
sills and mafic volcanics of the Suisar Formation, which directly
overlies the Zaonega Formation with an erosional contact allowing
significant age difference between these units.

The UZ is subdivided into three units. Unit 1 consists of dark-
grey to black volcaniclastic sandstone, siltstone, and mudstone
having ubiquitous carbonate seams and lenses and disseminated
sulfides. The unit contains three shungite-bearing shale horizons
(I–III) varying in thickness from 12 to 35 m. Unit 2 is composed of
organic-rich shale, siltstone, dolomite and basaltic lava flows and
contains six 5- to 20-m-thick shungite-bearing shale horizons (IV–
IX). Unit 3 is composed of shungite-bearing siltstone with dolomite
layers. Samples analyzed in this study were selected from two drill
cores. C-175 (219.8 m deep) was collared in the Tolvuya syncline
near the Tetyugino shungite occurrence, approximately 500 m to
the northwest of the FARDEEP drill-holes 12A and 12B (Kump et
al., 2011) and capture the Vth to IXth shungite-bearing horizons
of the UZ Unit 1. C-5190 (842 m deep) was drilled southwest of
Padma, capturing the IIIrd and IVth shungite-bearing horizons of
UZ Unit 2, with all samples below 86.9 m belonging to the IIIrd
horizon (see supplementary materials for additional details).

3. Analytical methods

3.1. Pyrite sulfur isotope analysis

Powdered shale samples were subjected to Cr-reduction, and
liberated H2S was trapped in a solution of 10% (w/w) zinc acetate
(Canfield et al., 1986). ZnS was subsequently converted to Ag2S
with the addition of ∼1 mL of 0.2 M AgNO3. Ag2S was then re-
acted in a nickel reaction vessel overnight at ∼250 ◦C in the pres-
ence of excess F2. The resulting SF6 was purified, first cryogenically
and then with a gas chromatograph. Purified SF6 was introduced
to a ThermoFinnigan MAT 253 dual-inlet gas-source isotope-ratio
mass-spectrometer where sulfur isotope abundances were mea-
sured by monitoring the 32SF5+, 33SF5+, 34SF5+, and 36SF5+ ion
beams at mass to charge ratio of m/z = 127,128,129, and 131,
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respectively. Isotopic compositions are reported using delta nota-
tion:

δ3iS =
( 3i Rpyrite

3i RV-CDT
− 1

)
× 1000,

where 3i R = 3i S/32S, i is 3 or 4, and V-CDT refers to the Vienna-
Cañon Diablo Troilite international reference scale. On the V-CDT
scale, the δ34S value of the Ag2S reference material, IAEA-S-1, is
defined as −0.3�. Capital delta notation is used in order to high-
light differences between the fractionation relationships of 33S–32S
and 34S–32S ratios:

�33S = δ33S − 1000 ×
((

1 + δ34S

1000

)0.515

− 1

)
.

We take the �33S value of IAEA-S-1 to be 0.094�. The an-
alytical reproducibility (1σ ) for the full measurement procedure
(extraction, fluorination, and mass spectrometry) is estimated to
be better than 0.1� for δ34S values and 0.01� for �33S values.

3.2. Organic carbon isotope analysis

The concentration of total organic carbon was determined on an
Eltra IR C/S analyzer as the difference between total carbon (deter-
mined by combustion) and total inorganic carbon (determined by
acidification). For δ13Corg analyses, sample powder was weighed in
a silver cup, and ultrapure 6N HCl was added to remove inorganic
carbon. In order to improve the efficiency of sample combustion,
temperature in the oxidation column was raised to 1100 ◦C, and
a ‘macro’ O2 injection loop was utilized. In addition to silver, tin
cups were used as a catalyst to increase the reaction temperature
through exothermic reaction, ensuring complete combustion. Anal-
yses were performed using a CostechTM 4010 Elemental Analyzer
(EA) coupled to a Thermo FinniganTM Delta V Plus isotope-ratio
mass-spectrometer via an open-split interface (ConFlo III, Thermo
FinniganTM). All C isotope ratios are reported in delta notation,

δ13C =
( 13 Rorganic C

13 RV-PDB
− 1

)
× 1000,

relative to international standards on the Vienna-Pee Dee Belem-
nite (V-PDB) scale. Sample normalization was performed using the
two-point calibration described in Coplen et al. (2006). To monitor
the quality of sample preparation and analysis performance, the
international standard USGS Green River shale SGR-1b (δ13Corg =
−29.3 ± 0.1� V-PDB) was treated and analyzed as an unknown.
Replicate analyses of SGR-1b standard yielded the δ13Corg value of
−29.5 ± 0.1� (n = 24).

3.3. Iron speciation analyses

Iron speciation analyses were performed using a calibrated se-
quential extraction protocol (Canfield et al., 1986; Poulton and
Canfield, 2005) designed to quantify four different pools of highly-
reactive iron (FeHR): (1) pyrite S extracted via Cr-reduction fol-
lowed by iodometric titration, with Fe calculated assuming an FeS2
stoichiometry (FePy); (2) carbonate-associated iron extracted with
a sodium acetate solution (FeCarb); (3) ferric oxides extracted with
a dithionite solution (FeOx); and (4) mixed-valence iron oxides,
principally magnetite, extracted using ammonium oxalate (FeMag).
FeCarb, FeOx, and FeMag were extracted sequentially using ∼100 mg
of sample powder, and the sequential extracts were analyzed us-
ing an Agilent 7500ce ICP-MS. Based on duplicate analyses, repro-
ducibility of sequentially extracted Fe measurements was better
than 95%. We measured bulk Fe and Al concentrations using an
Agilent 7500ce ICP-MS following multi-acid (HF–HNO3–HCl) diges-
tion of powdered and ashed samples (see Scott et al., 2008, for
method details).
Fig. 1. Pyrite sulfur and total organic carbon concentrations. Sengoma Argillite For-
mation (triangles), Upper Zaonega, Unit 1 199 to 295.6 m (dark grey diamonds),
Upper Zaonega, Unit 2 16 to 184 m (light grey diamonds) and Upper Zaonega Unit
2 (open circles).

4. Results

Both the SAF and UZ shales contain abundant total organic
carbon (TOC) and pyrite sulfur (Spy), with some UZ enrichments
of TOC exceeding 25 wt% (Fig. 1). Pyrite multiple-sulfur isotope
data are presented as δ34S values and �33S values in Fig. 2.
Sulfur isotope fractionation associated with dissimilatory sulfate
reduction (DSR) can produce δ33S values that are slightly differ-
ent than those predicted for thermodynamic equilibrium (Farquhar
et al., 2003). The difference can be quantified as �33S values
(= δ33Smeasured–δ33Spredicted), which, in combination with δ34S val-
ues, produce triple-sulfur isotope arrays (δ34S–�33S) that provide
unique constraint on sulfate supply during DSR (Johnston et al.,
2006). δ34S and �33S values for the analyzed samples cover a
wide but systematic range (Fig. 2). All Spy from the SAF records
negative δ34S and positive �33S values (Fig. 2a), with increasingly
negative δ34S values coupled to increasingly positive �33S values.
Samples from the UZ Unit 1 display a similar inverse relationship
between δ34S and �33S values but also include pyrite with posi-
tive δ34S and negative �33S that converge on values of 15� and
−0.05�, respectively (Fig. 2b). For Unit 1, there is a clear strati-
graphic division, with samples taken from depths of 199 meters
and below displaying negative δ34S and positive �33S values and
samples from 184 meters and above displaying positive δ34S and
negative �33S values. Spy from the UZ Unit 2 exhibits uniformly
positive δ34S values (up to 25�) and both positive and negative
�33S. For this unit, there is no correlation between the two sulfur
isotope parameters and no stratigraphic trend (see supplementary
materials, Table S1).

We use Fe speciation analysis to characterize redox conditions
in the depositional environment. By convention, when the ratio
of highly reactive Fe to total Fe (FeHR/FeT) exceeds 0.4, and the
ratio of pyrite Fe to highly reactive Fe (FePY/FeHR) exceeds 0.7,
the depositional environment is interpreted to have been euxinic,
where bottom waters are both anoxic and contain hydrogen sulfide
(Poulton and Canfield, 2011). When FePY/FeHR values are below
0.7 they are interpreted to be oxic, anoxic, or ferruginous (anoxic
and Fe-rich). Importantly, sulfide production in non-euxinic envi-
ronments is restricted to pore waters, below the sediment-water
interface, while in euxinic environments sulfide production occurs
in both the water column and the shallow sediments. Under this
interpretative framework, Fe speciation in samples from the SAF
and UZ cores identifies both euxinic and non-euxinic intervals of
deposition (Fig. 3). Most samples from the SAF and UZ Unit 2 indi-
cate euxinic deposition, whereas most of the samples from the UZ
Unit 1 represent non-euxinic conditions.

The isotopic composition of organic matter in the analyzed
samples falls into two clusters that are tightly coupled to the iso-
topic composition of Spy (Fig. 4). Specifically, for samples with δ34S
values <0�, δ13C values average ∼ − 27�. For samples with δ34S
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Fig. 2. Pyrite multiple-sulfur isotope data. (a) Sengoma Argillite Formation (triangles) and Upper Zaonega, Unit 1 (199 to 295.6 m dark grey diamonds; 16 to 184 m light grey
diamonds) and Upper Zaonega Unit 2 (open circles). Uncertainty ellipse is for the average isotopic composition of nodular pyrite from the 2.32 Ga Rooihoogte and Lower
Timeball Hill formations (Bekker et al., 2004), (b) Upper Zaonega, Unit 2.
Fig. 3. FeHR/FeT versus FePY/FeT. Solid lines denote euxinic, oxic, and ferruginous
bottom waters fields. Sengoma Argillite Formation (triangles), Upper Zaonega, Unit
1 199 to 295.6 m (dark grey diamonds), Upper Zaonega, Unit 2 16 to 184 m (light
grey diamonds) and Upper Zaonega Unit 2 (open circles).

Fig. 4. Organic carbon (δ13C) and pyrite sulfur (δ34S) isotope data. Sengoma Argillite
Formation (triangles), Upper Zaonega, Unit 1 199 to 295.6 m (dark grey diamonds),
Upper Zaonega, Unit 2 16 to 184 m (light grey diamonds) and Upper Zaonega Unit
2 (open circles).

values >0�, δ13C values cover a wider range of −30 to −45�,
likely reflecting carbon contributed by secondary producers such
as methanotrophs and S oxidizers.

5. Discussion

5.1. Pyrite sulfur isotope values, seawater sulfate, and Earth’s oxidation
state

Since seawater sulfate is derived from oxidative weathering of
sulfide minerals on the continents, and the redox state of the
oceans controls the S burial flux, seawater sulfate concentrations
are tied to the redox state of Earth’s atmosphere-ocean system
(Canfield, 2005). Furthermore, the isotopic composition of sedi-
mentary pyrites can provide information on the concentration and
isotopic composition of seawater sulfate in the local environment
and in the open ocean. Thus, the isotopic properties of sedimen-
tary pyrite can be used as a valuable, first-order indicator for the
size of the SSR and a rough proxy for the oxidation state of Earth’s
surface (e.g., Canfield, 1998).

The primary source of sulfide in organic carbon-rich sediments
is dissimilatory sulfate reduction (DSR) coupled to oxidation of
organic matter, with the resultant hydrogen sulfide sequestered
primarily as pyrite (FeS2). As a result of the enzymatic processes
involved in the reduction of sulfate, DSR produces sulfide that is
enriched in the light sulfur isotopes relative to precursor sulfate.
The upper limit of isotopic fractionation in culture experiments
reaches 65� for δ34S values (Sim et al., 2011) and is set by in-
trinsic metabolic controls (Bradley et al., 2011). However, sulfate
uptake also exerts a strong influence on the isotopic composi-
tion of the sulfide produced during DSR. The biological sulfur iso-
tope effect will decrease rapidly as sulfate concentration drops to
low levels, leading to less reversible sulfate uptake. Previous work
demonstrated that below roughly 200 μM sulfide is fractionated
by less than ∼10� relative to the original sulfate (Habicht et al.,
2002), although recent work on modern environment suggest that
the threshold for reduced fractionation might found at even lower
sulfate concentrations (Gomes and Hurtgen, 2013).

Sulfate uptake is not the only biological variable that can in-
fluence the magnitude of sulfur isotope fractionations. High rates
of cell-specific sulfate reduction result in small isotopic fractiona-
tions (Harrison and Thode, 1957; Leavitt et al., 2013) when cou-
pled, for example, to elevated temperatures or supplies of labile
organic matter. However, the sulfate reduction rates that produce
fractionations <10� in pure cultures far exceed the rates observed
in natural environments (Hoehler and Jørgensen, 2013), suggesting
that this control is not critical in setting the isotopic characteristics
of natural samples. Small biological fractionations can also result
at low sulfate reduction rates when H2 is the primary electron
donor rather than organic matter (Kaplan and Rittenberg, 1964).
Since the samples analyzed in this study contain abundant organic
carbon, this mechanism seems unlikely. Thus, we consider sulfate
uptake to be the most parsimonious explanation for a biological
control of the sulfur isotope fractionations preserved in the organic
carbon-rich black shales analyzed in this study.

Transport of sulfur species within sedimentary pore waters can
modify how intrinsic biological isotope effects are preserved in
sedimentary sulfides (Jørgensen, 1979). Despite the presence of
abundant sulfate in overlying seawater, sulfate limitation can de-
velop in sediments where sulfate is consumed faster than it can
be replenished by diffusion (Goldhaber and Kaplan, 1975). Here,
the isotopic composition of sedimentary sulfide approaches that
of seawater sulfate due to limited sulfate supply to the site of sul-
fate reduction rather than the biological consequences of restricted
reversibility of sulfate uptake. For this reason, it is important to
distinguish the locus of sulfate reduction when using pyrite sulfur
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Fig. 5. Pyrite multiple sulfur isotope plots for modern euxinic environments. Data
are from the Black Sea (Johnston et al., 2008a, 2008b), Mediterranean sapropels
(Scheiderich et al., 2010), Green Lake, New York (Zerkle et al., 2010) and Cariaco
basin (Li et al., 2010).

isotopes to estimate the size of the SSR. We address this problem
using Fe speciation analysis.

Iron speciation is traditionally used to distinguish between eu-
xinic conditions, where bottom waters are anoxic and sulfidic,
and non-euxinic conditions, where bottom waters can be oxic or
anoxic, but sulfide is always restricted to pore waters. For this
study, we consider euxinic conditions as indicative of open-system
sulfate reduction in the water column and the surface sediments
(Lyons, 1997; Jørgensen et al., 2001), and non-euxinic conditions
as indicative of a more closed system where sulfate reduction is
restricted to pore waters. We stress that since highly reactive Fe
is unlikely to be transported through a sulfide bearing water col-
umn, pyrite formation in euxinic setting occurs dominantly in the
water column (e.g., Lyons, 1997). We do not imply that in all cases
pore-water sulfate reduction results in sulfate limitation, rather we
emphasize that the link between pyrite sulfur isotopes and sea-
water sulfate concentrations is most straightforward when pyrite
forms under euxinic conditions where diffusion of sulfate into the
pore waters is less likely to result in sulfate limitation.

For pyrites that formed under euxinic conditions, the follow-
ing, first-order interpretations hold: (1) δ34S values that are de-
pleted relative to coeval seawater sulfate by more than 20� reflect
sulfate-replete conditions (e.g., Lyons, 1997) and therefore gener-
ally more oxidized surface environments and (2) δ34S values ap-
proaching those of seawater sulfate reflect sulfate-poor conditions
(Habicht et al., 2002) and imply a lower surface oxidation state.

We can expand upon these interpretations and provide unique
constraints on sulfate supply by measuring δ33S values. As de-
scribed above, fractionation by DSR produces sulfide with δ33S
values that are slightly more positive than those predicted for
thermodynamic equilibrium based on δ34S ratios (Farquhar et al.,
2003). Today’s oxygen-rich atmosphere supplies marine environ-
ments with abundant sulfate (28 mM). With this high capacity
for sulfate supply, in combination with bacterially mediated sul-
fur disproportionation, the resultant sulfide retains positive �33S
and highly negative δ34S values that are characteristic of sulfides
produced by DSR under modern conditions (Fig. 5). There are, as of
yet, no �33S values published for sedimentary sulfides from mod-
ern pore-water environments where sulfate is limiting, but studies
of pure cultures suggest that as δ34S values of sulfide become more
positive, �33S values will become less positive due to sulfate limi-
tation (Johnston et al., 2005b).

5.2. The Sengoma Argillite Formation and the rapid expansion of the
SSR following the GOE

Our Fe speciation data suggest that the SAF was deposited un-
der predominantly euxinic conditions (Fig. 3) at the peak of the Lo-
magundi event. The sulfur isotope composition of pyrite in the SAF
is characterized by negative δ34S ratios and positive �33S values
(Fig. 2a). The δ34S values are more than 30� lower than δ34S val-
ues estimated for contemporaneous seawater sulfate (+10–14�;
Schröder et al., 2008). This triple S isotope relationship is remark-
ably similar to that exhibited by recent and modern environments
with up to 28 mM seawater sulfate (Fig. 5) and is representa-
tive of open system DSR under sulfate-replete conditions. Thus far,
microbial S disproportionation is not convincingly evident in the
geologic record of S isotopes until the Mesoproterozoic (Johnston
et al., 2005a), supporting our interpretation that isotopic compo-
sition of SAF pyrite was set by DSR. The precipitation of gypsum
before halite in the stratigraphically correlative Lucknow Forma-
tion of South Africa requires at least ∼2.5 mM sulfate in seawater
at that time (Schröder et al., 2008), and the concentration and iso-
topic composition of contemporaneous carbonate-associated sul-
fate suggests a minimum seawater sulfate concentration of ∼5 mM
(Planavsky et al., 2012). Thus, we argue that the isotopic array
expressed by the pyrites in the SAF is characteristic of sulfate re-
duction in the presence of a minimum of 2.5 to 5 mM sulfate.

This concentration range represents a greater than 10-fold in-
crease in the size of the SSR relative to that estimated for the
Archean (<200 μM; Habicht et al., 2002; ∼80 μM; Jamieson et al.,
2012). Nodular pyrites from the ∼2320 Ma Rooihoogte and Lower
Timeball Hill formations, South Africa, were previously used to cal-
ibrate the timing of the GOE (Bekker et al., 2004), and their average
�33S and δ34S values overlap with those from the SAF and modern
environments (ellipse in Fig. 2a). Thus, the high seawater sulfate
concentrations inferred for the peak of the Lomagundi excursion
may have been an immediate response to the GOE and reflectint a
rapid accumulation of atmospheric oxygen (cf. Bekker and Holland,
2012).

5.3. The Upper Zaonega Subformation and the rapid contraction of the
SSR at ∼2.05 Ga

It is important to note that the UZ hosts deposits of shungite,
amorphous material composed mostly of organic carbon (up to 80
to 98 weight % Corg; Melezhik et al., 1999), which have been in-
terpreted as the fossilized remains of migrated bitumen. However,
the UZ samples analyzed in this study are not shungite-bearing.
While some of these samples contain elevated concentrations of
TOC, most of them are indistinguishable from the SAF in terms of
their concentrations of TOC, Spy, and Al. Furthermore, there is no
correlation between the concentration of TOC and the S isotope
composition of associated pyrites despite considerable variation in
both parameters.

Iron speciation data indicates that pyrite formed in sediment
pore waters during deposition of UZ Unit 1 (Fig. 3). There is a
broad inverse correlation between δ34S and �33S values, with data
clustered in two stratigraphically defined groups (Fig. 2a) that indi-
cate DSR under different degrees of pore-water sulfate supply (e.g.,
Johnston et al., 2006). The first group is defined by negative δ34S
and positive �33S values that overlap those of the SAF and occurs
stratigraphy lower in the UZ Unit 1 (below 184 m). This group
likely reflects sulfate reduction close to the sediment-water inter-
face where sulfate diffusion rates exceeded sulfate reduction rates.
The second group is stratigraphically higher (above 184 m) and has
positive δ34S and negative �33S values that cluster tightly around
averages of 15� and −0.05�, respectively. Importantly, δ34S val-
ues of the second group approach but do not exceed estimates
for contemporaneous seawater sulfate (Planavsky et al., 2012). This
clustering of data points is characteristic of a pore-water system
where all sulfate entering the diagenetic reaction zone is quan-
titatively reduced to sulfide and trapped as sedimentary pyrite.
In order to maintain such limited variability in pyrite �33S and
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δ34S values, the sulfate flux and its isotopic composition must have
been relatively constant during deposition of the upper part of UZ
Unit. Thus, the second group represents a reasonable estimate of
the isotopic composition of seawater sulfate entering the pore wa-
ters. The δ34S values of the two groups differ by ∼30�, suggesting
that sulfate concentrations in the bottom waters were likely in the
mM range throughout deposition of Unit 1, similar to the SAF.

Upper Zaonega Unit 2 captures a subsequent period of euxinic
deposition (Fig. 3). However, unlike the euxinic pyrites of the SAF,
pyrites in UZ Unit 2 have exclusively positive δ34S values, from
∼0 to +25�, and both positive and negative �33S values, from
−0.06 to +0.05� (Fig. 2b). Within these limits, their isotopic com-
positions are extremely variable with no discernible stratigraphic
trend. We interpret this abrupt transition to highly positive δ34S
values in UZ Unit 2, which often exceed the seawater sulfate value
inferred from Unit 1, as reflecting an abrupt and substantial con-
traction in the concentration of seawater sulfate at ∼2.05 Ga. In
the past, the development of euxinic conditions has been inter-
preted to reflect relatively sulfate-replete conditions (e.g., Canfield,
1998). However, the identification of euxinic conditions in Archean
black shales from the Hamersley Basin in Australia (Reinhard et al.,
2009; Scott et al., 2011), demonstrates that euxinic conditions can
develop under low sulfate conditions. Thus, our interpretation of a
substantial contraction of seawater sulfate in the euxinic UZ Unit 2
basin is not contradictory with the presence of euxinia. We can use
�33S values to further constrain the magnitude of this contraction.

5.4. Estimating seawater sulfate concentrations using δ34S and �33S
values from UZ Unit 2 pyrite

In order to constrain seawater sulfate concentrations in the eu-
xinic UZ Unit 2 marine environment, we investigated the intrinsic
biological fractionation factors that were associated with the δ34S
and �33S patterns preserved in UZ Unit 2 pyrites. This exercise
attempts to answer the following questions:

(1) What is the simplest set of assumptions that is required to
reproduce the observed δ34S and �33S records?

(2) Are the pyrite δ34S and �33S records compatible with the iso-
topic consequences of water column sulfate limitation?

In a system where sulfate demand by DSR outstrips sulfate
supply, sulfate levels will decrease, and residual sulfate will be en-
riched in the heavy isotopes relative to the starting sulfate (e.g.,
Gomes and Hurtgen, 2013). Application of isotopic and elemental
mass balance to this situation results in a suite of Rayleigh frac-
tionation equations for each ratio of sulfur isotopes in sulfate. For
33S and 34S, these equations are:

33 Rsulfate, f = 33 Rsulfate, f =1 × f (33αpr−1)

34 Rsulfate, f = 34 Rsulfate, f =1 × f (34αpr−1),

where f is the fraction of unconsumed sulfate in the local envi-
ronment and varies between 1 and 0. Taking 33S as an example,
33 Rsulfate, f =1 is the ratio of 33S to 32S in the sulfate at the be-
ginning of sulfate consumption ( f = 1), 33 Rsulfate, f is the ratio of
33S to 32S in the sulfate after consumption has progressed to some
value of f less than 1, and 33αpr is the fractionation factor describ-
ing isotope partitioning between product sulfide (p) and reactant
sulfate (s). The fractionation factors are related to each other by:

33αpr = (34αpr
)33λpr

,

where 33λpr is an exponent that varies systematically with the
magnitude of 34αpr from ∼0.508 to 0.5145 for pure cultures
of dissimilatory sulfate-reducing bacteria (Farquhar et al., 2003;
Fig. 6. Predicted �33S and δ34S values from Rayleigh model of a sulfate-limited
UZ Unit 2 marine environment. (a) White circles are the predicted isotopic com-
positions of the first-formed sulphide from the initial sulfate pool (δ34S = 15�,
�33S = −0.05�), while arrows are the δ34S and �33S trajectories followed by the
sulphide produced by DSR under Rayleigh conditions. Grey squares are measured
δ34S and �33S values from the UZ Unit 2 pyrites; 1σ estimates of the analyti-
cal uncertainty in �33S values (0.01�) are shown as thin black lines behind each
symbol. Uncertainty in δ34S values (0.1�) is smaller than the size of the symbols.
(b) Histogram of the modeled 34S–32S fractionations associated with DSR in the UZ
Unit 2 water column.

Johnston et al., 2005b; Johnston et al., 2007; Sim et al., 2011).
There is a positive linear correlation between the magnitude of
33λpr and the magnitude of 34αpr (expressed as 1000 × ln(34αpr))
(Leavitt et al., 2013).

With this relationship and the initial sulfate isotope composi-
tion inferred from pyrites of the UZ Unit 1 shales (δ34S = 15�
and �33S = −0.05�), we varied 34αpr and predicted (1) the iso-
topic composition of the first-formed product sulfide in a Rayleigh
removal process and (2) the δ34S and �33S trajectory taken by
the instantaneous sulfide formed in a Rayleigh removal process
(Fig. 6a). This produced a graphical framework in which we eval-
uated the compatibility between our model and the UZ Unit 2
sulfide values.

We counted the number of δ34S and �33S pairs from UZ Unit 2
pyrites that fell between each pair of vectors and attributed these
measurements to the sub-set of 34αpr values that span the two
vectors. This exercise reproduced 30 of the 31 measured δ34S and
�33S pairs in sulfides of the UZ Unit 2 shales. The 34αpr values
produced by this model correspond to 34S–32S fractionations from
near 0� to ∼27� (Fig. 6a). A distinct mode in the set of fraction-
ations occurs between 10� and 15� (Fig. 6b).

When compared to the experimentally determined relationship
between 34S–32S fractionations and sulfate concentrations (see Fig.
2A in Habicht et al., 2002), more than 95% of the modeled 34S–32S
fractionations for the UZ Unit 2 are consistent with low sulfate
concentrations. Thus, we argue that sustained low sulfate concen-
trations in the water column are the main biological parameter
shaping the paired �33S–δ34S data from the Unit 2 shales. Such
low sulfate concentrations offer a reasonable explanation for both
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the variability in the modeled 34αpr values, as well as the appar-
ent Rayleigh behavior of sulfur isotopes in the UZ Unit 2 marine
environment. The difference in the inferred sulfate concentrations
during the deposition of the UZ Units 1 and 2 can be interpreted as
a dramatically fast contraction of the SSR (>10 fold) in the imme-
diate aftermath of the Lomagundi excursion, suggesting a similarly
dramatic decrease in the oxidation state of Earth’s surface.

5.5. δ13Corg values as indicators of the contraction of the SSR at
∼2.05 Ga

Organic carbon δ13C results from our sample set capture an
abrupt negative excursion in the UZ that is coincident with the
shift in pyrite S isotope values between Unit 1 and Unit 2 (Fig. 4).
A similar negative δ13Corg excursion has been previously reported
in the UZ shales (Melezhik et al., 1999; Kump et al., 2011;
Qu et al., 2012) and in other correlative successions worldwide
(Bekker et al., 2003a, 2003b; Gauthier-Lafaye and Weber, 2003).
Kump et al. (2011) interpreted this negative δ13Corg excursion to
be global in nature and linked it to oxidation of organic matter
on an unprecedented scale, either on the continents or in seawa-
ter. Conversely, Qu et al. (2012) linked this excursion to oil and gas
generation within the UZ basin, leading to oil and methane seep-
age onto the seafloor and basinal methanotrophy (which wouldn’t
be worldwide). Based on the observed C and S isotopic coupling,
we propose instead that the excursion reflects a biogeochemi-
cal response to the collapse in the marine sulfate reservoir. The
low-sulfate conditions postulated here for the UZ Unit 2 should
have invigorated biological methane cycling, brought methane pro-
duction closer to the sediment-water interface, and decreased
methane consumption by biologically driven anaerobic oxidation
of methane coupled to sulfate reduction. This would allow greater
methane fluxes into the overlying water column, where methan-
otrophy could establish itself at the redoxcline. The observed C
isotope depletion in the UZ Unit 2 requires that less than 10%
of the total preserved organic carbon was derived from methan-
otrophy; such proportions are typical of geological environments
where methanotrophy is known to be significant (Hayes, 1994).
Importantly, laboratory studies demonstrate that methanogens can
successfully compete with sulfate reducers when sulfate concen-
trations fall below 200 μM (e.g., Beal et al., 2011), suggesting that
overall methane production is also likely to be enhanced at these
low seawater sulfate levels. Thus, the negative coupling of C and S
isotopes in the UZ Unit 2 further supports our argument for a col-
lapse to very low concentrations of seawater sulfate at ∼2.05 Ga.

5.6. The geologic record of seawater sulfate from ∼2.05 to 0.54 Ga

We use our new pyrite multiple-sulfur isotope data to argue
for an abrupt shift from sulfate-poor oceans to sulfate-rich oceans
as a direct consequence of the initial accumulation of oxygen in
the atmosphere at 2.4–2.3 Ga and for an equally abrupt collapse
of the SSR at ∼2.05 Ga. This scenario is consistent with previ-
ous studies describing a rise and fall in the oxidation state of
Earth’s surface environments (Canfield, 2005; Frei et al., 2009;
Bekker and Holland, 2012; Planavsky et al., 2012; Partin et al.,
2013). This raises the question of how this apparent crash in sea-
water sulfate concentrations relates to the SSR during the rest of
the Proterozoic Eon.

There are multiple-sulfur isotope data from the ∼1.85 Ga Rove
Formation, Canada (Poulton et al., 2004), which contains eux-
inic black shales that were deposited in a foreland basin discon-
formably above the Gunflint Iron Formation, and from ∼1.6–1.4 Ga
black shales from the McArthur basin, Australia, that were de-
posited under oxic and euxinic conditions in open-marine and
semi-restricted settings (Shen et al., 2003). With a few exceptions,
Fig. 7. S isotope data (δ34S versus �33S values) for the ∼1.85 Ga Rove Formation
(light-grey diamonds) and the 1.60 to 1.40 Ga McArthur basin shales (dark-grey di-
amonds). Data are from Johnston et al. (2006, 2008a, 2008b).

these data show positive δ34S and both positive and negative �33S
values (Johnston et al., 2006, 2008a, 2008b), similar to the UZ
Unit 2 shales (Fig. 7). In some instances, δ34S values of pyrite ex-
ceed that of coeval seawater sulfate (Johnston et al., 2006). If we
further consider the more complete record of traditional δ34S val-
ues from pyrites preserved in black shales (Fig. 8), we find that
highly negative δ34S values are common between ∼2.32 and 2.05
Ga, while positive δ34S values characterize the remainder of the
Proterozoic Eon. In general, the depleted δ34S values that char-
acterize early Paleoproterozoic pyrites (δ34Ssulfate–δ34Spyrite > 30�)
are not observed in euxinic black shales until ∼635 Ma (Sahoo et
al., 2012), roughly coincident with the first appearance of macro-
scopic putative metazoans. Taken as a whole, the pyrite sulfur
isotope record suggests that the sulfate-replete oceans that char-
acterized the early Paleoproterozoic did not return until the late
Neoproterozoic. Estimated sulfate concentrations for the McArthur
basin are 2–5 mM (Shen et al., 2002), which provide maximum
limits for the Mesoproterozoic and minimum limits for the early
Paleoproterozoic. Thus, the late Paleoproterozoic seawater sulfate
concentrations probably increased after 2.0 Ga but did not return
to early Paleoproterozoic levels until much later.

This scenario is consistent with other records of the Protero-
zoic SSR. The lack of sulfate minerals in evaporites from the
∼1.9 Ga Stark Formation, Northwestern Canada, is taken as ev-
idence for very low seawater sulfate concentrations (Pope and
Grotzinger, 2003). Although pseudomorphs replacing sulfate crys-
tals have been reported from younger Paleoproterozoic and Meso-
proterozoic successions (e.g., 1.7–1.6 Ga sabkha deposits of the
McArthur basin; Walker et al., 1977; McClay and Carlile, 1978),
but these are rare and never formed massive beds. The first occur-
rence of massive beds of gypsum, after those of the early Paleo-
proterozoic (e.g., Bekker et al., 2003a, 2003b; Schröder et al., 2008;
Bekker and Holland, 2012), is in the ca. 1.2 Ga Society Cliff For-
mation, Borden basin, Canadian Arctic (Jackson and Ianelli, 1981;
Kah et al., 2001; Turner, 2004). However, even these beds are
stratigraphically minor (5 to 20% locally) and commonly less than
1.5 m thick, with the maximum thickness of 3 m (Jackson and
Ianelli, 1981; Turner, 2009). Deposition of globally significant sul-
fate evaporites did not occur again until the early Neoprotero-
zoic, when shallow-marine sedimentary successions found in the
MacKenzie Mountains and Victoria Island, NWT, Canada, and the
Amadeus basin, central Australia, contain multiple thick (>100 m)
massive beds of sulfate evaporites deposited between 830 and 715
Ma (Young, 1981; Young and Long, 1977; Lindsay, 1987). The ter-
minal Neoproterozoic is also marked by deposition of sulfate evap-
orites (Schröder et al., 2003).
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Fig. 8. Comparison of δ34S values for pyrites in black shales through time and Pro-
terozoic sulfate evaporites. Pyrite timeline modified from Canfield and Farquhar
(2009) to include only data for black shales. White circles are average values per
unit. Secular distribution of sulfate evaporites in the Proterozoic after Pope and
Grotzinger (2003) and Schröder et al. (2008) unless otherwise indicated. Thick,
massive sulfate evaporites and extensively developed pseudomorphs after anhy-
drite/gypsum occur in a number of ca. 2.32–2.1 Ga sedimentary basins on different
cratons (1). Pseudomorphs after anhydrite/gypsum (2) are also developed in the
ca. 2.0 Ga Kasegalik and McLeary formations of the Belchers Islands and in the
2.0 Ga Coomalie and Celia dolomites of the Pine Creek Orogen (Crick and Muir,
1980). Pseudomorphs after anhydrite/gypsum (3) are common in a number of the
1.9–1.85 Ga sedimentary basins (see Pope and Grotzinger, 2003), including the Ta-
vani Formation of the Hurwitz basin (Aspler et al., 1994) and the Koolpin and Cahill
formations of the Pine Creek Orogen (Crick and Muir, 1980). The Corella Formation
of the Mount Isa basin (4) is the single known evaporite deposit with pseudo-
morphs after anhydrite and gypsum of ca. 1.75 Ga age. Pseudomorphs after gypsum
and anhydrite (5) are common in several units of the 1.67–1.64 Ga McArthur and Mt
Isa groups. Subsequently, evidence for sulfate evaporites reappears only in the ca.
1.2 Ga sedimentary successions of the Borden and Grenville (Whelan et al., 1990)
basins (6), where thin, massive sulfate evaporite beds are present. After another
long time gap, thick, massive sulfate evaporites (7) emerge in the ca. 830–715 Ma
sedimentary successions and bracket the Bitter Spring anomaly in Canada, Aus-
tralia, and Central Africa. Finally, thick, massive sulfate evaporites (8) became again
abundant at the Precambrian–Cambrian boundary in several sedimentary basins in
Asia and Australia. Although not indicated here, sulfate evaporites have been buried
continuously throughout the Phanerozoic, with variability imposed by variations in
submerged continental crust and sea level rather than ocean–atmosphere oxygena-
tion (Halevy et al., 2012).

5.7. Implications for the oxygenation of Earth’s surface environments

Although the mechanistic link between Earth’s oxidation state
and the size of the SSR is complicated, they appear to be positively
correlated on geological timescales (Canfield, 2005). Based on the
confluence of multiple lines of evidence, including the new multi-
ple S-isotope data reported here, we argue that the size of the SSR
between 2.3 and 2.05 Ga was larger than at any point between 2.0
Ga and 635 Ma (Sahoo et al., 2012). As the rise of the SSR in the
early Paleoproterozic coincided roughly with the Great Oxidation
Event and initiation of the Lomagundi carbon isotope excursion,
while the contraction of the SSR is associated with the termination
of the Lomagundi event, there appears to be direct relationships
among first-order variations in atmospheric oxygen, ocean redox
state, and the size of the SSR. Highly 34S-depleted pyrites returned
in the Ediacaran Era (Fig. 8) when atmosphere and ocean oxygena-
tion reached levels sufficient for aerobic respiration (Sahoo et al.,
2012). Considering the unique similarity between pyrite S isotopes
in the SAF and Ediacaran black shales, it seems possible that the
concentration of atmospheric oxygen during the Lomagundi carbon
isotope excursion approached that of the Ediacaran Era.
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