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higher than those of phosphorus. At low concentrations, nutrients such as phosphorus tend
to limit biological production, and by analogy,
sulfur may have played a more important role
as a biologically scarce nutrient.
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Neoarchean carbonate–associated
sulfate records positive
D33S anomalies
G. Paris,1* J. F. Adkins,1 A. L. Sessions,1 S. M. Webb,2 W. W. Fischer1
Mass-independent fractionation of sulfur isotopes (reported as D33S) recorded in Archean
sedimentary rocks helps to constrain the composition of Earth’s early atmosphere and the
timing of the rise of oxygen ~2.4 billion years ago. Although current hypotheses predict
uniformly negative D33S for Archean seawater sulfate, this remains untested through the
vast majority of Archean time. We applied x-ray absorption spectroscopy to investigate the
low sulfate content of particularly well-preserved Neoarchean carbonates and mass
spectrometry to measure their D33S signatures. We report unexpected, large, widespread
positive D33S values from stratigraphic sections capturing over 70 million years and diverse
depositional environments. Combined with the pyrite record, these results show that
sulfate does not carry the expected negative D33S from sulfur mass-independent
fractionation in the Neoarchean atmosphere.

T

he sulfur isotopic composition of Archean
[3.8 to 2.4 billion years ago (Ga)] sedimentary rocks provides critical evidence that
Earth’s atmosphere contained very little, if
any, free O2 before the rise of oxygen ~2.4 Ga
(1–6). Most processes on Earth fractionate sulfur
isotopes proportionally to their relative mass differences [D33S = 0 (7)], yet Archean pyrite (FeS2)
commonly deviates from this relationship, skewed
toward positive D33S values (1, 8). This massindependent fractionation (MIF) pattern is widely attributed to photodissociation of SO2 by
ultraviolet (UV) light allowed by the extremely
low levels of O2 and O3 in Earth’s atmosphere at
that time (1, 6). In this scenario, coeval sulfate
aerosols ultimately deposited in the ocean as dissolved sulfate carry the complementary negative
D33S anomalies required by isotopic mass balance
(1, 2, 5, 8, 9). Recent experiments (10–12) and
models of the Archean atmosphere (2) show a
much wider range of MIF patterns, including
positive D33S anomalies in sulfate instead of
lower-valent S species. Sulfate minerals that would
provide a test of the distribution of MIF signal
are absent from Archean evaporite sequences—
bedded sulfate deposits occur only after the rise
of oxygen (13). Paleoarchean barites (3.5 to 3.2 Ga)
are a notable exception. They carry small, negative
D33S values [0 to –1.5‰ (1, 14–16)] but have an
enigmatic petrogenesis (17). No such sulfate record exists for the billion-year interval from
Mesoarchean time through the Paleoproterozoic
rise of oxygen. Consequently, the notion of an
Archean marine sulfate pool with negative D33S
values remains largely untested.
Sulfate minerals are not the only portal into
the past marine sulfate pool. Small quantities of
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carbonate-associated sulfate (CAS) have become
an important archive for studying marine sulfate
in younger successions (18). However, the very
low sulfate concentrations of Archean carbonates
have kept this archive largely out of reach for
conventional analytical methods. Two studies
measuring Archean CAS suggested that Archean
sulfate carried positive D33S (4, 19). However,
both studies used large sample sizes (>100 g of
CaCO3), raising the risks of lower preservation as
well as contamination by pyrite. We recently developed a technique using inductively coupled
plasma mass spectrometry to measure both D33S
and d34S using a few tens of milligrams of lowCAS carbonate (20). Greater sensitivity allows
the measurement of sulfur isotopes from specific
petrographic and sedimentary fabrics with different diagenetic histories, coupled with light and
electron microscopy (Fig. 1 and fig. S4), to directly assess sample quality based on the presence of
additional S-bearing phases (e.g., organic sulfur,
pyrite). In parallel, we applied synchrotron x-ray
absorption spectroscopy (XAS) to measure sulfur
speciation in these samples. We examined three
sedimentary sections from a range of marine paleoenvironments across the Neoarchean Campbellrand
carbonate platform (21). Section W1 (aragonite
sea-floor fans, precipitated laminae, preserved as
early diagenetic fabric-retentive dolomite) captures
shallow subtidal environments, whereas sections
GKP01 and W2 [herringbone, an early marine
calcitic cement (22), microbial laminae, dolomite,
and calcite spar] capture deep subtidal and slope
environments (21).
The CAS data preserve positive d34S values and
unambiguously positive D33S values and display
significant variability, sometimes at very small
scales (Fig. 2 and additional data table S1). The
carbonate fabrics contain 5 to 70 parts per million (ppm) sulfate—two orders of magnitude lower
than typical Phanerozoic carbonates. Because of
such low levels, we consider the potential impacts of contamination and/or sulfide oxidation
7 NOVEMBER 2014 • VOL 346 ISSUE 6210
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on these measurements. Contamination by postArchean sulfur of any form, in the laboratory or
field, can be confidently ruled out because it would
not carry a substantial MIF signal. Modern oxidation of indigenous pyrite or organic sulfur
would carry such a signal, although our samplecleaning protocol is designed to extract only the
sulfate bound into the carbonate lattice (21).
Late, void-filling calcite spar is notable for having
extremely low sulfate concentrations (≤4.3 ppm)
and so provides an important negative control.
XAS analyses of samples prepared under strictly
anaerobic conditions indicate an average of 22
(T14%) sulfate S, 67 (T13%) pyrite S, and 12 (T7%)
organic S [(21); table S3 and fig. S5] and show
that there is an appreciable amount of sulfate
present. At worst, our analyses represent a mixture of CAS and oxidized pyrite, yet plots of either d34S or D33S versus concentration show no
correlation (fig. S8), as would be expected for
such a mixture. Moreover, the mean D33S value
for CAS is higher than that for coeval disseminated pyrite (4, 23–30), averaging 6.39 and 4.48‰,
respectively (fig. S9). Although we cannot rule
out a heterogeneous distribution of pyrite grains,
with smaller, easier-to-oxidize grains carrying
larger-than-average D33S values, this should still
lead to a correlation between sulfate concentration and D33S.
A possibility that is more difficult to rule out is
the existence of an ancient fluid-flow event that
oxidized pyrite while simultaneously recrystallizing carbonate minerals. The absence of measurable sulfate in void-filling sparry cements
argues against this possibility, as do variable
sulfate concentrations between closely colocated
carbonate fabrics. Carbon and oxygen isotopic
compositions are consistent with previously reported values and are inconsistent with extensive
interaction with hydrothermal fluids (31). There
is no correlation between d34S or D33S and either
carbon or oxygen isotope ratios (fig. S10), as
might be expected of a diagenetic origin for
sulfate. Lastly, the carbonates contain substantially more reduced iron (0.5 to 1%) than reduced
sulfur (<0.1%), yet no detectable oxidized iron
(32). Such a pattern is inconsistent with any
diagenetic event that locally oxidized pyrite. We
conclude that the measured CAS represents Neoarchean marine sulfate with a strong positive
D33S anomaly.
Our data challenge the canonical view of the
Archean sulfur cycle in which S8 compounds
with positive D33S values and SO42– with negative
D33S values derived from SO2 photolysis to form
the reduced and oxidized pools of sulfur, respectively. In Fig. 3A, we compare the sulfur isotopic
compositions as normalized ratios d′33S and d′34S
(7) of CAS against an extensive set of published
values from Campbellrand platform pyrites. If
sulfate originated from pyrite oxidation, CAS
should overlap pyrites and show both negative
and positive D33S values. Instead, we observe that
the d′34S values of CAS and disseminated pyrite
complement each other, which provides a simple
framework to interpret previously published
data. Microbial sulfate reduction produces pyrite
740
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Fig. 1. Measurement of multiple sulfur isotope ratios from specific petrographic textures within a
sample. (A) Cut face of hand sample W2-100 contains several different calcite fabrics, dark microbial
laminae, and marine herringbone calcite cements. Sample locations are shown as numbered light gray
areas. U.S. quarter is shown for scale. (B) Transmitted light and (C) backscatter electron photomicrographs of a thin section facing the location of samples 4 to 6. Herringbone calcite generally lacks reflective
(or high backscatter) sulfide-bearing minerals, whereas microbial laminae textures may contain rare small
(~2 mm) pyrite grains.

Fig. 2. Crossplot of d34S versus D33S values for all Archean sulfate measured to date. CAS
[Campbellrand carbonate platform, 2.6 to 2.5 Ga, this study, mean T 2 SD (4, 21), and various
locations, 3.0 to 2.6 Ga (19)] and the Paleoarchean barite record (1, 14–16). For comparison, CAS
data from the Mesoproterozoic-age Helena Formation measured in this study are shown; note the
lack of MIF in these samples (after the rise of oxygen).

with the same D33S as, and lower d34S than, sulfate. In Fig. 3A, this MIF is expressed as vectors
parallel to the dashed line toward the left, which
explains most of the disseminated pyrite. To
explain the few 34S-enriched pyrites, either porewater sulfate must have become enriched in 34S
over the course of sulfate reduction [as in mod-

ern anoxic pore waters (33)], or additional massdependent processes were involved. The overall
fractionation leaves the remaining dissolved sulfate pool slightly enriched in heavy isotopes
within the Campbellrand basin, moving the
d34S-intercept of the fractionation line above
the origin of the d34S-D33S crossplot (Fig. 2).
sciencemag.org SCIENCE
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Fig. 3. Comparison between sulfur
isotopic compositions in data and
laboratory and numerical experiments. (A) Comparison of sulfur isotope composition for CAS (this study,
circles) and pyrite [disseminated, dots;
nodule and layers, crosses (4, 23–30, 33)]
from the Campbellrand platform. The
CAS data define a narrow range,
departing from bulk Earth sulfur (the
origin on this plot) by MIF processes.
Dashed line is the mass-dependent
(MD) fractionation law. Disseminated
pyrite isotopic compositions depart
from the CAS trend via MD processes
(gray arrows). Dotted lines indicate
the MIF law for section W1 with no
fractionation and with MD fractionations (e) of –15 and +15‰. The Neoarchean pyrite record from South Africa also includes pyrites, mostly nodular, with negative D33S values. (B) Mass fractionation laws for published photochemistry experiments at different wavelengths l (nm) or atmospheric compositions.The slope of each line is the average mass
law centered on the origin for a given data set. The circles indicate the oxidized sulfur endmember, close to which are reported the wavelengths used for each
experiment. Atm 1, 2, and 3 are Archean theoretical atmospheres 1, 2, and 3 (2).

Nodular pyrites (25–27, 29, 33) commonly display a negative D33S signature, shown below the
dashed line in Fig. 3A. Rather than marine sulfate, these pyrites could be representative of a
sulfur pool mass-balancing the Archean sulfur
cycle (1, 2, 8, 14, 29).
The small-scale variation observed in D33S
values within samples may reflect the atmospheric processes that create MIF. In the modern
world, the D33S of sulfate aerosols produced after
volcanic injections of SO2 into the stratosphere
changes within a few years (34). Therefore, atmospheric fractionations, but also output fluxes,
can vary on time scales much shorter than the
temporal resolution of the stratigraphic record.
Because atmospheric processes create MIF that
follow a linear trend in the d′33S-d′34S space, the
observation of a slope between D33S and d34S
values supports this notion. The small-scale variation could also reflect differing extents of sulfur
cycling between different coeval pools (elemental
sulfur, sulfide, etc.) (33, 35). Regardless, these
possibilities each point to relatively low concentrations, a short residence time of seawater sulfate in this marine basin, and limited exchange
between sulfur pools to prevent D33S homogenization (35).
Existing models of Archean sulfur cycling were
influenced by early experimental results for SO2
interaction with UV light that produced oxidized
species with negative D33S values (5). In Fig. 3B,
we compile all the results from experimental work
(5, 8–12) and atmospheric modeling (2) exploring
sulfur isotope MIF trends. We derive mass fractionation laws, defined as the slope between
the normalized ratios d′33S and d′34S (7) for the
products of atmospheric processes either in the
laboratory or in simulations of the Archean
atmosphere. The oxidized sulfur products are
marked at the ends of the mass fractionation
lines with circles. The mass laws for these different experiments display a broad range of slopes,
and different signs of D33S for SO42–. Recent
studies (2, 10–12) show more scenarios in which
SCIENCE sciencemag.org

the oxidized sulfur pool resulting from SO2 photochemistry bears positive D33S values (Fig. 3B).
More broadly, time series of records of sulfur
isotopes in Archean carbonates can now provide
a key test for hypotheses derived from experiments and theory regarding the composition
and evolution of Earth’s early atmosphere.
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