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w 34S/32S ratios in ~3.47-Gyr-old sedimentary barites from North Pole, Australia
have been interpreted as evidence for microbial sulfate reduction and/or sulfur disproportionation in the
early Archean. We show that these microscopic sulfides have similar to slightly less negative Δ33S and
slightly more negative Δ36S values compared to the enclosing sulfate crystals. This finding is consistent with
a primary mass-independent signature overprinted by biological sulfate reduction, as calibrated by previous
experimental laboratory culture studies. However, it is inconsistent with an overprint by abiological sulfate
reduction or sulfur disproportionation, as predicted by isotope exchange theory and laboratory culture
studies. Thus, our multiple sulfur isotope measurements support the contention that sulfate-reducing
microbes had evolved by ~3.47 billion years ago.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Microbial sulfate reduction is an energy-yielding metabolic
process during which sulfate is reduced and sulfide is produced
coupled with the oxidation of organic matter or H2 (e.g., SO4

2−+
CH3COO−+H2O→H2S+2HCO3

−+OH−) (Postgate, 1984). Experiments
with pure cultures and natural populations of sulfate-reducing
microbes have demonstrated that sulfides are enriched in 32S with
fractionations (≈δ34Ssulfate−δ34Ssulfide) of 2–46‰ (Chambers and
Trudinger, 1979; Bolliger et al., 2001; Detmers et al., 2001), but
more typically between 10 and 40‰ (Habicht and Canfield, 1997;
Canfield, 2001) relative to parent sulfate when it is abundant. In
nature, sulfides produced during microbial sulfate reduction mostly
react with metal ions, especially Fe, and largely precipitate as pyrite
(FeS2) (Berner, 1984; Wilkin and Barnes, 1996; Rickard, 1997).
Because no certain cellular remains of sulfate reducing microbes or
their biomarker molecules have been identified in the ancient rock
record, understanding the early evolution of microbial sulfate
reduction depends critically on sulfur isotopic measurements of
sulfate and pyrite in sedimentary rocks (Shen and Buick, 2004),
l rights reserved.
where large fractionations between pyrite and seawater sulfate
measured from geological samples have been regarded as diagnostic
of microbial sulfate reduction (Schidlowski et al., 1983).

The antiquity of sulfur metabolisms has been explored using sulfur
isotope fractionations, with the earliest evidence reported from rocks
of the ~3.47 Gyr Dresser Formation from North Pole, northwestern
Australia. Here, microscopic pyrite grains aligned along the growth
faces of barite crystals show a wide range of δ34S values with large
fractionations, greater than 20‰, relative to co-existing sulfate. These
large fractionations and the geologic, petrographic, and mineralogic
context led to the suggestion that Dresser Formation depositional
environments harbored microbial sulfate reducers (Shen et al., 2001).

A recent ion microprobe study documented positive Δ33S and
negative δ34S in microscopic sulfides from Dresser Formation barites
that have been used to argue that a second metabolism, sulfur
disproportionation, was instead operating at ~3.47 Ga (Philippot et al.,
2007). Positive Δ33S is considered to be a signature of the Archean
elemental sulfur pool and is distinct from the negative Δ33S inferred
for the Archean sulfate pool (Farquhar et al., 2000, 2001). Dispro-
portionation of sulfur compounds of intermediate redox state to
sulfide and sulfate also produces large fractionations (approaching
60‰ for δ34S) and the impact of microbial sulfur disproportionation
on the geological sulfur isotope record is thought to have been
significant during younger times in Earth history (Canfield and Teske,
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1996; Johnston et al., 2005b). The suggestion by Philippot et al. (2007)
may thus carry implications for the activity of sulfur disproportiona-
tion ~3.47 billion years ago.

These two biogenic interpretations of theDresser Formation isotopic
record contrast with a proposal that the variations for δ34S instead
reflect purely abiological processing of sulfur in a hydrothermal
(Runnegar et al., 2001) or atmospheric (Mojzsis, 2006) setting. On its
own, 34S/32S data does not provide a straightforward way to distinguish
between these sulfur-cycling pathways, but recent progress in under-
standing the metabolic transformations of sulfur using all four stable
sulfur isotopes (Johnston et al., 2007) provides a new way to approach
this question.

2. Early Archean barite (~3.47 billion years old) at North Pole,
northwestern Australia

The samples examined here come from previous δ34S studies of
Dresser Formation microscopic sulfides (Shen et al., 2001; Philippot et
al., 2007) and from new collections (Table 1). Previous petrographic
studies of the North Pole locality indicate that the samples have only
been subjected to low-strain brittle deformation and prehnite–
pumpellyite to lowermost greenschist facies metamorphism (Dunlop
and Buick, 1981). Original sedimentary minerals were replaced by
chert and barite during hydrothermal alteration, but textures and
structures preserved in the chert and surrounding basalt indicate that
the depositional environment was shallow marine to intermittently
exposed, e.g. wave ripples, desiccation breccias, well-sorted tidal
cross-beds and scoriaceous tops to pillowed basalt flows (Groves et al.,
1981). Primary sulfate deposits have been interpreted to have formed
in back-barrier lagoons separated from the ocean by beach bars of
rafted pumice (Buick and Barnes, 1984; Buick and Dunlop, 1990).
These were surrounded by tidal flats composed of carbonate sand or
volcanogenic mud, in both of which diagenetic sulfate crystals and
nodules precipitated. Both types of sulfate grew before lithification,
indicated by broken primary sulfate crystals rounded by sedimentary
transport and by cores of incorporated sediment in diagenetic crystals
(Buick and Dunlop, 1990). Sometimes cryptically cross-cutting dykes
and sills of secondary barite and of pyritic black chert disrupt the
sedimentary succession, filling brittle fractures and faults that formed
after sediment lithification (Buick and Dunlop, 1990).
Table 1
The early Archean barite (~3.47 billion years old) at North Pole, Northwestern Australia

Sample
no.

Description

NP 89 Uppermost bed of bedded barite with bladed crystals draped by silicified
tuffaceous arenite, B deposit mine (1:50,000 North Pole topographic map
sheet 2755-1, AMG co-ordinates 075294, 765894).

NP 124 Bedded barite overlain by massive grey chert with rhombic carbonate
inclusions; from section J in (Buick, R., 1985. Life and conditions in the early
Archaean: evidence from 3500 m.y. old shallow-water sediments in the
Warrawoona Group, North Pole, Western Australia. Ph.D. thesis, University
ofWestern Australia, 353 pp.), 7.79 m stratigraphic height (075383, 766416)

21016 Vein barite immediately beneath bedded barite (075381, 766425)
21019 Basal bedded barite, 0.00 m from base of barite unit (075383, 766386)
21021 Bedded barite immediately below bed of silicified gypsiferous peloidal tuff-

carbonate arenite, 1.59 m from base of barite unit (075383, 766386)
21022 Bedded barite immediately above bed of silicified gypsiferous peloidal tuff-

carbonate arenite, 2.06 m from base of barite unit (075383, 766386)
21025 Bedded barite from upper unit, 3.82 m from base of barite unit (075383,

766386)
21026 Bedded barite from upper unit, 4.01 m from base of barite unit (075383,

766386)
21028 Vein barite at base of vein containing 21016 (075397, 766349)
21029 Vein barite near Breens copper deposit (074682, 766495)
21031 Bedded barite, B deposit mine (075294, 765894)
GIS 95.0 Macroscopic sulfide laminate (drill core: 2C)
GIS 96.6 Microscopic sulfide (drill core: 2C)
GIS 96.7 Microscopic sulfide (drill core: 2C)
Primary sulfate crystals form lenticular beds up to 0.5 km in lateral
extent andup to 10mthick. Individual layers of sulfate crystals, nowdark
grey barite, are up to 15 cm thick, composed of bottom-nucleated fans of
bladed hemipyramids (Buick and Dunlop, 1990). Usually, bedded barite
layers are separated by thin (~1 cm) wavy partings of iron oxides which,
where freshly exposed, are composed of pyrite. As well, individual barite
crystals contain sulfidic micro-inclusions, mostly pyrite, aligned along
growth faces of the original crystals. This textural relationship indicates
the syngeneity of sulfate and sulfide minerals. The microscopic pyrites
are ~50 µm in size, comprise less than 1% of the rock and are closely
associated with kerogen inclusions (Buick and Dunlop, 1990).

Interfacial angle measurements on both primary and diagenetic
sulfate crystals using a universal-stage microscope (Lambert et al., 1978;
Buick and Dunlop, 1990) show that at least some of both crystal types
were initially composed of gypsum (CaSO4·2H2O), according to the Law
of Constancy of Interfacial Angles (Steno, 1669). Barite replacement of
gypsum evidently occurred soon after deposition, shown by the perfect
preservation of crystal morphologies of the highly soluble gypsum.
Subsequently, all sulfate crystals underwent silicification to a depth of
several millimetres, penetrating marginally to cleavage planes of the
barite in primary sulfates but completely or almost completely silicifying
the small diagenetic gypsum crystals (Buick and Dunlop,1990). It should
be noted that several of the isotopic analyses reportedhere (NP89) come
from a sample from the same sediment-draped barite lamina from the
same locality as the interfacial angle measurements showing that the
barite is pseudomorphous after gypsum. Notably, barite crystals in the
cross-cutting dykes and sills display typical orthorhombic barite
morphologies and show no evidence of gypsum precursors.

It has been proposed that, rather than a marginal marine deposi-
tional environment with evaporitic gypsum precipitation, the Dresser
Formation sulfate was initially precipitated as barite, not gypsum, by
hydrothermal processes (Runnegar et al., 2001) in a felsic volcanic
caldera (Nijman et al., 1998; van Kranendonk, 2006). In this model, the
evidence that sulfate originally precipitated as barite came from X-ray
computerized tomography (X-ray CT) (Runnegar, 2000). However, X-ray
CTonly images density contrasts in the sample, so this technique cannot
reveal original crystal morphology in partially silificified sediments
where the microquartz–barite boundary is within the original crystal
boundary along barite cleavage planes. By contrast, the universal-stage
petrographic technique used in previous studies (Lambert et al., 1978;
Buick and Dunlop, 1990) differentiates between the inclusion-rich
microquartz of the surrounding silicified sediment and the inclusion-
poor microquartz of the silicifed sulfate crystals, thus yielding accurate
interfacial angle measurements. Moreover, no felsic lavas occur within
thepurely basaltic volcanic succession beneath theDresser Formation at
North Pole, and felsic tuffs are insignificant compared with mafic ash
within the formation (Dunlop and Buick,1981; Groves et al.,1981; Buick
and Barnes, 1984), thus providing no support for a felsic caldera
depositional setting. The low-temperature origin of the precursor
gypsum (b58 °C in pure water (Hardie, 1967) ranging down to b18 °C
at halite saturation (Blount and Dickson, 1973) conflicts with a
hydrothermal origin for the sulfate, as does the consistently positive
barite δ34S values of +4 to +5‰ (Lambert et al., 1978; Shen et al., 2001;
Runnegar et al., 2001; Philippot et al., 2007),which differmarkedly from
that precipitated in either high-sulfidationmagmatic or low-sulfidation
meteoric hydrothermal mineralizing systems in felsic settings (Rye,
2005). Lastly, a solely juvenile hydrothermal sulfate source is precluded
by evidence for mass-independent sulfur isotope fractionation (Runne-
gar et al., 2001; Philippot et al., 2007), a phenomenon only known to
reflect an atmospheric source (Farquhar et al., 2000; Farquhar andWing,
2003).

3. Analytical methods

Pyrite sulfur from barite samples was extracted with a chromium
reduction solution and converted to silver sulfide (Canfield et al.,



Table 2
The S-isotopic values of coexisting pyrite and sulfate in the North Pole barite deposit

δ33S δ34S δ36S Δ33S Δ36S δ34Ssulfate δ34Ssulfate Δ33S+
Δ36S−δ34Ssulfide

Pyrites
YS-NP124-new extraction −4.587 −7.763 −15.57 −0.582 −0.87 8.7 16.5 −1.45
NP-124-sample from S01 −1.654 −3.252 −7.44 0.022 −1.27 8.7 12.0 −1.25
YS-NP-89-new extraction −11.400 −19.686 −36.58 −1.213 0.49 4.3 24.0 −0.73
NP-89-sample from S01 −9.486 −16.060 −25.54 −1.183
GIS 95.0 II macroscopic −0.861 −1.254 −2.53 −0.215 −0.15 5.0 6.3 −0.37
GIS 96.6 II microscopic −1.243 −1.849 −3.77 −0.290 −0.26 5.0 6.8 −0.55
GIS 96.7 II microscopic −2.772 −4.730 −8.71 −0.333 0.26 5.0 9.7 −0.08
NP21019A-Py −2.888 −4.696 −8.64 −0.467 0.26 5.0 9.7 −0.21
NP21019B-Py −3.752 −6.315 −11.44 −0.495 0.52 4.8 11.1 0.03
NP21019C-Py −3.312 −5.613 −10.25 −0.418 0.39 5.7 11.3 −0.03
NP21021-Py −5.020 −8.465 −15.63 −0.652 0.40 5.0 13.5 −0.26
NP21022A-Py −6.196 −10.442 −18.82 −0.805 0.93 5.3 15.7 0.12
NP21025-Py −4.840 −8.087 −14.86 −0.667 0.45 4.8 12.9 −0.22
NP21026-Py −5.614 −9.575 −18.10 −0.671 0.01 5.0 14.6 −0.66
NP21031-Py −4.391 −7.155 −12.93 −0.699 0.62 4.2 11.4 −0.08
NP21016-Py −7.508 −12.929 −22.77 −0.829
NP21029-Py −6.612 −10.349 −18.27 −1.269 1.31 5.0 15.3 0.04

Barite
NP21016-SO4 0.997 4.159 9.38 −1.143 1.46 0.8 0.32
NP21019B-SO4 1.470 4.839 10.39 −1.019 1.17 0.2 0.15
NP21019C-SO4 1.950 5.689 11.64 −0.976 0.80 −0.7 −0.17
NP21022A-SO4 1.505 5.289 11.34 −1.215 1.27 −0.3 0.05
NP21025-SO4 1.171 4.793 10.40 −1.295 1.27 0.2 −0.02
NP21028-SO4 0.890 4.275 9.48 −1.309 1.34 0.7 0.03
NP21031-SO4 0.854 4.212 9.24 −1.313 1.22 0.8 −0.09

δ34S of +5‰ for sulfate was used to calculate fractionations (δ34Ssulfate−δ34Ssulfide) for the samples without measured δ34S values. For other samples, the measured δ34S values for
sulfate were used.
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1986). Tests undertaken using various forms of sulfate provided no
evidence that sulfate sulfur was extracted and precipitated as silver
sulfide during the Cr-reduction process. Residual sulfate after Cr-
reduction was reacted with a heated solution consisting of a 3.3:2:1
mixture of 12 N hydrochloric, 48% hydroiodic, and 50% hypopho-
sphorous acids using an apparatus described by Forrest and Newman
Fig. 1. Plot ofΔ33S vs. δ34S for North Pole samples and for other samples from the geological reco
sulfide (black filled square symbols). Plotted data also included from other Paleoarchean sample
unfilled circles) and samples younger than 2 Gya (grey unfilled triangles). Data from Johnston
Whitehouse (2007), Bekker et al. (2004), Ohmoto et al. (2006), Philippot et al. (2007), Bao et
estimates of 2 sigma uncertainties.
(1977). During this procedure, sulfate was reduced to H2S by heating
the solution to just below its boiling point for 3 h. The product H2S was
carried by nitrogen gas through a condenser and a bubbler filled with
milli-Q water, and collected as zinc sulfide by reaction with a slightly
acidic Zn-acetate solution. The zinc sulfide was reacted with silver
nitrate to yield silver sulfide, which was collected centrifugation and
rd. Plotted here are data for North Pole sulfate analyzed here (black filled circular symbols),
s (black unfilled symbols), Mesoarchean samples (grey unfilled squares), Neoarchean (grey
et al. (2006), Ono et al. (2003), Mojzsis et al. (2003), Papineau et al. (2007), Kamber and
al. (2007), Farquhar et al. (2000, 2002, 2007a) and Kaufman et al. (2007). Error bars are



Fig. 2. Plot of Δ36S vs. Δ33S for sulfate (black filled circular symbols) and sulfide (black
filled square symbols). Plotted data also included from other Paleoarchean samples
(black unfilled symbols), Mesoarchearn samples (grey unfilled squares), and Neoarch-
ean (grey unfilled circles). Data from Farquhar et al. (2000, 2007a) and Kaufman et al.
(2007). Error bars are estimates of 2 sigma uncertainties.
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washed with successive rinses of milli-Q water, ammonium hydroxide
solution, and milli-Q water.

Silver sulfide (Ag2S) was converted to SF6 by fluorination by
reaction with a 5-fold excess of F2 at 250 °C for 8 h in a Ni reaction
vessel. After the reaction, product SF6 was condensed from the
residual F2 into a liquid-nitrogen cooled trap (−177 °C). The F2 was
transferred to another part of the manifold where it was passivated by
reaction with hot KBr. The SF6 was subsequently thawed to room
temperature, and then cooled to −111 °C to condense contaminants
such as trace HF, before it was transferred to the injection loop of a gas
chromatograph (GC) cooled to −177 °C. GC purification of SF6 was
undertaken using a composite column consisting of a 1/8 in. diameter,
six foot lead column of 5A molecular sieve, followed by a 1/8 in.
diameter, 12 ft long Haysep-Q™ column. The He carrier flow was
set at 20 mL/min. The SF6 peak was registered on a TCD and then
isolated by freezing into a liquid-nitrogen cooled trap. The isotopic
composition of the purified SF6 was determined by dual-inlet gas-
source mass spectrometry monitoring ion beams at m/e of 127, 128,
129, and 131 using a Thermo Finnigan MAT 253 gas source mass
spectrometer.

Sulfur isotope data are presented using standard notation (δ34S,
Δ33S andΔ36S) whereΔ33S=δ33S−1000×((1+δ34S/1000)0.515−1) and
Δ36S=δ36S−1000×((1+δ34S/1000)1.90−1). Δ33S and Δ36S describe
the deviation of a sample datum from a reference mass-dependent
fractionation line. One sigma uncertainties for samples near the
mass-dependent fractionation line are estimated on the basis of
repeat analyses of reference materials to be better than ±0.2‰,
±0.01‰, and ±0.2‰ in δ34S, Δ33S and Δ36S, respectively. Uncertain-
ties on samples with large mass-independent fractionations may be
larger than these estimates. The results of our measurements are
presented in Table 2. Data are presented relative to V-CDT with an
assigned value relative to IAEA S-1 having δ34S = −0.3‰ ,
Δ33S=0.0944‰, and Δ36S=−0.69‰.

4. Results

Our analyses of all four stable isotopes for barite and pyrite within
the barite crystal fans showed uniformly negative Δ33S and did not
resolve the population of positive Δ33S values of microscopic pyrite
identified by secondary ionmass spectrometry (Philippot et al., 2007).
δ34S values ranged from +5.7 to +4.2‰ for sulfates and from −1.3
to −19.7‰ for microscopic pyrites. Δ33S values ranged from −0.98
to −1.31‰ for sulfates and from +0.02 to −1.27‰ for microscopic
pyrites. Δ36S values ranged from +0.8 to +1.5‰ for sulfates and −1.3 to
+1.3‰ for microscopic pyrites (Table 2).

While the sulfur isotope compositions for the barite were quite
homogenous (δ34S=+4.75±0.58‰, Δ33S=−1.18±0.14‰, and Δ36S=+
1.22±0.21‰; mean±2σ std. deviation), the sulfur isotope compositions
for the pyrite exhibited systematic covariation between Δ33S values and
δ34S values (Fig. 1). The pyrite data form an array that extends from
Δ33S=+0.02‰ and δ34S=−1.3‰ to Δ33S=−1.27‰ and δ34S=−19.7‰.
One population falls to the left of and below the field of data defined by
all Archeandata (Fig. 2), yieldingadifferentΔ36S/Δ33S array. A regression
through the entire dataset yields Δ36S=−1.51∙Δ33S−0.64, which is
inconsistent with the slope of the arrays defined by Paleoarchean and
Neoarchaean datasets (cf., Farquhar et al., 2000; Kaufman et al., 2007).
The slope of this array is not inconsistent with the slopes of arrays
derived from someMesoarchean data (Farquhar et al., 2007a), but none
of the data from these Mesoarchean successions exhibits the same
internal variability with respect to Δ33S and δ34S, and Δ36S and Δ33S of
pyrite from the North Pole sample set.

5. Discussion

The observation of more than one generation of sulfide (as identified
by multiple sulfur isotope ratios) in Archean age samples is not unique.
For instance Kamber and Whitehouse (2007) have documented large
isotopic variations for samples from the late Archean Gamohaan
Formation. The origin of these variations is unclear, but it has been
hypothesized that sulfidewith positive Δ33S was produced in a different
part of the mineralizing system from a different sulfur source than that
withnegativeΔ33S. A recent SIMS studyby Fike et al. (2008) reports large
variations in δ34S between modern microenvironments that would not
be observed by bulk techniques, further illustrating the potential for
highly localized sulfur isotope heterogeneities.

We can think of two general interpretations that can explain the
sulfur isotope variations for these North Pole samples. The variation in
Δ33S and Δ36S could result from varying the source reactions causing
initial mass-independent fractionation, implying that changes in these
source reactions reflected changes in atmospheric chemistry and
possibly composition. Alternatively, the variation in δ34S, Δ33S and
Δ36S could result from a combination of mass-dependent and mass-
independent isotope effects, as suggested by Ueno et al. (2006).

The case for a change in atmospheric source reactions has been
argued for other Archean sequences (e.g., Farquhar et al., 2007a;
Kaufman et al., 2007) on the basis of observed changes in the
relationships betweenΔ36S andΔ33S for narrow intervals in the geologic
record. Kaufman et al. (2007) reported differences in the relationship
between Δ36S and Δ33S between the upper and lower parts of the
Neoarchean Mt. McRae Shale in northwest Australia and suggested that
these variations may reflect changes in atmospheric composition.
Farquhar et al. (2007a) reported differences in Δ36S and Δ33S relation-
ships at the formation level forMesoarchean samples and suggested that
these may be related to variations in atmospheric composition or in the
ultraviolet radiation transmitted through the atmosphere. Interpreta-
tions in both of these studies were made on the basis that the isotope
systematics appeared to be coherent at the formation level, or at least for
significant intervals within formations. At North Pole, we do not see a
coherent relationship between Δ36S and Δ33S but do observe a
significant correlation ofΔ33Swith δ34S, so the alternative interpretation
of a mass-dependent process overprinting onto a singular (or nearly
singular) mass-independent array may prove a more parsimonious



Fig. 3. Plots of Δ36S vs Δ33S. Unfilled circles are measurements of North Pole barite. Dashed grey line is Δ36S=−Δ33S and represents approximation of a reference mass-independent
fractionation array. Grey dotted lines indicate principal axes of plots. Vectors (dotted black lines with arrowheads) illustrate deviation from the mass-independent fractionation array
for sulfide relative to sulfate that is related by (a) equilibrium isotope fractionation (yellow filled triangles) and two component mixing with sulfate (green line), (b) sulfur
disproportionation (black diamonds) observed in laboratory culture experiments (Johnston et al., 2005a; 2007), (c) sulfate reduction as observed (blue triangles) in laboratory culture
experiments (Farquhar et al., 2003a; Johnston et al., 2005a; 2007) and as predicted by networkmodels (black line) experiments (Johnston et al., 2007; Farquhar et al., 2007b), and (d)
pyrite from North Pole reported here (red filled squares). Error bars are estimates of 2 sigma uncertainties.
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explanation for the isotopic variability. This suggestion is also in linewith
previous studies that suggested that correlations between δ34S andΔ33S
for pyrites reflect mixing of a mass-dependently fractionated sulfur pool
with negative δ34S andΔ33S derived from sulfate reductionwith amass-
independently fractionated sulfur pool with positive δ34S and Δ33S (e.g.,
Ono et al., 2003).

Fig. 1 illustrates the relationship between δ34S and Δ33S in our
North Pole pyrite and barite samples. For the pyrites, we interpret this
relationship to be consistent with a mixing array. One end member of
this array would have positive δ34S andΔ33S and the other would have
negative δ34S of at least −19.7‰ and negative Δ33S of at least −1.27‰.
This composition is broadly consistent with mass-dependent 34S/32S
fractionation of approximately 25‰ relative to North Pole barite
sulfate (δ34S~+5‰). A question thus arises about its origin because a
fractionation of 25‰ for δ34S could arise from almost any of the
processes that have been proposed for this locality—hydrothermal
equilibrium isotope effects (e.g., Runnegar et al., 2001), microbial
sulfate reduction (Shen et al., 2001), or microbial sulfur disproportio-
nation (Philippot et al., 2007). Our goal is to see if we can use what is
known about the sulfur isotopic fractionations δ34S, Δ33S and Δ36S
produced by these different processes to provide additional con-
straints on the origin of the barite at North Pole and Paleoarchean
sulfur cycling.
5.1. Mass-dependent sulfur isotope effects (fractionations)

Theoretical calculations have been used to describe a variety of
relevant equilibrium isotope effects (e.g., Ono et al., 2006; Farquhar et al.,
2007b; Johnston et al., 2007; Otake et al., 2008), and these show that
variations for Δ33S and Δ36S will be small (less than ~±0.03‰ for Δ33S
and less than ~±0.3‰ for Δ36S) under most natural conditions. These
include the types of effects that occur during hydrothermal reduction
processes (e.g., Runnegar et al., 2001) andhydrothermal disproportiona-
tion reactions.

Experiments with pure cultures of sulfate reducing microbes
have yielded slightly larger variations for Δ33S and Δ36S (Δ33S
ranging from ~+0.06 to ~+0.20‰ and Δ36S ranging from ~−0.3 to
~−2.1‰ for product sulfide relative to reactant sulfate) (Johnston
et al., 2007). These variations are correlated with δ34S and their
origin has been attributed to the mixing of sulfur during the meta-
bolic transformations that result in its reduction. Quantitative
treatments that reconcile the observations made in these and
other experiments with published metabolic models are present-
ed in Farquhar et al. (2003, 2007b, 2008) and in Johnston et al.
(2007).

Studies of δ34S, Δ33S and Δ36S for products from laboratory
experiments with sulfur disproportionating microbes that metabolize



Fig. 4. Plot of Δ36S vs. Δ33S for sulfate (white circular symbols) and sulfide (filled square
symbols). Lineonplot is regressed and isdescribed by theequationΔ36S=−1.51∙Δ33S−0.64.
Error bars are estimates of 2 sigma uncertainties.
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elemental sulfur and sulfite have been reported by Johnston et al.
(2005a, 2007). These studies havedocumented sulfidewithΔ33S ranging
from ~+0.03 to ~−0.09‰ and Δ36S ranging from ~+0.5 to ~−0.1‰ for
product sulfide relative to reactant sulfate.
Fig. 5. Plot of the deviation of from the reference mass-independent fractionation array (Δ36S+Δ
and sulfide (δ34Ssulfate−δ34Ssulfide). Unfilled circles are measurements of North Pole barite refer
represents approximation of a reference mass-independent fractionation array. Plots for (5a) e
sulfate (green curves), (5b) sulfur disproportion observed in laboratory culture experiments (Joh
culture experiments (Farquhar et al., 2003a; Johnstonet al., 2005a; 2007) (blueunfilled triangles)
and (5d) pyrite from North Pole reported here (red filled squares). Vectors (dotted lines with
independent fractionation array for sulfide relative to sulfate that is found in experiments with
Thus, the three different types of mass-dependent processes
proposed as explanations for the isotope systematics at North Pole
should result in differing behaviors of δ34S, Δ33S, and Δ36S. Using such
logic, it should also be possible to test whether mixing calculations
involving mass-independently fractionated precursor sulfur pools and
sulfide produced by reduction from a precursor sulfate pool by each of
these three processes can provide a self consistent explanation for the
data.

Our isotopic data show that the Δ33S for disseminated microscopic
pyrites is always less negative than the corresponding Δ33S of matrix
barite sulfate, with a difference ranging from 0.31‰ to 0.63‰. We
view this as an indication that the pyrite sulfur and sulfate sulfur are
not directly related by a single step mass-dependent isotope effect or
by a simple discrimination of isotopes, but show mixing between
sulfur fractionated by mass-dependent and mass-independent pro-
cesses. The isotope mixing calculations presented below are designed
to see through the effects of such mixing, as are the projections that
collapse a 3-D framework defined by δ34S, Δ33S and Δ36S onto two
dimensional plots.

5.2. Sulfur isotope mixing calculations

We present the results of our mixing calculations in Figs. 3–5.
These plots illustrate the nature of predicted co-variation of Δ36S with
Δ33S (Fig. 3), and the covariation between Δ36S and the magnitude of
the mass-dependent fractionation between sulfide and sulfate in
terms of δ34S (Figs. 4 and 5).
33S) (from Fig. 1 −Δ36S=−Δ33S) versus the isotopic fractionation of 34S/32S between sulfate
enced to estimated average composition for sulfate). Dashed grey line is Δ36S=−Δ33S and
quilibrium isotope fractionation (yellow filled triangles) and two component mixing with
nston et al., 2005a; 2007) (black diamonds), (5c) sulfate reduction as observed in laboratory
andaspredictedbynetworkmodels (Johnston etal., 2007; Farquharet al., 2007b) (red lines)
arrowheads) in 5c and 5d illustrate the direction and limits of deviation from the mass-
cultures of microbial sulfate reducers. Error bars are estimates of 2 sigma uncertainties.



Fig. 6. Plot of Δ36S+1.51∙Δ33S+0.64 vs. the isotopic fractionation between sulfate and
sulfide (δ34Ssulfate−δ34Ssulfide). The dotted arrows on this plot are the same as those in
Fig. 4 and describe the field of data predicted for dissimilatory sulfate reducers on the
basis of laboratory experiments. Error bars are estimated at the 2 sigma level.
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Fig. 3 illustrates three cases. In this figure we assume that the
precursor mass-independently fractionated sulfur pools lie on a single
array with a slope of −1 (i.e. Δ36S≈−Δ33S). We note that in reality this
array may vary, but the general features of the illustration will still
hold. The data from the North Pole barite lie on this array.

Case 1 (Fig. 3a) illustrates the composition of sulfide in equilibrium
with sulfate having Δ36S=0 and Δ33S=0 at temperatures of ~100–
200 °C, and the two-component mixing of this sulfide with juvenile
sulfur. If this calculation were done for sulfide formed from sulfate
having a different Δ36S and Δ33S, the array that would be predicted
would originate at the point defined by this composition and also rise
to slightly more positive Δ36S. Hence, whatever the starting composi-
tion, sulfide produced by equilibrium hydrothermal reduction of
sulfate would have small 36S enrichments relative to the mass-
independent fractionation array and would not define a field that
overlapped with our North Pole data.

Case 2 is illustrated in Fig. 3b and presents a mixing calculation for
sulfide normalized to sulfate that would lie on the same mass-
independent array with Δ36S=0, Δ33S=0. Case 2 uses information
derived from laboratory culture experiments with sulfur dispropor-
tionators (Johnston et al., 2005a, 2007). This calculation also produces
mixing products that have slightly more positive Δ36S and small 36S
enrichments relative to the mass-independent fractionation array,
similarly failing to define a field that overlapped with our data.

Case 3 is illustrated in Fig. 3c. This figure presents a mixing
calculation for the sulfide produced in laboratory culture experiments
with sulfate reducers. It also assumes a precursor sulfate that lies on
the mass-independent array with Δ36S=0, Δ33S=0. The consequence
of mixing sulfide produced by microbial sulfate reductionwith sulfide
that lies on the inferred mass-independent array for precursor sulfur
species is a shift to more negative Δ36S without significant change in
Δ33S. This same shift would also be observed if the source sulfate has
more negative Δ33S such as is observed in the North Pole barites. The
field defined by this calculation overlaps the field occupied by the data
from North Pole (Fig. 3d).

If the precursor sulfur pools followed another relationship, such as the
one provided by the regression through the data (i.e. Δ36S=−1.51∙Δ33S
−0.64, asdescribedabove: Fig. 4), a numberof thepoints that lie above this
regression line could be accounted for by the hydrothermal (equilibrium)
and disproportionation models, but these points would still fall within
error of the field defined by the model with microbial sulfate reduction.
The few points that are most 36S depleted would fall within the field
defined by the model with microbial sulfate reduction, but not the fields
defined by the other processes.We note that themass-independent array
described by this equation does not pass through the origin—the
composition of juvenile sulfur.

In Fig. 5, we further test this hypothesis by comparing the
deviation of data from the mass-independent array defined by
Δ33Ssulfide+Δ36Ssulfide with an inferred value for magnitude of the
fractionation between sulfate and sulfide (δ34Ssulfate−δ34Ssulfide). The
term Δ33Ssulfide+Δ36Ssulfide takes advantage of a feature of mass-
dependent fractionations and mixing whereby small Δ33S variations
accompany significantly larger Δ36S and δ34S variations. Thus the
combined magnitude of mass-independent measures accentuated
differences between samples. These model mixing calculations yield a
similar result to the ones described by Fig. 3. Pyrites formed bymixing
processes involving equilibrium isotope effects or microbial dispro-
portionation (Fig. 5a, b) show aminimal or slight positive deviation for
the quantity Δ33Ssulfide+Δ36Ssulfide and produce results that are
inconsistent with the field defined by the data. On the other hand,
mixtures of sulfide formed by microbial sulfate reduction as predicted
from laboratory culture experiments overlap with the field defined by
the North Pole data.

A theoretical reaction network model (Farquhar et al., 2007b) and
experimental data formicrobial sulfate reduction (Johnston et al., 2007)
are plotted in Fig. 5c. This shows a data-model mismatch, but both the
model and observations from culture experiments indicate that
microbial sulfate reduction yields pyrite with a near zero to negative
deviation from the mass-independent array (Δ33Ssulfide+Δ36Ssulfide).
Sulfate reducers also induce a greater deviation from the mass-
independent array as the magnitude of the fractionation between
sulfate and sulfide (δ34Ssulfate−δ34Ssulfide) increases. The pyrites from
North Pole plot in a field overlapping that produced by sulfate reducers
in culture experiments (Fig. 5d), lending further support to the
hypothesis the Archean fractionations were produced by sulfate
reducers.

In the treatment used to construct Fig. 5, we assumed that the
Archean mass-independent fractionation array is best described by
Δ36S≈−Δ33S, and this defines the plot ordinates in Fig. 5 (asΔ33S+Δ36S).
In Fig. 6weundertakea similar test using the regression line through the
North Pole data described by the equation Δ36S=−1.51∙Δ33S−0.64.
Despite this, the data remain consistent with the field indicative of
microbial sulfate reduction, including the two most negative Δ33S and
δ34S values (Fig. 6). If this array applies (but see discussion related to
Fig. 4), some of the data may reflect two-component mixing (cf. Fig. 5a)
rather than simple one-step fractionations from microbial sulfate
reduction alone, but if so, such mixing must still have involved sulfide
produced by sulfate reducing microbes.

On the basis of this analysis, we conclude that the distribution of
quadruple sulfur isotope data from North Pole is consistent with the
operation of microbial sulfate reduction following mass-independent
fractionation, and cannot be explained by either equilibrium hydro-
thermal fractionation (cf. Runnegar et al., 2001) or microbial sulfur
disproportionation (cf. Philippot et al., 2007) acting alone. This
conclusion holds regardless of which array is used to define the
contribution frommass-independent fractionations, presuming only a
constant (or nearly constant) relationship between δ34S, Δ33S and
Δ36S for themass-independent precursor reaction.We emphasize that
our findings do not rule out the possible contribution of processes
such as microbial disproportionation or hydrothermal fractionation to
the sulfur isotope compositions of these pyrites, but if they occurred,
their contribution to the mixture was minor compared to microbial
sulfate reduction.

6. Conclusions

Our data from North Pole are consistent with two possibilities: (1)
a highly variable mass-independent signature in which δ34S, Δ33S and
Δ36S vary independently and produced by a fractionation mechanism
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heretofore unknown, or (2) a mass-independent signature character-
ized by small variations in δ34S and co-variation of Δ33S and Δ36S by
δ34S, Δ36S=−Δ33S that has been overprinted by a mass-dependent
process that produces variations in δ34S, Δ33S and Δ36S similar to
those reported from culture experiments with sulfate reducers. Our
data therefore support previous suggestions for the early Archean
evolution of the biological sulfate reduction pathway (Shen et al.,
2001), but do not support abiological hydrothermal fractionation (cf.
Runnegar et al., 2001) or microbial sulfur disproportionation (cf.
Philippot et al., 2007). This conclusion holds regardless of which array
is used to define the contribution from mass-independent fractiona-
tions, presuming only a constant (or nearly constant) relationship
between δ34S, Δ33S and Δ36S for the mass-independent precursor
reactions.

There are several possible reasons for the differences between our
observations and those of Philippot et al. (2007). Their study used a
different analytical method which targeted individual sulfide grains
rather than bulk rock. Also, they identified only one sample with
disseminated sulfides having positive Δ33S and negative δ34S, which
they argued for a signature of disproportionation. However, this sig-
nature is not ubiquitous and does not occur in bulk sulfide analyses
(even for the sample with positive Δ33S and negative δ34S). Our
study speaks only to the origin of sulfur with negative Δ33S and
negative δ34S because we did not find any samples with positive Δ33S
and negative δ34S. Hence our data do not indicate either the
presence or absence of microbial sulfur disproportionation, but if
this metabolismwere indeed active, then its contribution to the total
sulfide pool was insignificant compared to that of microbial sulfate
reduction.

In closing, it should be noted that, during final corrections to this
paper, Ueno et al. (2008) published similar results to ours, using
similar methods from similar samples and drawing similar conclu-
sions, albeit via somewhat different logic. Thus we contend that a
strong case can now be made for the Archean evolution of microbial
sulfate reduction, the earliest specific metabolic pathway identified
from the geological record. This implies that essentially modern
biochemical capabilities were present in micro-organisms within the
first billion years of Earth's history.
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