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higher than those of phosphorus. At low con-
centrations, 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.

REFERENCES AND NOTES

1. S.T. Petsch, R. A. Berner, Am. J. Sci. 298, 246-262 (1998).

2. B. B. Jargensen, Nature 296, 643-645 (1982).

3. D. E. Canfield, Geochim. Cosmochim. Acta 65, 1117-1124
(2001).

4. R. A Berner, S. T. Petsch, Science 282, 1426-1427 (1998).

5. K. S. Habicht, M. Gade, B. Thamdrup, P. Berg, D. E. Canfield,
Science 298, 2372-2374 (2002).

6. Q. J. Guo et al., Geology 37, 399-402 (2009).

7. . Halevy, D. T. Johnston, D. P. Schrag, Science 329, 204-207
(2010).

8. J. W. Jamieson, B. A. Wing, J. Farquhar, M. D. Hannington,
Nat. Geosci. 6, 61 (2013).

9. I. Halevy, Proc. Natl. Acad. Sci. U.S.A. 110, 17644-17649
(2013).

10. J. Farquhar et al., Proc. Natl. Acad. Sci. U.S.A. 110, 17638-17643

(2013).
. W. W. Fischer et al., Proc. Natl. Acad. Sci. U.S.A. 111, 5468-5473
(2014).

12. B. S. Kamber, M. J. Whitehouse, Geobiology 5, 5-17 (2007).

13. D. E. Canfield, J. Farquhar, A. L. Zerkle, Geology 38, 415-418
(2010).

14. M. L. Gomes, M. T. Hurtgen, Geology 41, 663-666 (2013).

15. M. Nakagawa et al., Limnol. Oceanogr. 57, 974-988 (2012).

16. M. S. Sim, S. Ono, K. Donovan, S. P. Templer, T. Bosak,
Geochim. Cosmochim. Acta 75, 4244-4259 (2011).

17. W. D. Leavitt, I. Halevy, A. S. Bradley, D. T. Johnston, Proc. Natl.
Acad. Sci. U.S.A. 110, 11244-11249 (2013).

18. S. A. Crowe et al., Proc. Natl. Acad. Sci. U.S.A. 105, 15938-15943
(2008).

19. Materials and methods are available as supplementary
materials on Science Online.

20. G. Paris, A. L. Sessions, A. V. Subhas, J. F. Adkins, Chem. Geol.
345, 50-61 (2013).

21. M. B. Goldhaber, I. R. Kaplan, Mar. Chem. 9, 95-143
(1980).

22. B. B. Jorgensen, Geochim. Cosmochim. Acta 43, 363-374
(1979).

23.'S. Ono et al., Earth Planet. Sci. Lett. 213, 15-30 (2003).

24. S. W. Poulton, D. E. Canfield, Elements 7, 107-112 (2011).

25. D. E. Canfield et al., Science 330, 1375-1378 (2010).

26. E. M. Cameron, K. Hattori, Chem. Geol. 65, 341 (1987).

27. D. E. Canfield, J. Farquhar, Proc. Natl. Acad. Sci. U.S.A. 106,
8123-8127 (2009).

28. 1. B. Lambert, T. H. Donnelly, J. S. R. Dunlop, D. I. Groves,
Nature 276, 808-811 (1978).

29. D. L. Roerdink, P. R. D. Mason, J. Farquhar, T. Reimer,
Earth Planet. Sci. Lett. 331-332, 177-186 (2012).

30. E. E. Stuieken, D. C. Catling, R. Buick, Nat. Geosci. 5, 722-725
(2012).

31. C. T. A. Chen, C. M. Lin, B. T. Huang, L. F. Chang, Mar. Chem.
54, 179-190 (1996).

32. S. A. Crowe et al., Geobiology 12, 322-339 (2014).

—
=

ACKNOWLEDGMENTS

We thank A. Sturm and C. Henny for help with fieldwork. S. Poulton
provided sediment 5°*S data. A. Hefford helped compile Archean
S-isotope data. Funding to S.A.C. was provided by an Agouron
Institute Geobiology Fellowship and a Natural Sciences and
Engineering Research Council of Canada Postdoctoral Fellowship.
Additional funding was provided by the Danish National Research
Foundation (grant no. DNRF53) and the European Research
Council. All data are available in the supplementary materials.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/346/6210/735/suppl/DCL
Materials and Methods

Supplementary Text

Figs. Sl and S2

Tables S1 to S5

References (33-68)

Data S1

21 July 2014; accepted 10 October 2014
10.1126/science.1258966

SCIENCE sciencemag.org

EARLY EARTH

Neoarchean carbonate-associated
sulfate records positive

A®3S anomalies

G. Paris,™ J. F. Adkins,' A. L. Sessions,’ S. M. Webb,> W. W. Fischer"

Mass-independent fractionation of sulfur isotopes (reported as A33S) 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 A33S 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 A33S signatures. We report unexpected, large, widespread
positive A33S 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 A33S from sulfur mass-independent

fractionation in the Neoarchean atmosphere.

he sulfur isotopic composition of Archean
[3.8 to 2.4 billion years ago (Ga)] sedimen-
tary rocks provides critical evidence that
Earth’s atmosphere contained very little, if
any, free O, before the rise of oxygen ~2.4 Ga
(I1-6). Most processes on Earth fractionate sulfur
isotopes proportionally to their relative mass dif-
ferences [A%3S = 0 (7)], yet Archean pyrite (FeS,)
commonly deviates from this relationship, skewed
toward positive A%3S values (I, 8). This mass-
independent fractionation (MIF) pattern is wide-
ly attributed to photodissociation of SO, by
ultraviolet (UV) light allowed by the extremely
low levels of O, and O3 in Earth’s atmosphere at
that time (7, 6). In this scenario, coeval sulfate
aerosols ultimately deposited in the ocean as dis-
solved sulfate carry the complementary negative
A%3S 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 A**S 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
A%S values [0 to -1.5%o (I, 14-16)] but have an
enigmatic petrogenesis (17). No such sulfate re-
cord 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 A*3S
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 (I18). 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 A*®S (4, 19). However,
both studies used large sample sizes (>100 g of
CaCOs,), raising the risks of lower preservation as
well as contamination by pyrite. We recently de-
veloped a technique using inductively coupled
plasma mass spectrometry to measure both A*3S
and §**S using a few tens of milligrams of low-
CAS carbonate (20). Greater sensitivity allows
the measurement of sulfur isotopes from specific
petrographic and sedimentary fabrics with differ-
ent diagenetic histories, coupled with light and
electron microscopy (Fig. 1 and fig. S4), to direct-
ly 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 paleo-
environments across the Neoarchean Campbellrand
carbonate platform (2I). Section W1 (aragonite
sea-floor fans, precipitated laminae, preserved as
early diagenetic fabric-retentive dolomite) captures
shallow subtidal environments, whereas sections
GKPO1 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 8**S values and
unambiguously positive A*’S 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 mil-
lion (ppm) sulfate—two orders of magnitude lower
than typical Phanerozoic carbonates. Because of
such low levels, we consider the potential im-
pacts of contamination and/or sulfide oxidation
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on these measurements. Contamination by post-
Archean sulfur of any form, in the laboratory or
field, can be confidently ruled out because it would
not carry a substantial MIF signal. Modern oxi-
dation of indigenous pyrite or organic sulfur
would carry such a signal, although our sample-
cleaning protocol is designed to extract only the
sulfate bound into the carbonate lattice (2I).
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
(£14%) sulfate S, 67 (+13%) pyrite S, and 12 (+7%)
organic S [(2I); table S3 and fig. S5] and show
that there is an appreciable amount of sulfate
present. At worst, our analyses represent a mix-
ture of CAS and oxidized pyrite, yet plots of ei-
ther 8**S or A%3S versus concentration show no
correlation (fig. S8), as would be expected for
such a mixture. Moreover, the mean A*’S value
for CAS is higher than that for coeval dissemi-
nated pyrite (4, 23-30), averaging 6.39 and 4.48%o,
respectively (fig. S9). Although we cannot rule
out a heterogeneous distribution of pyrite grains,
with smaller, easier-to-oxidize grains carrying
larger-than-average A%S values, this should still
lead to a correlation between sulfate concentra-
tion and A*3S.

A possibility that is more difficult to rule out is
the existence of an ancient fluid-flow event that
oxidized pyrite while simultaneously recrystal-
lizing carbonate minerals. The absence of mea-
surable 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 re-
ported values and are inconsistent with extensive
interaction with hydrothermal fluids (31). There
is no correlation between 5**S or A**S and either
carbon or oxygen isotope ratios (fig. S10), as
might be expected of a diagenetic origin for
sulfate. Lastly, the carbonates contain substan-
tially 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 Neo-
archean marine sulfate with a strong positive
A%S anomaly.

Our data challenge the canonical view of the
Archean sulfur cycle in which Sg compounds
with positive A*3S values and SO,> with negative
A%S values derived from SO, photolysis to form
the reduced and oxidized pools of sulfur, respec-
tively. In Fig. 3A, we compare the sulfur isotopic
compositions as normalized ratios §**S and 8"**S
(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 A®>S values. Instead, we observe that
the 8**S values of CAS and disseminated pyrite
complement each other, which provides a simple
framework to interpret previously published
data. Microbial sulfate reduction produces pyrite
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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 photomicro-
graphs 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 um) pyrite grains.
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Fig. 2. Crossplot of 534S versus A33S values for all Archean sulfate measured to date. CAS
[Campbellrand carbonate platform, 2.6 to 2.5 Ga, this study, mean + 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 A*3S as, and lower §>*S than, sul-
fate. 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 3*S-enriched pyrites, either pore-
water sulfate must have become enriched in **S
over the course of sulfate reduction [as in mod-

ern anoxic pore waters (33)], or additional mass-
dependent processes were involved. The overall
fractionation leaves the remaining dissolved sul-
fate pool slightly enriched in heavy isotopes
within the Campbellrand basin, moving the
5**S-intercept of the fractionation line above
the origin of the §**S-A%3S crossplot (Fig. 2).
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Fig. 3. Comparison between sulfur
isotopic compositions in data and
laboratory and numerical experi-
ments. (A) Comparison of sulfur iso-
tope 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,

30

20

—
o

8%%S(%o)

B Atm 2 (2)

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 fractiona-

-0
20
20 10 0 10 20 30 20 40
534S (%o) %S (%o)

tions (e) of —15 and +15%so. The Neoarchean pyrite record from South Africa also includes pyrites, mostly nodular, with negative A®3S values. (B) Mass frac-
tionation laws for published photochemistry experiments at different wavelengths A (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 dis-
play a negative A*’S signature, shown below the
dashed line in Fig. 3A. Rather than marine sul-
fate, 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 A*3S
values within samples may reflect the atmo-
spheric processes that create MIF. In the modern
world, the A*3S of sulfate aerosols produced after
volcanic injections of SO, into the stratosphere
changes within a few years (34). Therefore, at-
mospheric 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 8**S-6**S space, the
observation of a slope between A*S and §*S
values supports this notion. The small-scale varia-
tion 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 concen-
trations, a short residence time of seawater sul-
fate in this marine basin, and limited exchange
between sulfur pools to prevent A%>S homogeni-
zation (35).

Existing models of Archean sulfur cycling were
influenced by early experimental results for SO,
interaction with UV light that produced oxidized
species with negative A**S 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 frac-
tionation laws, defined as the slope between
the normalized ratios 8>S and §>*S (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 dif-
ferent experiments display a broad range of slopes,
and different signs of A**S for SO,%". Recent
studies (2, 10-12) show more scenarios in which

SCIENCE sciencemag.org

the oxidized sulfur pool resulting from SO, pho-
tochemistry bears positive A®3S 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 experi-
ments and theory regarding the composition
and evolution of Earth’s early atmosphere.
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