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Multiple sulfur isotope variability in Archean sedimentary rocks provides constraints on the composition of the
Earth’s earliest atmosphere. Themagnitude and sign ofmass-independent anomalies reflect not only atmospher-
ic processes, but also transformations due to the Archeanmarine sulfur cycle prior to preservation into sedimen-
tary pyrite. The processes affecting the Archean marine sulfur cycle and the role of microbial or abiotic redox
reactions during pyrite formation remain unclear. Here we combine iron (Fe) and multiple sulfur (S) isotope
data in individual pyrite grains with petrographic information and a one-dimensional reactive transport
model, to investigate the sources of Fe and S in pyrite formed in a Paleoarchean sedimentary basin. Pyrites
were selected from mudstones, sandstones and chert obtained from a drill core in the ca. 3.2 Ga Mapepe and
Mendon Formations of the Fig Tree and Onverwacht Groups, respectively, in the Barberton Greenstone Belt,
Kaapvaal Craton, South Africa. Pyrite textures and δ56Fe distinguish early-diagenetic pyrite formed with pore-
water ferrous iron (disseminated grains with average δ56Fepyrite = 0‰) from late-diagenetic pyrite formed
through sulfidation of iron oxide minerals (layered and aggregate forms with average δ56Fepyrite = +1‰).
Mass dependent S isotope variability in pyrite was small (δ34Spyrite ranged from −1.1 to +3.3‰) with a corre-
spondingly minor spread in Δ33Spyrite (ranging from +0.3 to +2.1‰) and Δ36Spyrite (ranging from −3.08 to
+0.27‰) that indicates a lack of post-depositional re-working with other distinct sulfur sources. Our combined
Fe and S isotope data are most readily explained with pyrite sulfide derived from microbial-reworking of solid
elemental S. Iron oxide minerals were necessary to buffer sulfide concentrations and provide favorable condi-
tions for microbial sulfur disproportionation to proceed. The lack of a negative Δ33S signal indicates that pyrite
from relatively deep marine diagenetic environments only partially records the products of atmospheric photol-
ysis, consistent with low sulfate concentrations in the Paleoarchean ocean.
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Keywords:
Multiple S isotopes
Mass independent S fractionation
Fe isotopes
Paleoarchean pyrite
Atmospheric elemental S
Barberton Greenstone Belt
1. Introduction

Multiple sulfur isotopes (32S, 33S, 34S, 36S) preserved in Archean
rocks provide information about atmospheric, biological and geological
controls on the Earth’s earliest sulfur cycle (Farquhar et al., 2000;
Johnston, 2011). Numerical modeling and experimental work have at-
tributed anomalous mass independent S isotope fractionation (MIF-S)
to short-wavelength photolytic reactions involving volcanic sulfur-rich
gases in a low oxygen atmosphere (Farquhar et al., 2001; Pavlov and
Kasting, 2002). The most widely accepted interpretation of MIF-S is
that primary atmospheric source reactions partition positive Δ33S
(defined below in Eq. (2)) into elemental sulfur and negative Δ33S
into sulfate (Farquhar et al., 2000; Farquhar et al., 2014). Modelling
and empirical studies show that themagnitude and sign of these atmo-
spheric Δ33S anomalies, preserved in different minerals and geological
environments, was moderated by the Archean marine sulfur cycle
(Halevy, 2013; Farquhar et al., 2013). Pyrite is the most abundant min-
eral used to track changes in ArcheanMIF-S. However, the role of redox
chemistry, including microbial processes, in modifying atmospheric
photolytic signals during incorporation of sulfur into pyrite remains un-
clear. Empirical studies on Archean pyrite are essential for constraining
the end-products of photolysis and their preservation, but are often
hampered by the complexities of the early rock record, being subject
to overprinting by different sulfur sources, mixing and post-deposition-
al re-working.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2016.12.006&domain=pdf
http://dx.doi.org/10.1016/j.chemgeo.2016.12.006
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Much of theΔ33S variability in Archean sulfideminerals has been re-
lated to variable mixing of atmospheric MIF-S carried by elemental S
and sulfate products (Ueno et al., 2008; Wacey et al., 2010; Farquhar
et al., 2013; Grosch and McLoughlin, 2013; Halevy, 2013; Roerdink et
al., 2013;Wacey et al., 2015). This can obscure the variability inΔ33S re-
lated to the composition of atmospheric gases as well as the rate and al-
titude of MIF-S production (Ono et al., 2009; Halevy et al., 2010; van
Zuilen et al., 2014; Claire et al., 2014; Wacey et al., 2015). The deposi-
tional environment plays an important role in modifying S isotope sig-
natures because it determines the predominant sulfur species in a
specific geological setting (Halevy, 2013). For example, the magnitude
ofMIF-S can vary due to dilutionwith H2S that carries nomass indepen-
dent anomaly, since photoreactions involving volcanic (juvenile)H2S do
not generateMIF (Halevy et al., 2010), and this will be reflected in the S
isotopes that ultimately end up in pyrite.

The Fe isotopic composition of sedimentary pyrite can provide addi-
tional constraints on pyrite formation that may aid the interpretation of
multiple S isotope variability (Archer and Vance, 2006;Marin-Carbonne
et al., 2014). Fe isotopes are highly sensitive to the size and sources of
the Fe and S pools from which pyrite is derived (Rouxel et al., 2005;
Guilbaud et al., 2011). Iron isotopic fractionation occurs during both abi-
otic and biologically-mediated redox reactions (reviewed in Johnson et
al., 2008). The partial oxidation of Fe2+ will yield Fe3+ with more posi-
tive δ56Fe between 0.9 and 3.4‰ (Bullen et al., 2001; Johnson et al.,
2003; Welch et al., 2003; Croal et al., 2004; Wiesli et al., 2004; Balci et
al., 2006). Precipitation is also accompanied by kinetic isotope fraction-
ation that enriches the product in the lighter isotope (Skulan et al.,
2002). Bacterially mediated Fe oxide dissolution through dissimilatory
iron reduction (DIR), is associated with large fractionations of up to
−3‰ (Crosby et al., 2007). Abiotic dissolution also initially produces
relatively large fractionations, which become negligible as the reaction
proceeds (Brantley et al., 2001, 2004; Wiederhold et al., 2006).
Guilbaud et al. (2011) showed that abiotic processes during pyrite for-
mation can also induce large negative δ56Fe fractionations of up to
−3‰. These values are due to kinetic effects during pyrite precipitation
in a low sulfide environment. However, Wu et al. (2012) suggested that
themore extremevalues reported in Guilbaud et al. (2011)were unrep-
resentative and do not apply to typical marine systems where these
values can be attenuated.

Iron isotope data for Paleoarchean pyrite is currently limited to only
a few studies (Whitehouse and Fedo, 2007; Yoshiya et al., 2015a, 2015b)
that find predominantly positive rather than the negative δ56Fe more
typically associated with Neoarchean rocks (e.g. Rouxel et al., 2005).
Positive δ56Fe has been interpreted to represent partial Fe oxidation
and subsequent pyritization or remobilization of enriched Fe during
metamorphism. More negative δ56Fe values have been suggested to re-
flect dissimilatory iron reduction.

In this study, we measured Fe (54Fe, 56Fe) and multiple S isotopes
(32S, 33S, 34S, 36S) in individual pyrite grains by secondary ionization
mass spectrometry (SIMS) in order to constrain photolytic sulfur
sources and the role ofmicrobial and abiotic processes duringpyrite for-
mation. We present a unique combined Fe and multiple S isotope data
set for samples obtained from fresh drill core that sectioned relatively
deep-water sediments from an early Archean sedimentary basin. We
use Fe and S isotopes to argue that Fe in pyrite was sourced from either
porewater or reactive Fe oxides, most probably in a closed system, and
that S was derived predominantly from atmospheric elemental S.

2. Geological background and sample selection

The Barberton Greenstone Belt (BGB), Kaapvaal Craton, is a 3.6 to
3.2 Ga volcanic-sedimentary sequence divided into three main strati-
graphic units. The predominantly mafic to ultramafic volcanic
Onverwacht group occurs at the base, overlain by the Fig Tree group,
consisting of shales, sandstones and dacitic volcaniclastic and felsic vol-
canic rocks, together with minor chert, banded iron formation (BIF),
barite and carbonate. This is capped by the siliciclastic Moodies group,
which includes quartz-rich sandstones, shales and conglomerates. The
lowermost Fig Tree, and uppermost part of the Onverwacht groups,
from where our samples are taken (Fig. 1), represent relatively deep-
water (few100mdepth) chemical and siliciclastic depositional settings,
with some input from intermediate volcanism (Lowe, 1999). The BGB
experienced extensive deformation and is exposed as an elongate
fold-and-thrust-belt with vertically dipping or slightly overturned stra-
ta. Themetamorphic grade across the center of the BGB is relatively low
for Paleoarchean rocks, with maximum temperatures and pressures in
the lower greenschist facies (Tice et al., 2004). However,manyBGB stra-
ta experienced several phases of early diagenetic and post-burial alter-
ation, including carbonization, sericitization, K-metasomatism and
silicification (Duchac and Hanor, 1987; Rouchon and Orberger, 2008).

Our samples were obtained from the BARB4 scientific drill core,
which was drilled in 2012 through approximately 550 m of clastic sed-
imentary rocks, chemical sediments, chert and ultramafic volcanic rocks
of the Fig Tree and Onverwacht Groups from the Manzimnyama syn-
cline in the East-Central Domain of the BGB. The BARB4 core intersects
rocks close to the base of the 3.26–3.23 Ga Mapepe Formation of the
Fig Tree Group (Lowe and Nocita, 1999) as well as the uppermost part
of the underlying 3.33–3.26 Ga Mendon Formation of the Onverwacht
Group (Trower and Lowe, 2016) (Fig. 1). TheMapepe section represents
a quiet-water environment, below stormwave base, with abundant he-
matite-chert lithologies that are referred to as theManzimnyama band-
ed iron formation. The Manzimnyama BIF, also termed jasper or
jaspilite, is an important stratigraphic marker in this part of the BGB.
However, lateral correlation with other BIF-free rocks from the Lower
Mapepe Formation is difficult due to the high degrees of deformation
and faulting. TheMendon section consists of a thick chert unit that over-
lies ultramafic volcanic rocks.

The pyrite sampled for this study does not occur in the BIF or ferru-
ginous chert, but in immediately overlying or interbedded lithic sand-
stones and mudstones that represent turbidites or slurry-flow units, as
well as the Mendon chert. Pyrite is a rare minor phase in the BARB4
core and is largely absent in the BIF apart from occasional secondary
grains. We selected seven rock samples from different stratigraphic
depths to representatively cover pyrite from the sandstone, shale and
chert lithologies. Pyrite textures included disseminated subhedral to
euhedral grains, laminations and more irregular, but typically idiomor-
phic aggregate forms (Fig. 2). We also sampled pyrite from a secondary
carbonate and silica filled vein at 349.81 m depth (sample
BARB4_349.81). Almost all of the sulfide found in the samples was py-
rite, with the exception of samples BARB4_340.27 and BARB4_134.27
where occasional grains of Ni-sulfide and chalcopyrite were also
found. The vein in sample BARB4_349.81 contained a more diverse sul-
fide mineralogy, discussed further below.

The upper part of the BARB4 core, down to approximately
230 m, consists of siliciclastic rocks from the Lower Mapepe Forma-
tion. We sampled three different lithologies from this section. All
the sample names correspond to the depth in the core from which
they were taken. Sample BARB4_134.27 consists of euhedral pyrite
in a thin coarse-grained sandstone to gravel unit, interbedded in
an area dominated by mudstone. Pyrite is a rare minor phase in
this sandstone and absent in the surrounding mudstone. A single
200 μm sized cubic grain was measured that overgrows into the
surrounding quartzitic sandstone and gravel layer. Sample
BARB4_155.55 contains large euhedral grains up to 2 mm across,
with overgrowths at the grain boundaries into the surrounding
sandstone. Cavities in the pyrite are filled with secondary silica.
The sample included material taken from up to several tens of cm
apart and was thus split into three different sub-samples denoted
with the suffix _1, _2 and _3. Sample BARB4_208.85 consists of
small disseminated euhedral to subhedral pyrite grains (ca. 5 μm,
see Fig. 2) and aggregates of euhedral pyrite between 5 and 100
μm across, in a sandy mudstone matrix.
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Three samples were taken from siliciclastic rocks interbedded with
the BIF and ferruginous chert. These unitsmost likely represent an inter-
mittent change in depositional environment due to sediment influx or a
change inwater depth. Sample BARB4_335.24 consists of irregular, fine-
ly-disseminated and clumps of euhedral pyrite of between 5 and 80 μm
a b
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Fig. 2. Pyrite textures observed in reflected-light microscopy for representative samples from
aggregate. The scale bar in each panel is 200 μm.
across in mudstone. Sample BARB4_340.27 occurs as laminated
monomineralic pyrite and some isolated disseminated pyrite grains
from beneath the lamination, interbedded in mudstone. Sample
BARB4_349.81 occurs as late-stage aggregates to euhedral grains
intergrown with chert, in a vein filled with ankerite and siderite.
c
200μm200μm

BARB4_155.55_240.27

py

san
d

sto
n

e

e

the BARB4 drill core showing (a) disseminated pyrite, (b) layered pyrite, (c) pyrite in an



138 A. Galić et al. / Chemical Geology 449 (2017) 135–146
Other sulfideswere also observed in the vein including chalcopyrite and
galena. Two sampleswere taken from different parts of the vein, several
cm apart, in order to assess the isotopic variability associated with this
secondary stage of pyrite formation.

The lowermost sample, BARB4_434.30, from the Mendon chert, oc-
curs as more massive laminations, up to 1 mm across in chert. The lam-
inations have irregular boundaries and cavities within the pyrite, which
are filled with chert.
3. Methods

3.1. Sample preparation and characterization

Sulfide-rich parts of the samples were cut from the core using a dia-
mond saw and ca. 5 cm diameter chips were mounted in 25 mm diam-
eter epoxy resin blocks. All minerals present were characterized by
transmitted and reflected light microscopy. Major and minor element
concentrations were determined using a JEOL JXA 8530F field emission
gun electron microprobe microanalyzer at Utrecht University. Element
mapping was carried out on selected pyrite samples using both energy
dispersive and wavelength dispersive spectrometers.
3.2. Secondary ionization mass spectrometry

Iron and multiple S isotopes were measured across ca. 20 × 20 μm
areas on the surface of selected pyrite grains using the CAMECA IMS-
1280 secondary ion mass spectrometer (SIMS) at the Swedish Museum
of Natural History (NORDSIM facility). Epoxy blocks were coated with
30 nm gold and co-mounted with sulfide calibration and secondary
standards. Analytical procedures for Fe isotope measurements were
similar to those described by Whitehouse and Fedo (2007) using an
O2 primary beam with an incident energy of 23 kV and 10 nA intensity.
Multiple S isotopes were measured in a separate measurement session
on adjacent parts of the sample surface using a 10 kV and 2 nA Cs+ pri-
mary beam following the methodology reported by Kamber and
Whitehouse (2007) and Whitehouse (2012) and then further devel-
oped in Roerdink et al. (2013, 2016). Standards included Ruttan pyrite
with δ34S = 1.41 ± 0.13‰, Balmat pyrite with δ34S = 16.22 ± 0.35‰
(Cabral et al., 2013) together with an anomalously fractionated pyrite
from the Isua Greenstone Belt (GGU 248474) with δ34S = 1.99 ±
0.36‰ andΔ33S= 3.31± 0.19‰ obtained by conventional sulfur isoto-
pic analysis (Baublys et al., 2004) (Supplementary Table S1c, S1d, S1e).
Isua pyrite with Δ36S = −2.20 ± 0.21‰ (Whitehouse, 2012) was also
used to monitor 36S, the other standards all having Δ36S = 0‰
(Whitehouse, 2012) (Supplementary Table S1e). External reproducibil-
ity for Ruttan pyrite (2σ; n= 148) was 0.26‰ for δ34S , 0.17‰ for Δ33S
and 0.66‰ for Δ36S. During ourmeasurement sessions the Isua monitor
yielded averages, with 2σ errors, of δ34S = 2.49 ± 0.26‰, Δ33S =
3.24 ± 0.17‰ and Δ36S = −1.86 ± 0.6‰ (n = 26).

The uncertainty for δ56Fe was typically better than 0.1‰ (2σ). The
Balmat pyrite, with a δ56Fe value of −0.4 (Whitehouse and Fedo,
2007) gave an external reproducibility (n=184) of b0.17‰ (2σ) (Sup-
plementary Table S1f). The Fe and multiple S isotope data presented
have beenfiltered to eliminate resultswith yields of b75%of the average
count rate on the standard during a given analytical session (Virtasalo et
al., 2015; Roerdink et al., 2016). Sample imageswithmeasurement sites
are shown in the Supplementary material together with images of trays
and rock pieces fromwhich samples were taken (Supplementary mate-
rial S1 and S2).
3.3. 3.2 Data reporting and notation

We report Fe and multiple S isotope data using standard delta nota-
tion (δ56Fe, δ34S, δ33S, δ36S) relative to international standards IRMM-14
and V-CDT, respectively, and expressed as:

δaXsample ¼ aX=bXsample

� �
= aX=bXstandard

� �
−1

h i
� 1000 ð1Þ

where X represents Fe or S, a and b the heavier and lighter isotopes
respectively selected from 56Fe and 54Fe or 33S, 34S or 36S and 32S. Mass-
independent fractionation was calculated relative to the terrestrial
fractionation line using standard methodology (Farquhar et al., 2000):

Δ33S ‰ð Þ ¼ δ33S–1000� 1þ δ34S=1000
� �0:515

–1
� �

ð2Þ

Δ36S ‰ð Þ ¼ δ36S–1000� 1þ δ34S=1000
� �1:90

–1
� �

ð3Þ

3.4. Iron isotope modeling

A one-dimensional steady-state reaction transport model (e.g.
Boudreau, 1997) was used to indicate the iron isotopic signatures of
two depositional regimes leading to ultimate burial of pyrite with two
different isotopic signals (δ54Fe=0‰ and δ56Fe=+1‰) in an Archae-
an shelf environment. The model couples reactions through a
discretized reaction-transport equation:

0 ¼
∂Di; jϑi

∂Ci; j

.
∂z

� �
∂z

−
∂ωiϑiCi; j

∂z
þ ϑi∑Ri ð4Þ

where z is sediment depth, and i , j represent subscripts depicting
depth- and species-dependence respectively. C is the species concentra-
tion (aqueous or solid species, Supplementary Table 2a); D is the diffu-
sivemixing coefficient taking tortuosity into account (Boudreau, 1997);
ϑ is the volume fraction for the aqueous (i.e. the porosity φi) or solid
(1−φi) phases; ωi is the velocity of either the aqueous or the solid
phase (vi or wi, respectively);∑Ri is the sum of the reactions affecting
the given species j. In Eq. (4), the zero term on the left hand represents
steady state. The first term of the right hand side of Eq. (4) represents
diffusion, the second term represents advection, and the final term rep-
resents the reactions affecting species j. Biomixingwas assumed to be of
minor importance and was ignored from the simulations. The reaction-
transport model consists of 12 geochemical species and 7 reactions
(Supplementary material S4, Table 2b). The model was coded in R (ver-
sion 3.2.4) using the ReacTran (Soetaert and Meysman, 2012) and
marelac (Soetaert et al., 2010) packages. Burial rates were assumed to
be equivalent to modern shelf settings. The code method is presented
in the Supplementary material S4 with model parameters showed in
Table 2c.

4. Results

All results are reported in Supplementary Tables S1a and S1b. Sam-
ple-averaged δ56Fe values in the BARB4 pyrite from the Manzimnyama
syncline lie in the range from −1.3‰ (n = 2) in sample
BARB4_155.55_3 to +1.1‰ (n = 6) in BARB4_434.30 (Fig. 3). Within
single samples δ56Fe varies between individual pyrites across a relative-
ly large range of typically 2‰. More positive δ56Fe values are generally
associated with large euhedral crystals and more voluminous pyrite
masses such as layers and aggregates. δ56Fe values for individual grains
range from +0.5‰ to +2.5‰ in BARB4_434.30, +0.3‰ to +2.4‰ in
BARB4_340.27 and +0.1‰ to +2.0‰ in BARB4_155.55_1 and
BARB4_155.55_2 (Supplementary Table S1b). Smaller disseminated py-
rite grains tend to have δ56Fe closer to 0‰, with δ56Fe variability from
−0.9‰ to +0.6‰ in BARB4_208.85, and −0.9‰ to +0.7‰ in
BARB4_335.24. Themost negative δ56Fe were measured in two dissem-
inated pyrite grains in BARB4_155.55_3, with δ56Fe of −1.2‰ and-
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1.5‰. These latter pyrites were not measured for multiple S isotopes
due to the small size that prevented re-measurement.

Multiple S isotopes were measured in the same grains as those
measured for δ56Fe, but for immediately adjacent analysis sites (Sup-
plementary material S2). The δ34S values cover a very limited range
from−1.1‰ to +3.3‰. δ34S shows greater variability on an individ-
ual grain basis within each sample of typically up to 2‰, with the
maximum variability of 3.1‰ within sample BARB4_340.27 (Fig. 4).
The smallest variability of ca. 0.5‰was observed in the pyrite aggre-
gates in samples BARB4_155.55_1 and BARB4_155.55_2. No clear
correlation was observed between pyrite textural features (dissemi-
nated, layered, euhedral, aggregate) and δ34S variability. However,
layered pyrite (BARB4_340.27, BARB4_434.30) together with two
pyrite grains in a silica- and carbonate-rich vein in sample
0.0
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Fig. 4.Δ33S versus δ34S diagram for pyrite from different depths in the BARB4 drill core. Symbol
reference array (ARA)withΔ33S/δ34S≈ 0.9 (Ono et al., 2003; Ueno et al., 2008). Error bars in the
BARB4_349.81 contain slightly larger δ34S variability. Intra-grain
variability, as observed in a single pyrite crystal in sample
BARB4_134.27 reached a maximum of 2‰. Δ33S was found to be pos-
itive and constant within analytical error for multiple pyrites within
each rock sample, with similar values observed in samples from sim-
ilar core depths. The minimum sample-averaged Δ33S value of 0.3‰
(±0.2‰ 1σ) was measured for BARB4_155.55_2, with the maximum
of 2.0‰ (±0.2‰ 1σ) for sample BARB4_340.27 (Supplementary
Table S1a). Δ36S values follow an approximately −1:1 relationship
with Δ33S, with some scatter due to analytical uncertainty on Δ36S
for individual pyrite data (Fig. 5a). A single pyrite outlier in
BARB4_340.27 is characterized by Δ36S/Δ33S of −1.7. Sample-aver-
aged Δ33S and Δ36S (Fig. 5b) shows a closer fit to the Archean refer-
ence array with a Δ36S/Δ33S slope of −1.
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(MDF) with Δ36S/Δ33S = −6.85 (Ono et al., 2006). Error bars on the symbols represent 1σ, whereas the error bars on the right of the figure represent estimated 2σ external
reproducibility. (b) Sample-averaged Δ36S versus Δ33S diagram compiled for the populations of pyrite shown in panel (a). Error boxes (2σ) show the mean square weighted deviation
(MSWD) for each population calculated using Isoplot (Ludwig, 2008). Small populations (n b 7) were omitted from the analysis. A single pyrite outlier in BARB4_340.27 with
Δ36S = −3.08 was excluded from the MSWD calculation for this sample.
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5. Discussion

Iron andmultiple sulfur isotope data for the BARB4 drill core pyrites
from theManzimnyama syncline fall within the range identified in pre-
vious studies for sedimentary pyrite of similar Palaeoarchean age
(Farquhar et al., 2000; Philippot et al., 2007; Ueno et al., 2008; Shen et
al., 2009; Wacey et al., 2010; Roerdink et al., 2013, 2016; Van Zuilen et
al., 2014; Wacey et al., 2015; Yoshiya et al., 2015a, 2015b). Our pyrite
samples are stratigraphically similar to those measured elsewhere in
the Lower Mapepe and Mendon Formations (Philippot et al., 2012;
Roerdink et al., 2013), butwere deposited in relatively deepwatermud-
stones and sandstones rather than shallower water volcaniclastic sedi-
ments. Our new multiple S isotope data cover a much smaller and
more distinctive range than that measured for the nearby volcaniclastic
sandstones (Philippot et al., 2012). Mass-independent fractionation
(MIF) in our samples, recorded as Δ33S or Δ36S, shows clear and repro-
ducible variations with drill core depth. Constant MIF values at specific
sedimentary horizons are accompanied by only minor mass-dependent
fractionations (δ34S). In the following discussion, we investigate how
the variability in pyrite multiple S isotopes can be linked to the isotopic
composition of sulfur species derived from the depositional environ-
ment. We use Fe isotopes linked to an indicative reactive transport
model to show how consumption of elemental sulfur, porewater Fe
and sedimentary reactive Fe led to pyrite formation in an Archean
ocean environment.

5.1. Identifying primary diagenetic pyrite

TheManzimnyama syncline pyrites cover a range of textures includ-
ing disseminated, layered and aggregate forms (Fig. 2). Idiomorphic
crystal faces support a diagenetic or post-diagenetic origin for the py-
rite. Rounded grains of pyrite or other sulfides were not observed, indi-
cating the lack of a detrital component. Pyrite is also absent in most of
the coarser-grained sediments in the BARB4 core, beyond those studied
here, where detrital iron oxides and zircon are present (Drabon et al.,
2014). Turbidity currents that contributed to these coarser sediments
most likely sourced material from shallower parts of the basin that
were rich in Fe-oxides and were sulfide poor (Satkoski et al., 2015).

Secondary pyrite occurs at several depths in the BARB4 core as large
euhedral grains that overgrow primary sedimentary structures and as-
sociated with mm-scale silica and carbonate filled veins (e.g sample
BARB4_349.81). This secondary pyrite could reflect a late stage of hy-
drothermal sulfidization and/or reworking of precursor sulfide. The
similar isotopic composition of these secondary grains with the
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remainder of the pyrite supports the latter hypothesis. A secondary
stage of sulfide formation could also have produced overgrowths on
inherited diagenetic or detrital cores, similar to recently reported data
for nearby Moodies group sediments (Nabhan et al., 2016). To test this
possibility we performed electron microprobe mapping of representa-
tive BARB4 core pyrites.

Electron microprobe maps show the pyrites to be largely homoge-
nous in major (Fe, S) and some low-abundance trace elements (Cu,
Zn, Pb, Se), with minor variability in Ni, As and Co (Supplementary ma-
terial S3). Pyrite cores contain irregular zones that are slightly enriched
in Ni and depleted in Co, with Co/Ni typically in the range 0.5 to 5. Cores
are often porous and sometimes contain inclusions of silica or silicate
minerals. A few pyrites have thin overgrowths, with enriched As and
Co/NiN N 1, indicating a late stage of precipitation during diagenesis,
post-depositional alteration or metamorphism (Agangi et al., 2014;
Nabhan et al., 2016). Iron and multiple S isotope analysis was carried
out only towards the cores of relatively large grains to attain accurate
and precise data, so our results were unaffected by these later stages
of pyrite overgrowth.

The retention of chemical zonation in the pyrites suggests thatmeta-
morphic rehomogenizationwasminimal. Rehomogenization is also un-
likely to have affected Fe and S isotopes since clear heterogeneity has
been observed elsewhere, in pyrite δ34S from nearby Moodies group
sediments that underwent similar degrees of regional metamorphism
(Nabhan et al., 2016). δ56Fe isotope variability of up to 2‰ in the
BARB4 pyrites is as large as could be expected in the source environ-
ment or during mineral formation (Guilbaud et al., 2011), again sug-
gesting a lack of metamorphic re-equilibration within pyrite grains.
Thermochemical sulfate reduction during metamorphism is unlikely
to have obscured or modified diagenetic signals due to coupled Δ36S/
Δ33S variability (Oduro et al., 2011) observed in all our samples. We
thus interpret the measured isotope ratios to be unaffected by meta-
morphism and to closely reflect the original variability in the diagenetic
or secondary hydrothermal environment.

A lack of correlations between Δ33S or Δ36S and δ34S within pop-
ulations of pyrite, coupled with the lack of evidence for isotopic
mixing lines between these populations, suggests an absence of
open-system exchange between sulfur pools (Bao et al., 2008). This
argues against an influence for post-depositional hydrothermal or
metasomatic reworking on the pyrite cores. If reworking did occur
then it took place under closed-system conditions, locally confined
to individual stratigraphic layers. Secondary sulfides, including pyrite
with highly variable Co/Ni, do occur in carbonate and silica veins,
but are rare throughout the rest of the BARB4 drill core. The second-
ary pyrite has similar Fe and multiple S isotope values to the re-
mainder of the disseminated, layered and aggregated samples. This
further indicates a lack of open-system behavior in the sulfur pools
recorded in the pyrite and suggests that secondary reworking of sul-
fide was localized and would not have significantly affected primary
isotopic variability. In summary, the relatively homogenous major-
and trace-element distribution in the non-detrital cores of the
Manzimnyama syncline pyrites is consistent with a relatively simple
pyrite growth history that can be argued to resemble the Fe and
multiple S isotopic composition of diagenetic fluids.

5.2. Sulfur sources and atmospheric photolysis

Mass independent fractionation of S isotopes in rocks older than
2.45 Ga is thought to reflect photolytic reactions involving SO2 (or pos-
sibly SO) in a low-O2 atmosphere (Farquhar et al., 2000; Pavlov and
Kasting, 2002; Ono et al., 2003; Johnston, 2011; Claire et al., 2014).
The end-products of these reactions are oxidized and reduced species
carrying MIF signatures of opposite sign in Δ33S and Δ36S. In conven-
tional models, these are interpreted to be sulfate with negative Δ33S,
and elemental sulfur with positive Δ33S (Farquhar et al., 2000;
Johnston, 2011). Data from the Palaeoarchean rock record broadly
support the conventional interpretation with relatively uniform and
negative Δ33S seen in 3.53–3.22 Ga barite deposits, thought to be de-
rived from oceanic sulfate (Bao et al., 2007; Ueno et al., 2008; Shen et
al., 2009; Roerdink et al., 2012; Halevy, 2013). Sedimentary pyrite is
more heterogeneous with both negative and positive Δ33S, which sug-
gests that it incorporated sulfide derived or mixed from both the oxi-
dized and reduced photolytic pathways, with variable degrees of
microbial or abiotic processing. δ34S variability in Paleoarchean rocks
has been linked to microbial sulfate reduction (Shen et al., 2001; Shen
et al., 2009; Wacey et al., 2010; McLoughlin et al., 2012; Philippot et
al., 2012; Roerdink et al., 2013; Nabhan et al., 2016), elemental S dispro-
portionation and sulfur reduction (Philippot et al., 2007; Wacey et al.,
2010) and/or abiotic processes close to hydrothermal anomalies
(Grosch and McLoughlin, 2013; Roerdink et al., 2016).

Pyrite from the BARB4 core in the Manzimnyama syncline shows a
variety of textural types that has a range of exclusively positive Δ33S
values (with correspondingly negative Δ36S). The opposite negative
Δ33S photolytic product is absent, with a lack of sulfate or sulfide min-
erals of this composition and a lack of any mixing trends in the pyrite
data pointing towards this field (Figs. 4, 5a and b). Taking the conven-
tional interpretation that Paleoarchean barite captures seawater sulfate
(Farquhar et al., 2000; Bao et al., 2007; Roerdink et al., 2012; Montinaro
et al., 2015), the Manzimnyama syncline pyrites would be linked to a
predominantly elemental S source, with little or no mixing with sulfide
derived from the sulfate reservoir. The original photolytical source could
then be estimated using the Archean reference array (ARA)
defined as Δ33S/δ34S = 0.9 (Ono et al., 2003; Ueno et al., 2008) and
Δ36S/Δ33S ≈ −1 (Farquhar et al., 2000; Kaufman et al., 2007; Ueno et
al., 2008; Ono et al., 2009). However, experimental work, modelling re-
sults and empirical data have been used to define photolysis arrays that
differ significantly from the ARA (Farquhar et al., 2001; Lyons, 2009;
Ueno et al., 2009; Masterson et al., 2011; Whitehill and Ono, 2012;
Philippot et al., 2012; Whitehill et al., 2013; Claire et al., 2014). Some
of these models have shown the products to be highly dependent
upon the wavelength of photolysis, and can also result in sulfate with
positive rather than negative Δ33S values (Claire et al., 2014). Positive
Δ33S has been observed inmuch younger Neoarchean carbonate-associ-
ated sulfate (Paris et al., 2014). Low sulfate concentrations could
favour a spatially and temporally heterogeneous seawater sulfate reser-
voir that might extend to include positive Δ33S values (Muller et al.,
2016). Given this, the possibility that the positive Δ33S (and
negative Δ36S) values were derived from sulfate rather than elemental
sulfur, and with a photolysis array other than the ARA, must also be
considered.

A striking aspect of the BARB4 pyrite multiple S isotope data is that
Δ33S values are constant to within analytical error at specific depths
within the core, but show significant variations between samples ob-
tained from different depths. No correlation exists between pyrite tex-
ture and Δ33S, (Fig. 3) suggesting that the variable Δ33S was inherited
from changes in the S source that varied with depth. Photolytic sulfate
should readily homogenize following atmospheric deposition into the
oceans (Farquhar et al., 2000; Roerdink et al., 2012), so that heterogene-
ity in the core data would require variable mixing ratios with another S
source such as juvenile S or elemental S of opposite sign in Δ33S. Mixing
with juvenile S could readily occur during secondary pyrite reworking,
but there is no evidence for this in the core, and a lack of correlation be-
tween S isotopic variability and pyrite textures. Variable mixing be-
tween the two photolytic products sulfate and elemental S in the
diagenetic component cannot be ruled out, but is unlikely since no
traces of the negative Δ33S component are preserved that would be re-
quired in thismixing scenario. Solid elemental S, in contrast, couldmore
readily retain primary atmospheric heterogeneity. Although this would
be readily homogenized duringdiagenesis on an individual sample scale
(Halevy, 2013), variable mixing between photolytic elemental sulfur
and an additional component, such as sulfur produced by aqueous
phase photooxidation of H2S, could account for the variability with
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depth in the core (Halevy, 2013). These arguments support convention-
al models where elemental S is the component with positive Δ33S.

Elemental S is unstable over geological timescales and can undergo a
number of possible redox transformations. Incorporation of the multi-
ple S isotope signature of photolytic elemental S into pyrite requires ei-
ther reduction or disproportionation reactions. All of these reactions
involve only minor Δ33S fractionation that would not be detectable
within the external reproducibility of our SIMS data, but they can poten-
tially be distinguished from one another due to different amounts of
mass-dependent fractionation (see Johnston, 2011 for a review). Abiotic
hydrolysis of elemental Swould produce sulfidewithmore positive δ34S
values than the reactant elemental S, with a difference of between 0.4‰
to 3‰ (Smith, 2000). In contrast, microbial disproportionation or reduc-
tion would produce sulfide with more negative δ34S (Canfield and
Thamdrup, 1994; Canfield et al., 1998; Böttcher et al., 2001; Böttcher
and Thamdrup, 2001; Johnston et al., 2005). The disproportionation of
elemental S is an endergonic reaction that becomes energetically favor-
able whenH2S is removed from the solution by reactionwith, for exam-
ple, Fe or Mn (oxyhydr)oxides (Thamdrup et al., 1993; Böttcher and
Thamdrup, 2001). The fractionations associated with disproportion-
ation vary depending on the microorganisms involved, but generally
give sulfate withmore positive δ34S by up to 18‰ and sulfidemore neg-
ative by approximately 9‰ (Canfield and Thamdrup, 1994; Habicht et
al., 1998; Böttcher et al., 2001; Böttcher and Thamdrup, 2001). Isotopic
fractionations associated with elemental S reduction are more muted
with lighter δ34S values of up to 5‰ observed in the product sulfide
(Surkov et al., 2012). Flynn et al. (2014) showed that somemicroorgan-
isms combined the electron shuttling produced during enzymatic S re-
duction to reduce Fe oxides.

We first consider a photolytic array, termed the felsic volcanic array
(FVA), proposed to explain the multiple S isotope variability in Lower
Mapepe Formation rocks of similar age to those studied here
(Philippot et al., 2012). These authors propose that the Δ33S versus
δ34S relationship was highly variable during photodissociation of sulfur
dioxide, which was released into the atmosphere by short-lived intense
bursts of subaerial volcanic activity (Philippot et al., 2012). Our pyrite
data do not lie along the FVA as observed and modelled in the
Philippot et al. (2012) study, but cover a field that could be the result
of multiple injections of sulfur compounds derived from a large range
of initial Δ33S values, or mixing between sulfide derived from the ele-
mental sulfur and sulfate reservoirs. Since most of the pyrite in the
BARB4 core ismore positive in δ34S than thismixing line, it would either
require an abiotic hydrolysis mechanism to produce the pyrite from el-
emental S (Fig. 6), or sulfur disproportionation with only the sulfate
product subsequently reduced and recorded in pyrite. Several of the py-
rites fall outside the range of fractionations that can be produced by
these pathways. The FVA as suggested by (Philippot et al., 2012) cannot
be ruled out but is unlikely to explain the Manzimnyama syncline data
with an elemental S source.

Themore conventional photolytic array, the Archean reference array
(ARA), would have a positive slope on the Δ33S versus δ34S plot and
passes directly through our data (Figs. 4, 5 and 6) (Ono et al., 2003;
Ueno et al., 2008; Roerdink et al., 2012). Microbially mediated S dispro-
portionation (Canfield and Thamdrup, 1994; Böttcher et al., 2001;
Böttcher and Thamdrup, 2001) or microbial elemental S reduction
(Surkov et al., 2012; Flynn et al., 2014) could readily result in the
range of δ34S observed in the pyrites of BARB4. In the case of dispropor-
tionation, the fate of the sulfate product is unclear, but it may have been
partially incorporated into pyrite through an additional reduction step.
If this happened to completion or at low concentration it could have
muted the magnitude of the original negative offset in pyrite δ34S, but
could also have locally produced pyrite with more positive δ34S than
the ARA.

The position of the positive Archean reference array, is consistent
with our data. The dominant source of S in pyrite is most likely to
have been from heterogeneous batches of elemental sulfur particles in
the sediment, derived from sulfur aerosols that experienced photolytic
MIF before settling as elemental sulfurwith a positiveΔ33S. This idea re-
lies on elemental S being the starting material that we explore further
using Fe isotopes.

5.3. Iron sources and pyrite formation

TheArchean oceans contained abundant Fe2+(aq) that could be read-
ily incorporated into pyrite following reaction with free sulfide or poly-
sulfide. Banded iron formations in the Manzimnyama syncline, contain
low- and high-Fe cherts interpreted to be shallow and deeper-water
sedimentary facies (Satkoski et al., 2015). Based on these rocks, the
δ56Fe of contemporaneous seawater has been estimated to be between
−0.5‰ and0‰, butmost likely close to 0‰, confirming the previous es-
timate of Yamaguchi et al. (2005). However, the Fe-richminerals them-
selves could serve as an alternative Fe source for pyrite formation.
Sedimentary reactive Fe, would have a δ56Fe value of between +0.5‰
and +1‰, based on values for hematite and magnetite in the BARB4
BIF (Satkoski et al., 2015). These Femineralswere reworked by turbidity
currents and slurry flows into the relatively Fe-poor sandstones and
mudstones where pyrite is found.

Iron isotopes are not passively recorded from thewater column into
pyrite and can be fractionated duringmineral formation by either direct
abiotic mechanisms (Guilbaud et al., 2011), or indirectly through dis-
similatory Fe reduction (DIR) (Crosby et al., 2007). In both cases Fe
must be only partially consumed for kinetic fractionation to be ob-
served. Pyrite formation is a multi-step process, with the initial reaction
of sulfide and reactive iron to form FeS(s), followed by dissolution of the
solid product and reaction with aqueous polysulfide or H2S to form py-
rite (Rickard, 2012). These two latter routes are termed the polysulfide
or H2S pathways (e.g. Butler et al., 2004). The intermediate FeS phase
can either be crystalline (mackinawite) or amorphous (Rickard and
Luther, 2007). Abiotic dissolution is relatively slow, whereas dissimila-
tory iron reduction (DIR) is rapid and efficient in fractionating δ56Fe
down to−3‰ (Crosby et al., 2005). Guilbaud et al. (2011) showed ex-
perimentally that abiotic precipitation results in δ56Fe fractionation of
+0.5‰ to −3‰ in pyrite relative the source. The overlapping ranges
in iron isotope fractionation preclude identification of DIR from abiolog-
ical fractionation using δ56Fe values in the product pyrite.
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Our new BARB4 pyrite data show highly variable δ56Fe within each
sample population, that is always N1‰ and frequently as large as 2‰,
similar to other published studies (Marin-Carbonne et al., 2014;
Yoshiya et al., 2015a, 2015b). The relatively large inter-grain or intra-
layer range in δ56Fe suggests either that the Fe source changed or that
fractionation was induced during pyrite formation on a microscopic
scale, or progressively during protractedmineral formation. The relative
roles of porewater versus sedimentary reactive Fe have not been well
constrained in studies of Archean pyrite formation to date. We explore
these two possibilities below using an indicative one-dimensional
steady state reactive-transport model that includes the propagation of
the Fe isotopic signal with depth by reaction with elemental S.

The model assumes that pyrite formation occurs throughout the
sediment, with the pyrite isotopic signal reflecting different Fe2+

sources. The formation of Fe2+ from the reductive dissolution of iron
oxides (by hydrogen sulfide produced during the degradation of organic
matter) eventually shifts the Fe2+ isotope signal toward the heavier iso-
topic values found in iron oxides (δ56Fe≈+1‰), as compared to that of
the overlying water column (δ56Fe≈ 0‰) (Fig. 7; complete result plots
are to be found in Supplementarymaterial 4; Figs. S4a and S4b). Organic
matter fluxes were low in the Archaean in comparison to contemporary
values (e.g. McCollom, 2011), and we assumed our model value to be 3
orders of magnitude lower than ranges observed in contemporary shelf
environments. Dissimilatory iron reduction from organic matter degra-
dation does not generate sufficient free iron to create a heavy iron isoto-
pic signal in the buried pyrite. Nevertheless, the flux of elemental sulfur,
considered to be themain sulfur species available in deep-watermarine
Archaean settings (Halevy, 2013), can provide sufficient reducing
power for iron oxides via disproportionation and the generation of hy-
drogen sulfide. Two simulations with various elemental sulfur fluxes
to the sediment reflect the ability for sediments to record light
(δ56Fe ≈ 0‰) and heavy (δ56Fe ≈ +1‰) iron isotopic signals in the
buried pyrite (simulation low S and high S, respectively Fig. 7). Both
simulations begin with isotopically light pyrite formation due to the
lighter values of Fe2+ present at the sediment surface and the fraction-
ation associated with iron monosulfide and pyrite formation. With in-
creasing sediment depth, however, the two simulations reveal
different scenarios. Rates of sulfur disproportionation vary more than
an order of magnitude within the two simulations reflecting the large
difference between the two elemental sulfur fluxes. These higher rates
generate more hydrogen sulfide driving the formation of both iron
monosulfides and pyrite. This additional reducing power creates isoto-
pically heavier Fe2+, which eventually becomes incorporated in iron
monosulfide and pyrite. The fractionation factors chosen for the simula-
tion are small, as larger fractionations would create more negative ex-
cursions due to the generation of lighter pyrite.

Average δ56Fe close to zero in disseminated pyrite measured in the
BARB4 core is thus consistent with derivation from porewater Fe2+,
whilst more positive δ56Fe in layered and aggregate pyrite suggests
later-stage derivation from sedimentary reactive Fe with an elemental
S flux equal to, or in excess of 0.13 mol m−2 yr−1. Positive pyrite
δ56Fe has been interpreted elsewhere to indicate sulfidization of Fe ox-
ides (Yamaguchi et al., 2005; Whitehouse and Fedo, 2007; Hofmann et
al., 2009; Nishizawa et al., 2010; Yoshiya et al., 2015a, 2015b) or alterna-
tively to reflect the isotopic composition of a pyrite precursor that was
partially oxidized (Marin-Carbonne et al., 2014). Here we suggest that
an excess of sedimentary elemental S initially produced sulfide that
consumed porewater Fe and then triggered Fe oxide dissolution during
the later stages of diagenesis. Elemental S disproportionationmight fur-
ther be indicated by an apparent relationship between the range in δ34S
and the average δ56Fe in each pyrite population. More positive δ56Fe
suggests the involvement of reactive, oxidized Fe in the sediment, and
this Fe oxide would sustain the disproportionation reaction leading to
increased δ34S (Böttcher et al., 2001). More accurate knowledge of the
isotopic composition of photolytic sulfur species with respect to the
ARA could help to resolve this issue, andwould further aid identification
of the exact abiotic or metabolic pathways that produced sulfide in Ar-
chean environments.
6. Conclusions

Iron andmultiple sulfur isotope data in pyrite from the 3.26–3.23 Ga
Fig Tree and Onverwacht Groups, South Africa, support microbial
recycling of elemental sulfur as the predominant mechanism to lead
to pyrite formation in Paleoarchean seafloor sediments. The conven-
tional model of MIF-S is most consistent with our data, with a close fit
to the widely proposed Archean reference array with Δ33S/δ34S = 0.9
andΔ36S/Δ33S≈−1.We used a simple one-dimensional diagenetic re-
active transport model to show that δ56Fe in pyrite was consistent with
microbial processing of elemental S in seafloor sediments in the pres-
ence of porewater Fe and sedimentary reactive Fe. Pyrite inherited
more positive δ56Fe when elemental sulfur overwhelmed reactive iron
in the sediment. Multiple S isotopes reveal that the S source in a marine
basin setting was predominantly atmospherically-derived elemental S,
with little or no input from marine sulfate.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2016.12.006.
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