
Chemical Geology 362 (2013) 131–142

Contents lists available at ScienceDirect

Chemical Geology

j ourna l homepage: www.e lsev ie r .com/ locate /chemgeo
Geochemistry of pyrite from diamictites of the Boolgeeda Iron Formation,
Western Australia with implications for the GOE and Paleoproterozoic
ice ages☆

Elizabeth D. Swanner a,1, Andrey Bekker b, Ernesto Pecoits c, Kurt O. Konhauser c,
Nicole L. Cates a, Stephen J. Mojzsis a,d,e,⁎
a Department of Geological Sciences, University of Colorado, UCB 399, 2200 Colorado Avenue, Boulder, CO 80309-0399, USA
b Department of Geological Sciences, University of Manitoba, Winnipeg, Manitoba R3T 2N2, Canada
c Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Alberta T6G 2E3, Canada
d Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences, Budapest, Budaorsi ut 45, H-1112, Hungary
e Laboratoire de Géologie de Lyon, Ecole Normale Supérieure de Lyon and Université Claude Bernard Lyon 1, CNRS UMR 5276, 46 Allée d’Italie, 69007 Lyon, France
Abbreviations: GOE, Great Oxidation Event; MIF, m
MDF, mass dependent fractionation; TFL, terrestrial fractio
fate reduction; IF, iron formation.
☆ Dedication: To the memory of our mentor and friend
⁎ Corresponding author at: Department of Geological S

UCB 399, 2200 Colorado Avenue, Boulder, CO 80309-039
fax: +1 303 492 2606.

E-mail address: mojzsis@colorado.edu (S.J. Mojzsis).
1 Current address: Center for Applied Geoscience (Z

Tübingen, Sigwartstrasse 10, 72076 Tübingen, Germany.

0009-2541/$ – see front matter © 2013 Elsevier B.V. All ri
http://dx.doi.org/10.1016/j.chemgeo.2013.07.022
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 29 July 2013
Available online 6 August 2013

Keywords:
Pyrite
Sulfur isotopes
Paleoproterozoic glaciations
Atmospheric oxygen
Sediments of the ca. 2400 Ma Turee Creek Group of Western Australia are coincident with the oxygenation of
Earth's surface associated with the ‘Great Oxidation Event’ (GOE). Diamictite within the Boolgeeda Iron Forma-
tion from the Boundary Ridge section at the Duck Creek Syncline was previously correlated to the glaciogenic
sediments of the Meteorite Bore Member of the Turee Creek Group at the Hardey Syncline (Martin, 1999). The
Meteorite Bore Member is considered correlative and time-equivalent with the Paleoproterozoic glacial
diamictites of the 2.45–2.22 Ga Huronian Supergroup in North America. If the diamictite units at Boundary
Ridge correspond to worldwide Paleoproterozoic glaciations, they should also record the disappearance of
mass independently fractionated (MIF) sulfur. Triple S-isotope compositions for pyrites from the Boundary
Ridge sections were measured in situ by a multi-collector ion microprobe and yielded both mass dependently
fractionated (MDF) and MIF sulfur isotope values (Δ33S values from −0.44 to +6.27‰). Trace element hetero-
geneities are indicated bymeasurements atmultiple spatial scales within rounded pyrites in the Boundary Ridge
section, consistent with multiple generations of pyrite that incorporated sulfur processed in an anoxic atmo-
sphere. A compilation of S-isotope data from pyrite in the Boundary Ridge diamictites analyzed in this study
and previous work (Williford et al., 2011) defines multiple δ34S vs. δ33S arrays, consistent with an origin of detri-
tal pyrite from the underlying Hamersley and Fortescue groups. Sulfides in a shale unit from the Boundary Ridge
section plot along the terrestrial fractionation line but still retain positive MIF-S. This and detrital pyrite suggest
low atmospheric oxygen immediately before the initiation of Paleoproterozoic Ice Ages. This data is inconsistent
with a correlation to glacially-influenced successionswithin the North American Huronian Supergroup, inwhich
theMIF-S signal permanently disappears. The diamictites at the Duck Creek Syncline are older than theMeteorite
Bore Member because their stratigraphic position is within the Boolgeeda Iron Formation that underlies the
Turee Creek Group, which is separated from the Meteorite Bore Member by nearly 1000 m of the Kungarra
shale at the Hardey Syncline.
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1. Introduction and geological setting

The principal geochemical indicators used to probe conditions for
marine pyrite (FeS2) formation in the Archean and Paleoproterozoic
aremultiple sulfur isotopes (32S, 33S, 34S and 36S), iron isotopes (typically
54Fe and 56Fe; although 57Fe and 58Fe have been also used), and variable
trace metal concentrations (Ni, Co, and other transition metals). The
Archean Eon (ca. 3850 to 2500 Ma) affords special opportunities to iden-
tify various sulfur sources to sedimentary pyrite because before about
2400 Ma the sulfur isotopic compositions of marine (and presumably
lacustrine) sedimentary sulfide and sulfate minerals record mass-
independent fractionation with the relationship δ33S ≠ 0.515 ⋅ δ34S
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that is imparted by deep-UV photolysis of SO–SO2 from volcanic gases
processed in an anoxic atmosphere (Farquhar et al., 2000; Pavlov and
Kasting, 2002; Bekker et al., 2004). Sulfate aerosols and SO2 (+Δ33S),
and S8 aerosols, H2S and HS (−Δ33S), were an important source of
MIF-S to the ocean, and accounted for 1–2% of the sedimentary sulfur
budget (Farquhar and Wing, 2003). This MIF-S is widely preserved in
authigenic Archean marine pyrite, and can be used to differentiate mi-
crobial and abiotic pathways of sulfur cycling and to identify the sulfur
source at time of deposition (Mojzsis, 2007; Philippot et al., 2007,
2012; Ueno et al., 2008).Moreover, patterns in δ34S, δ33S andΔ33S values
of detrital pyrite in Archean siliciclastic sediments reflect composition of
the source (Hofmann et al., 2009). Multiple sulfur isotope data in ancient
sulfides substantially augments the information provided by pyrite tex-
tures, morphologies and elemental composition in determining the
source of sulfur in pyrite and the environmental processes by which it
formed, and is now routinely employed in analysis of ancient sediments.

The disappearance of MIF-S from the pyrite record before about
2300 Ma occurred in the context of what is regarded as an epoch of
Paleoproterozoic “Snowball Earth” events, a name coined forworldwide
ice ages that extended to low latitudes (Kirschvink, 1992). It has been
suggested that the Paleoproterozoic ice ages were accompanied by fluc-
tuations in the atmospheric oxygen level; the rise of atmospheric oxy-
gen led to decrease in atmospheric methane, a strong greenhouse gas
in the Archean, and thence to global glaciation (Kirschvink et al.,
2000). Atmospheric oxygen levels fell during these glaciations, which
resulted in higher CO2 and methane levels, greenhouse feedback and
subsequent deglaciation (Bekker and Kaufman, 2007). The Espanola
Formation of the 2.45–2.22 Ga Huronian Supergroup records a large
range in δ34S values of MDF sulfur that was interpreted to reflect the
onset of atmospheric oxidation in the Paleoproterozoic (Papineau
et al., 2007). In addition, the underlying McKim and Pecors formations
also show attenuated range ofMIF in sulfur isotopes of sedimentary sul-
fides (Wing et al., 2002, 2004; Papineau et al., 2007). Glacial diamictite-
bearing sediments of the South African Duitschland Formation, which
also record the disappearance of MIF sulfur (Bekker et al., 2004; Guo
et al., 2009), seem to correlate to the Espanola Formation of the
Huronian successions (Bekker et al., 2001). The widespread presence
of glacial diamictites of broadly similar age has been used to support
the contention thatworldwide Paleoproterozoic “Snowball Earth” glaci-
ations occurred at that time. Despite the apparent correlations between
Paleoproterozoic glacially-influenced sedimentary successions across
two continents, it remains a subject of debate whether or not these
glacial diamictites correspond to the same global environmental event
(Kopp et al., 2005).

The ca. 2420 Ma Turee Creek Group in Western Australia (Fig. 1)
encompasses sediments deposited during the GOE. The Turee Creek
Group conformably overlies the Boolgeeda Iron Formation, is underlain
by the 2449 ± 3 Ma Wongarra rhyolite (Barley et al., 1997) and is in-
truded by 2208 ± 10 Ma mafic sills (Müller et al., 2005). A maximum
depositional age of ca. 2420 Ma was recently established from age
data derived from detrital zircons within the Meteorite Bore Member
of the Turee Creek Group (Takehara et al., 2010). Diamictites from the
Meteorite Bore Member at the Hardey Syncline host striated clasts of
probable glacial origin, and have been broadly correlated to the
Paleoproterozoic glacial deposits from the Huronian Supergroup in
North America and Transvaal Supergroup in South Africa (Trendall,
1981). However, the Meteorite Bore Member at the Hardey Syncline is
truncated by an unconformity and has a strong penetrative cleavage
(Trendall, 1981; Krapez, 1996; Krapež et al., 2003), necessitating inter-
rogation of samples from other potentially correlative, but less
deformed areas.

Diamictite horizons at the Duck Creek Syncline and at Yeera Bluff
occur within the Boolgeeda Iron Formation, and were previously corre-
lated with the glaciogenic diamictite of the Meteorite Bore Member
(Martin, 1999). If the Meteorite Bore Member correlates to diamictites
in the Boolgeeda Iron Formation, and if the Meteorite Bore Member
represents the Australian record of these purported global glaciations,
then the sedimentary pyrites from the Boolgeeda Iron Formation should
show a similar pattern of multiple sulfur isotope variations with a gen-
eral progression from large to attenuated range of MIF culminating in
the irreversible transition to MDF-S as documented in glacial succes-
sions within the North American Huronian Supergroup and the South
African Transvaal Supergroup cited above. Previous analyses reported
for authigenic and detrital pyrites within diamictite horizons of the
Boolgeeda Iron Formation from the Duck Creek Syncline at Boundary
Ridge and at the Deepdale locality near Yeera Bluff apparently did not
show such a trend (Williford et al., 2011). Here, we re-examine the ar-
gument that the Meteorite Bore Member glacial diamictite is recorded
in the Boundary Ridge and the Deepdale locations by significantly
expanding the database of trace element compositions and multiple
sulfur isotope measurements of pyrite within these samples. The
syngenicity and also synchronicity of the diamictites from the Boolgeeda
Iron Formation with Paleoproterozoic glacial sediments elsewhere that
span the GOE can therefore be tested by comparison of the multiple sul-
fur isotope composition of authigenic pyrites to existing records from the
Huronian Supergroup in North America and the Transvaal Supergroup in
South Africa.

The GOE might have been preceded by a geologically protracted
time interval of progressive surface oxygenation marked by transient
oxygenation events, the so-called ‘whiffs’ (e.g., Anbar et al., 2007;
Papineau et al., 2007; Kaufman et al., 2007). It is plausible that oxidative
continental weathering emerged before the disappearance of MIF-S
from the rock record (Konhauser et al., 2011), since sulfate delivered
to the ocean from the continents when sulfides were oxidized for the
first time is expected to carryMIF (Farquhar andWing, 2003). The aver-
age Δ33S value of the Archean continental crust is poorly known, but
available data for Archean sedimentary sulfides and sulfates show a
clear bias towards positive values (Mojzsis et al., 2003; Farquhar and
Wing, 2003; Mojzsis, 2007; Halevy et al., 2010; Johnston, 2011). If this
was the case, the S isotope signature of this transition time interval
ought to be manifested in a larger range of δ34S values reflecting an in-
crease in seawater sulfate reservoir, and a limited range of positiveΔ33S
values correspondingwith the average value of the Archean continental
crust. A large range of δ34S values and a stratigraphically-persistent, nar-
row range of small tomoderately positiveΔ33S values are expected once
oxidativeweathering of continental crust took over leading to or during
the early stage of the GOE (Reinhard et al., 2013). The Turee Creek
Group sediments as well as other sedimentary successions straddling
the GOE could provide a test for this prediction.
2. Samples and methods

2.1. Samples associated with diamictites in the Hamersley Province

Samples with observable pyrite earmarked for multiple sulfur iso-
tope analysis and trace element studies were collected from two
diamictite localities within the Boolgeeda Iron Formation in the west-
ernmost part of the Hamersley Province (Fig. 1a) in April 2008 by
M. Van Kranendonk and S.J. Mojzsis. Most samples came from the
diamictite-bearing sequence in the Duck Creek Syncline at a locality
known as Boundary Ridge (S-22°30′53.28″, W-116°31′12.37″). Samples
analyzed from the Boundary Ridge location include a sandstone bed
(190569 and 190583; Fig. 1b), a sandstone bedwith scattered clasts, oc-
casional outsized clasts (lonestones; 190578) and an overlying fissile
shale (190575) with pebble to boulder-sized clasts (Williford et al.,
2011; Hickman and Van Kranendonk, 2012). One additional sample
is from the diamictite-bearing Deepdale section from a similar strati-
graphic position (S-21°42′26.55″, W-116°08′23.66″), which corre-
sponds to the “Yeera Bluff” location as described in Martin (1999). The
Deepdale section is an outcrop of the Boolgeeda Iron Formation west
of the Deepdale homestead, and the upper part of the formation is
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Fig. 1. a. Geologic map ofWestern Australia, showing the southwestern Hamersley Province and sampled locations (☆). b. Lithostratigraphy of theMeteorite BoreMember at the Hardey
Syncline (left column) and the BoundaryRidge sampling location at theDuck Creek Syncline (right column). The samples are from sandstone and shale/mudstone units (numbered)with-
in the Boolgeeda Iron Formation (map and column after Martin, 1999). Sample 194504 (*) is from the broadly correlative section at Deepdale (Yeera Bluff). Age constraints refer to ref-
erences cited in the text.
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missing due to faulting (Williams et al., 1968). This sample (194504) is a
mudstone and pyritic shale with outsized clasts.
2.2. Sample preparation for triple sulfur isotope analysis

Freshly brokenhand sampleswere cut into chipswith a diamond saw
and prepared for doubly-polished petrographic thin sections. The thin
sections were sub-divided with a diamond saw and re-cast together
with sulfide standard grains in the same 2.54 cm epoxy rounds. A sepa-
rate sulfide standardsmount (GM4)was prepared using phases of equiv-
alent compositions to the unknowns; these mounts were prepared
following the methods described in Mojzsis et al. (2003). Reflected
lightmicroscopy images of these sample sections (Fig. S1)were acquired
to note the location and size of pyrite grains for microanalysis. The sul-
fides were pre-characterized using back-scattered electron imaging
and Wavelength Dispersive Spectroscopy (WDS) to identify the sulfide
phase and characterize trace element (Ni, Co, and Zn) composition on
the JEOL JXA-8600 electron microprobe at the University of Colorado at
Boulder under operating conditions described in Papineau et al. (2005).

Pyrite grains N40 μmindiameterwithin the samplemountswere an-
alyzed for triple sulfur isotopes (32S, 33S, 34S) using the UCLA Cameca
ims1270 ion-microprobe in multi-collector mode following previously
described procedures (Mojzsis et al., 2003; Papineau et al., 2005). Briefly,
a liquid nitrogen cold finger in the sample chamberwas used to keep the
partial pressure of water vapor low to decrease contribution from the
isobar 32SH− in measurement of 33S−. The mean analysis times were
360 s, of which 200 s was pre-sputtering, followed by 15 cycles of data
acquisition at 10 s per cycle, and then 120 s of setup time between anal-
yses so that total time per spot was ~8 min. Care was taken to ensure a
uniform acquisition time at a particular primary beam current to main-
tain consistent pit depths for each analysis. The primary Cs+ beam cur-
rent was 3 nA defocused to a 20 μm spot. Measurements of samples
were punctuated by analysis of the GM4 standards mount (see above),
and standard analyseswere used to correct for instrumentmass fraction-
ation during each analysis session and to establish the terrestrial mass-
fractionation line. The standard mount GM4 contains seven previously
described and chemically characterized sulfides of varying compositions
(pyrite, pyrrhotite, chalcopyrite, troilite; Papineau et al., 2005). Analyses
were evaluated for drift in instrument conditions with time and divided
into two sessions. TheΔ33S values are calculated according to the formu-
la: Δ33SCDT (‰) = 1000 · [(1 + δ33S / 1000) −(1 + δ34S / 1000)0.515).
Calculation of the slope of the MDF uncertainty band was based on the
York least squaresfittingmethod; this and other details of data reduction
have been described elsewhere (Papineau et al., 2005).
2.3. Sulfide trace element analyses

Major andminor elements (Fe, S, Ni, As, and Cu) of the sulfides were
acquired on thin sections using a JEOL 8900 electron microprobe at the
University of Alberta (Edmonton, Canada). Instrumental parameters in-
cluded a beam diameter of 3 μm, accelerating voltage of 15 kV, and
beam current of 15 nA. Standards and corrections have been described
elsewhere (Pecoits et al., 2009). The same instrument was used to
collect secondary and backscattered electron images and elemental dis-
tribution maps (Fe, S, Au and Cu) of the sulfides reported herein. Quan-
titative in situ trace element analyses were made on the same sample
mounts using a Quadrupole ICP-MS coupled to a laser ablation system
at the University of Alberta. The NIST SRM 610 (~500 ppm Ni) was
used as a standard for quantitative analysis. The NIST 610 and the sul-
fides were ablated using spot sizes of 160 and 60 μm, respectively,
under previously described analytical conditions (Pecoits et al., 2009).
The Glitter® (XP version, New Wave Research) laser ablation software
was utilized for data reduction and concentration determinations. The
results were normalized using the Mg and Fe contents acquired by



Table 1
Multiple sulfur isotope data produced by ionmicroprobe for the Boolgeeda Iron Formation
sulfides.

Name Phase 32S avg.
intensity
(cps)

δ34SCDT
(‰)

±2 σ δ33SCDT
(‰)

±2 σ D33S
(‰)

±2 σ

Boundary Ridge
190575A py 1.72E+08 0.03 1.55 0.80 1.02 0.79 0.51
190575B py 3.29E+08 −0.32 1.52 −0.16 0.95 0.01 0.35
190575C py 3.45E+08 1.72 1.51 1.04 0.95 0.16 0.36
190575Da py 5.64E+07 1.16 1.53 1.17 1.71 0.58 1.46
190575E py 2.19E+08 0.98 1.52 0.09 1.02 −0.41 0.52
190575F py 3.16E+08 1.05 1.51 0.63 0.95 0.10 0.36
190575G py 2.90E+08 0.85 1.52 −0.01 1.44 −0.44 0.38
190575Ha py 3.97E+07 1.03 1.54 1.67 2.04 1.14 1.84
190575I py 3.63E+08 1.36 1.52 0.75 0.96 0.06 0.37
190575J py 1.56E+08 1.42 1.52 0.94 1.06 0.21 0.59
190578A@1 py 1.82E+08 −2.62 1.52 −1.20 1.05 0.16 0.57
190578A@2a py 6.74E+07 −2.25 1.52 −0.69 1.52 0.48 1.23
190578C py 2.82E+08 2.15 1.52 1.41 0.95 0.31 0.34
190578D py 1.56E+08 1.30 1.52 0.91 1.03 0.25 0.54
190569Ba py 5.38E+07 3.27 1.18 −0.87 1.41 −2.64 1.23
190569C py 2.34E+08 1.78 1.15 3.29 0.84 2.29 0.49
190569D py 2.19E+08 2.18 1.15 0.80 0.85 −0.41 0.50
190569E@1 py 2.62E+08 2.69 1.15 3.28 0.89 1.81 0.56
190569E@2 py 2.86E+08 3.46 1.15 3.65 0.84 1.78 0.48
190569F@1 py 2.88E+08 −7.93 1.15 −4.16 0.82 −0.16 0.44
190569F@2 py 2.80E+08 −9.07 1.15 −4.77 0.83 −0.18 0.46
190569F@3 py 2.77E+08 −6.43 1.15 −3.31 0.87 −0.07 0.53
190569G py 2.80E+08 −2.60 1.15 −1.38 0.84 −0.13 0.49
190569H py 2.72E+08 −0.21 1.15 0.32 0.82 0.34 0.45
190583A py 2.72E+08 1.14 1.52 0.35 0.95 −0.23 0.35
190583B@1 py 2.85E+08 5.88 1.52 9.29 0.94 6.27 0.33
190583B@2 py 3.10E+08 5.82 1.52 9.10 0.96 6.12 0.37
190583B@3 py 2.84E+08 5.61 1.52 9.10 0.96 6.22 0.37
190583C py 2.82E+08 1.16 1.52 0.75 0.98 0.16 0.43
190583E py 2.78E+08 −6.58 1.52 −3.30 0.97 0.11 0.39

Deepdale
194504A@1 py 3.38E+08 −1.07 1.15 −0.48 0.84 −0.01 0.48
194504B@1 py 4.64E+08 1.23 1.15 0.92 0.82 0.20 0.45
194504C@1 py 4.74E+08 0.98 1.15 0.68 0.81 0.09 0.42
194504D@1a py 5.12E+07 1.66 1.17 −1.79 1.44 −2.73 1.26
194504E@1 py 5.86E+08 0.55 1.15 0.59 0.81 0.22 0.43
194504E@2 py 5.85E+08 0.06 1.15 0.24 0.81 0.13 0.43
194504E@3 py 5.89E+08 0.11 1.15 0.37 0.81 0.23 0.43
194504E@4 py 5.52E+08 −3.95 1.15 −1.87 0.83 0.08 0.45
194504F@1 py 2.96E+08 0.97 1.15 0.42 0.81 −0.17 0.43
194504F@2 py 5.14E+08 0.11 1.15 0.31 0.81 0.18 0.43

a Analyses excluded from discussion due to low count rates.
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electron microprobe as internal standards. Regression analysis of trace
element contents of pyrites utilized a reduced major axis equation ap-
propriate for two independent variables to determine a slope, intercept
and associated uncertainties for element–element co-variation (Rayner,
1985).

3. Results

Table 1 reports the δ33S, δ34S andΔ33S2 data for the in situ analysis of
30 individual pyrite grains from the sandstone and shale/mudstone
units of the Boolgeeda Iron Formation. York least squares fitting regres-
sions through 33S/32S against 34S/32S data obtained on standards and
separated into two analytical sessions were used to determine the in-
strumental mass-dependent slope (λ) of 0.51352 for session 1 and
0.52681 for session 2 (Table S1). The measured (33S/32S)CDT ratios
were 7.881 × 10−3 and 7.877 × 10−3 for sessions 1 and 2, respectively.
The external errors are based on the reproducibility of the standards for
δ33S, δ34S and Δ33S, respectively at 2σ level were 0.76‰, 0.46‰ and
0.14‰ for analytical session 1 and 0.57‰, 0.40‰ and 0.20‰ for session
2. Average 32S intensities on the faraday cupwere 2.9 × 108 cps (counts
per second), but intensities smaller than 108 cps were associated with
large errors. Based on their low data quality, these analyses were ex-
cluded from our interpretations (Table 1).

Examples of common pyrite morphologies and different patterns in
chemical compositions are shown in Fig. 2. Chemical and isotopic
compositions of pyrites are discussed below grouped by hosting rock li-
thology (sandstone vs. shale/mudstone), and images of grain mounts
showing the petrographic context of analyzed pyrite grains are provid-
ed in Fig. S1. The major mineralogy of analyzed sulfides is pyrite based
on the elemental composition acquired by electron microprobe and
laser ablation coupled to ICP-MS (LA-ICP-MS; Tables S2 and S3). Repli-
cate analyses (n = 12) of the NIST 610 with a 60 μm LA-ICP-MS spot
gave relative standard deviations of b10% (1σ level) and detection
limits of 1.4 ppm for Co, 13.6 ppm for Ni, 14.9 ppm for Cu, 11.8 ppm
for As and b200 ppm for Fe. Although zonation is generally lacking on
backscattered electron images (Fig. S2), chemical heterogeneity within
pyrite grains is evident based on variations in trace element concentra-
tions acquired on 2 μm spots within pyrites by WDS (Table S3), and
when these data are compared to 60 μm laser spots (Fig. 3F). Where
more than one 20 μm spot per pyrite grain was analyzed for isotopic
composition by ion microprobe, no S isotope heterogeneities were ob-
served (Fig. S2).

3.1. Sandstone pyrites

Samples 190569, 190583 and 190578 are sandstones with a fine-
grained matrix of quartz, sericite and chlorite collected from the
Boundary Ridge location in the Duck Creek Syncline. Lonestones are
up to 15–29 mm in diameter (Fig. S1). Samples 190569 and 190583
are from the lowermost sandstoneunit, while sample 190578 is approx-
imately 10 cm upsection (Fig. 1b). Pyrites in 190569 have several mor-
phologies and textures (Fig. S2): subhedral (pyrites B, D and G), porous
subhedral (pyrites C, E and F) and rounded with pores and inclusions
(pyrite H). Sample 190583 contains rounded, inclusion-free pyrites
(B, C, F and H), a rounded pyrite with inclusions (F) and a subhedral py-
rite (E). The widest range in δ34S values observed in this study is from
sandstone samples: −9.1 to +3.5‰ (190569) and −6.6 to +5.9‰
(190583; Table 1). One Δ33S value greater than +6‰ was observed in
pyrite 190583B (Fig. 2F), but the other pyrites from this sample
2 δ33S and δ34S values of a sample are calculated using the isotopic reference Canyon
Diablo Troilite (CDT): δ3XSCDT (‰) = [(3XS / 32S) / (3XS / 32S)CDT − 1] ∗ 1000, where X
is 3 or 4. Δ33S (‰) ≠ 0 represent deviation from mass-dependent fractionation of 33S
and 34S: Δ33S (‰) = 1000 ∗ [(1 + δ33S / 1000) − (1 + δ34S / 1000)λ], and where λ is
the experimentally determined mass-dependent slope.
recorded MDF-S (Table 1). Pyrites in sample 190569 record both
MIF-S and MDF-S (−0.41 to +2.29‰; Table 1). Pyrites from these
two samples contain variable amounts of trace elements (e.g. 14.4 to
7160 ppm As from sample 190583; Table S2). Molar Co and Ni concen-
trations are linearly correlated (log–log space) in sample 190583
(Table 2; Fig. 3A), but there is no correlation between either Ni and Co
or Ni and As for sample 190569 (Fig. 3B; Table 2).

Sample 190578 contains euhedral pyrite (G, J, K) and subhedral,
porous pyrite (A, C, E, H, L) in addition to a few rounded pyrites with in-
clusions (D and F; Fig. S2). The δ34S values in sample 190578 range from
−2.6 to +2.2‰, associated with Δ33S values of +0.2 to +0.3‰
(Table 1). Pyrite 190578C has Cu hot spots visible in electron micro-
probe Cu maps (Fig. 2D). Linear correlations between molar Ni and Co
in log–log space (Table 2; Fig. 3C) are significant, but those for Ni and
As are not (Table 2).

3.2. Shale/mudstone pyrites

Sample 190575 was collected from a fissile shale with clasts at the
Boundary Ridge location and is the uppermost stratigraphic sample an-
alyzed in this study (Fig. 1). Pyrites analyzed for sulfur isotopes are
euhedral to subhedral, and porous in form, 20–50 μm long and
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surrounded by smaller (b10 μm) euhedral pyrites (Fig. S2). Trace ele-
ment concentrations in pyrite from sample 190575 showed little
grain-to-grain variation (Ni b 300 ppm, Co b 130 ppm; Tables S2
and S3), except for grain 190575O (Fig. S2), which had anomalously
high Ni (1166.66 ppm), Cu (562.44 ppm), As (2806.95 ppm) and Pb
(1600.21 ppm) concentrations (Table S2). The linear correlation of
molar Ni and Co on a log–log scale from sample 190575 pyrites (exclud-
ing 190575O) is significant (Table 2). The Δ33S range in sample 190575
encompasses weak positive and negative values (−0.41 ± 0.52 to
+0.79 ± 0.51‰; Table 1), but the uncertainties lie within the MDF
band (i.e. Δ33S = 0 ± 0.3‰; Fig. 4A). However, positive MIF was ob-
served for two grains of the same sample 190575 by Williford et al.
(2011) with an ion beam focused to a 10 μm diameter spot (Δ33S:
+0.49 ± 0.05‰ and +0.87 ± 0.09‰). Our range of δ34S values for
sample 190575 (−0.32 to +1.72‰; Table 1) using a 20 μm beam is
also smaller than the previously published results using a 10 μm ion
beam (−5.95 to +2.35‰; Fig. 5A).

Pyrite in the mudstone/pyritic shale sample (194504) from
Deepdale is present in amatrix of fine-grained quartz, sericite and chlo-
rite, and occurs as small euhedral and subhedral crystals from 20 to
N100 μm in size and as disseminated pyrite aggregates (Figs. S1 and
S2). The pyrites from sample 194504 analyzed by LA ICP-MS have Co
contents from b1 to 133 ppm,whereas Co contents from pyrites within
the sandstone samples are commonly up to several thousand ppm
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(Table S2 and S3). The Ni/As of 194504 pyrite is ~0.5 (Table S3), and
molar Ni and As are linearly correlated in log–log space (Table 2;
Fig. 3E). This co-variation between As and Ni was not evident when
we evaluated the WDS analyses on pyrites from the same sample re-
ported byWilliford et al. (2011). The isotopic composition of the pyrite
from sample 194504 ranges from −3.95 to +1.23‰ (δ34S; Table 1),
which is similar to the range that we found in sample 190575, but in-
congruent with the data obtained with a 10 μm ion beam spot size for
the same sample 194504 by Williford et al. (2011); their results show
a remarkably large range (44‰) of δ34S values (Fig. 4). Furthermore,
no MIF-S was found in our pyrites from sample 194504; Δ33S values
range from −0.17 ± 0.43 to +0.23 ± 0.43‰ (Table 1). The Δ33S
values (−0.83 ± 0.09 to +0.68 ± 0.06‰) previously reported for the
sample 194504 have a larger range and record MIF. The isotopic results
for the two shale/mudstone samples analyzed in this study (Table 1)
and with a smaller ion beam spot size by (Williford et al., 2011) plot
Table 2
Reduced Major Axis (RMA) slope, intercept and uncertainties for trace element co-
variation in the Boolgeeda Iron Formation pyrites.

Sample Co As

RMA slope RMA intercept RMA slope RMA intercept

Boundary Ridge
190575a Ni 1.25 ± 0.27

(1.29 ± 0.29)
0.28 ± 0.11
(0.21 ± 0.22)

(1.03 ± 0.24) (0.52 ± 0.18)

190583 Ni 1.13 ± 0.12 0.16 ± 0.26 1.04 ± 0.2 0.13 ± 0.44
190569 Ni 1.20 ± 0.30 0.50 ± 0.41 1.11 ± 0.25 0.41 ± 0.34
190578 Ni 1.02 ± 0.15 −0.06 ± 0.23 1.44 ± 0.32 1.44 ± 0.48

Deepdale
194504 Ni 2.84 ± 0.93 1.59 ± 0.64 0.95 ± 0.05 0.15 ± 0.03

Bold slopes are plotted in Fig. 3.
a Values in parenthesis include data from 190575O, the pyrite with high Ni, Cu and As

concentrations.
along the linear array of δ34S vs. δ33S values defined by the terrestrial
fractionation line (TFL)3 (Fig. 5A).

4. Discussion

To establish whether pyrite from the Boolgeeda Iron Formation
diamictites at Boundary Ridge (Duck Creek Syncline) and Deepdale
can resolve the uncertain but promulgated relationship of these units
to the Meteorite Bore Member and hence to “global” Paleoproterozoic
glaciations, it is necessary to establish whether pyrite is authigenic to
the sediments. Detrital pyrites do not preserve information on the bio-
geochemical sulfur cycle during deposition of the sedimentary host
rock. Petrographic study shows that the host lithologies in this study
all contain detrital minerals (Fig. S1), and many of the analyzed pyrites
are rounded (Fig. 2 and Fig. S2); a habit consistent with abrasion during
surface transport. Fluvial transport of pyrite is possible in low-oxygen
environments such as those that prevailed up to the time of the GOE,
in cold environments with low chemical weathering rates, or under
high erosion and sedimentation rates where it is rapidly buried
(Rasmussen and Buick, 1999 and the references therein). While detrital
pyrites generally show rounding, authigenic pyrites have a variety of
morphologies, such as nodular, euhedral and framboidal. Euhedral py-
rite, like somepyrite grains from the Boundary Range andDeepdale sec-
tions, grows slowly under diagenetic conditions from a few nucleation
sites (i.e., growth-controlled) in contrast to framboids that apparently
grow rapidly at a multitude of nucleation sites (i.e., nucleation con-
trolled; Wang and Morse, 1996). However, euhedral habit is generally
an inadequate criterion for assigning an authigenic origin to pyrite be-
cause it can also form in a variety of settings. The occurrence of euhedral
crystals in lamina of sediments can signify an authigenic origin, but
euhedral crystals forming along lithological contacts may also indicate
formation from a late diagenetic or hydrothermal fluid (Guy et al.,
2010). A more robust way to approach the problem is to take an
3 The terrestrial fractionation line is defined as δ33S = 0.515 ∗ δ34S.
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integrated approach that combines textural studies with trace element
geochemistry. Trace elements, especially transitionmetals, generally re-
flect the composition of the host sediment (Raiswell and Plant, 1980;
Guy et al., 2010) and ambient pore waters, so that enrichments could
signify interaction with hydrothermal fluids that transported Co, Ni,
and As at high temperature (Ohmoto and Goldhaber, 1997). In the fol-
lowing two sections, we combine the morphological, compositional
and isotopic indicators from our analysis and those previously reported
byWilliford et al. (2011) for the same samples to unravel the genesis of
pyrites from within the Boolgeeda Iron Formation at the Boundary
Ridge and Deepdale sections.
4.1. Trace element and morphological indicators of pyrite genesis

Pyrites from the stratigraphically uppermost sample (190575) from
the Boundary Ridge location of the Duck Creek Syncline, a fissile shale
with pebble- to boulder-sized clasts, show a narrow range of Co, Ni
and As concentrations relative to pyrites in the sandstone samples
(Table S2; Fig. 3D), although pyrite 190575O has anomalously high Ni,
Cu, As and Pb. The differences in elemental composition between
shale and sandstone lithologies imply pyrite populations with different
formational histories. The pyrites from sample 190575 all have a
euhedral to subhedral habit (Fig. S2), and the narrow range of metal
concentrations implies a growth from a fluid of uniform composition,
suggesting that most pyrites within this sample formed in situ. More-
over, a subset of detrital cores appear to be overgrown during diagene-
sis; this is based on apparent zonation in some but not all pyrites from
the same sample (Williford et al., 2011). Re–Os ages N2700 Ma for
some pyrites from this sample are also evidence of a detrital contribu-
tion (Hickman and Van Kranendonk, 2012). The presence of pyrite
with unique trace element contents (190575O) probably indicates the
presence of some detrital pyrite within sample 190575.

Rounded grains and higher Co concentrations generally distinguish
the pyrite in sandstones from those in the shale/mudstone units.
Rounded pyrites with abrasion patterns are common in coarse-
grained siliciclastic deposits (Guy et al., 2010). Ni and Co concentrations
co-vary in pyrites from samples 190583 and 190578 (Fig. 3A and C), but
not in pyrites from sample 190569 (Table 2). Co and Ni often co-vary in
authigenic pyrites (Guy et al., 2010), because they both partition into
the pyrite phase instead of forming Co- or Ni-sulfides during low-
temperature pyrite formation (Morse and Arakaki, 1993). This supports
the formation of detrital cores found within sandstone as authigenic
minerals in a precursor sedimentary phase that was later eroded.
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Fig. 4. A compilation of δ34S vs. Δ33S data from 20 µm spots (filled symbols; this study) and th
samples analyzed by ionmicroprobe. a. Sample 190575 from Boundary Ridge has positive Δ33S
and likely authigenic pyrite. b. Euhedral pyrites from the sample 194504 collected at Deepdale
quired with 2 µm spot analyses (gray box). Dashed lines are borders for the MDF band.
Conditions favoring authigenic pyrite formation were met in the
Boundary Ridge section. Elemental heterogeneities are present in all py-
rites from this location based on the variations in Ni concentrations ob-
served with 60 μm LA ICP-MS spots vs. 2 μm electron microprobe spots
(Fig. 3F). This is consistentwith compositionally discrete cores observed
in diamictite pyrites (Williford et al., 2011), and evidence of multiple
generations of pyrite. Pyrite occasionally develops around clasts (i.e.
190578F; Fig. 2E), as a void-filling cement, which indicates pyrite for-
mation at a shallow burial depth (Guy et al., 2010). The 2-isotope ion
microprobe analyses reported on spots defocused to 2 μm in diameter
(Fig. S6 ofWilliford et al., 2011)were used tomap grainswith visible zo-
nation, and provide an independent validation that pyrite overgrowths
formedwithin the host sediments from a sulfur source with a relatively
homogenous δ34S composition. Analyses acquired on rims or grains
without rims show narrower ranges of δ34S values than the entire sam-
ple set: 1–3.4‰ for shale 190575 (Fig. 4A) and 7.2–16.1‰ for sandstone
190578.

The co-variation between As and Ni concentrations in euhedral to
subhedral pyrites from the mudstone/shale sample 194504 from the
Deepdale location (Fig. 3E) is not present in pyrites from the other
samples in this study (Table 2). Relatively constant As/Ni ratios with
up to 2 wt.% As and 1 wt.% Ni have been documented in hydrothermal
to metamorphic overgrowths of euhedral pyrite on detrital cores
(England et al., 2002). Although we did not observe zonation in pyrites
from sample 194504 (Fig. S2), both zonation and As, Ni and Co enrich-
ment in rims were reported for some pyrites in the same sample
194504 by Williford et al. (2011). Furthermore, Re–Os ages N2450 Ma
for pyrites from this sample point to a detrital origin (Hickman and
Van Kranendonk, 2012). Some domains within individual pyrite grains
of this sample display higher contrast in backscattered electron images,
which implies enrichment in base metal sulfides (Fig. S2). One pyrite
grain in particular (194504E) contained N12,000 ppmPb (Table S2). Al-
though no bright regions were observed in this pyrite, it is possible that
some of the sample that was ablated for analysis contained galena
(Fig. 2B). Pyrites in sample 194504 also have high Cu concentrations
(up to 1825 ppm; Table S2), and although the pyrites from this sample
were not scanned on electron microprobe for Cu, these enrichments
could indicate that some amount of cuprite or cubanite is present. Dis-
tinct metal-sulfide phases precipitate from metal-enriched diagenetic
pore waters prior to pyrite (Morse and Luther, 1999), and thus usually
form the cores of sulfides (Guy et al., 2010). In this case, base metal-
rich sulfides formed at the edges of, and in fractures of, pyrite grains B
and C in sample 194504 (Fig. 2) are reminiscent of sulfides that form
from hydrothermal fluids (Raymond, 1996). The pyrites from the
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shale facies (sample 190575) at the Boundary Ridge location display
neither the As–Ni co-variation nor high Cu and Pb concentrations usual-
ly associated with hydrothermal pyrite, except for grain 190575O, of
probable detrital origin. This could mean that metal-rich, late-stage hy-
drothermal alteration was localized to Deepdale. Deepdale is approxi-
mately 100 km along strike from the Boundary Ridge location
(Hickman and Van Kranendonk, 2012) and in the direction of increased
hydrothermal fluid flow associated with a ca. 2400 Ma thermo-tectonic
event (Rasmussen et al., 2005). Rims around detrital cores have a small
range of δ34S values (0.6–5.4‰; Williford et al., 2011) either in the
10 μm dataset from that study or the 20 μm dataset presented here
(Fig. 4B). This is consistentwith rim growth from a relatively isotopical-
ly uniform metamorphic or hydrothermal fluid (England et al., 2002).

4.2. Sources of pyrite sulfur in the Boolgeeda Iron Formation

The presence of atmospherically-derived MIF sulfur, combined with
two-sulfur isotopic compositions and trace element characteristics,
suggests that some of the pyrite grains investigated here formed
authigenically in a sedimentary environment. This conclusion has
merit because Δ33S signature does not change during sulfur incorpora-
tion into sulfide minerals (e.g. Ono et al., 2007), and this signature can
be also maintained through metamorphism as sulfur self-diffusion in
sulfides is very slow at low temperatures (Watson et al., 2009). The pres-
ervation of the primary sulfur isotopic signature is therefore expected for
samples from the Boolgeeda Iron Formation,which did not reach ameta-
morphic grade higher than about prehnite-pumpellyite facies (Trendall,
1981).

Sulfur in pyrites from the Boundary Ridge and Deepdale sections
within the Boolgeeda Iron Formation probably originated from several
sources rather than solely from seawater. Pyrites with visible rims (as
previously described byWilliford et al., 2011) and chemical heterogene-
ities (this study) record several generations of sulfide growth. The py-
rites from shales/mudstones with outsized clasts (samples 190575
and 194504) generally have weak positive and negative (194504)
MIF-S values (Fig. 4A), which point to an input of atmospherically de-
rived sulfur; both elemental sulfur aerosols (for example, S8) with pos-
itive Δ33S values and (seawater-soluble) sulfate aerosols with negative
Δ33S values (Ono et al., 2003).

Atmospherically-derivedMIF-S signals can be diluted bydominantly
MDF continentally-derived seawater sulfate or magmatic sulfur deliv-
ered from hydrothermal vents (Farquhar andWing, 2003). Detrital py-
rite cores in sample 194504 generally have negative δ34S values, as do
pyrites with no visible rims (Williford et al., 2011). Rims characterized
in that study show a relatively small range of δ34S values (+3.5 to
+5‰; their Figs. S6 and S7), and they could have formed from a single
fluid circulation event. Our range of δ34S values for sample 190575 is
also small (Fig. 5A), and except for one outlier value (−6‰; 10 μm
ion microprobe spot by Williford et al., 2011), the combined data for
the two different primary ion beam sizes – used to sample different
size domains – fall within the δ34S range of −0.32 to +3.4‰.
Atmospherically-derived sulfur for authigenic pyrite formation is there-
fore inferred for sample 190575, the fissile shale with outsized clasts.

The sandstone samples record a larger range of Δ33S values, includ-
ing that for sample 190583, which is in excess of+6‰ (analysis report-
ed herein) and greater than+11‰ (Williford et al., 2011). The data for
this particular sample scatter along, as well as off, the terrestrial frac-
tionation line (Fig. 4C). Our preferred interpretation is that this is consis-
tent with multiple sources of sulfur. Combined with the rounded and
abraded shape of these pyrites, their isotopic composition points to a
detrital origin with different pyrite provenance (cf. Hofmann et al.,
2009). The strongly positive Δ33S values are a trademark signal for ele-
mental sulfur aerosols as the sulfur source. This indicates that the detri-
tal pyrites formed authigenically with atmospherically derived sulfur in
their original source area, were later eroded, transported, and
redeposited with diamictites in the Hamersley basin. Our sandstone-
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hosted pyrite MIF S-isotope data along with the data from Williford
et al. (2011) in Figs. 4B and C form a δ34S vs. δ33S array with a similar
slope to that of authigenic Archean and pre-GOE Paleoproterozoic py-
rites from the older Hamersley and Fortescue groups (Ono et al., 2003;
Partridge et al., 2008). The Hamersley and Fortescue groups are there-
fore considered here as potential sources for the detrital pyrites and py-
rite core domains in the Boolgeeda Iron Formation. Such arrays have
been observed before for similarly-aged pyrites from South Africa and
linked to aMIF sulfur source generated by SO2 photolysis in the Archean
anoxic atmosphere (Ono et al., 2009).

4.3. Implications for environmental conditions during deposition of the
Boolgeeda Iron Formation

The persistence of MIF-S within detrital pyrites and pyrite grain
cores in the Boolgeeda Iron Formation is firm evidence that the delivery
of photochemical sulfur produced in an anoxic atmosphere to the
Hamersley basin was operative, and therefore, that the precursor
rocks were deposited at conditions where pO2 was far below the calcu-
lated threshold of 10−5 present atmospheric level (PAL) that allows for
preservation of the MIF-S signal (Pavlov and Kasting, 2002). That detri-
tal pyrite exists within all units sampled furthermore validates this in-
terpretation, because long-distance transport of pyrite implies (even if
it does not prove) prevailing anoxic conditions (Rasmussen and Buick,
1999).

The pyrites from the uppermost fissile shale with outsized clasts an-
alyzed in this study (190575) also contain sulfur with small but signifi-
cant positive MIF-S (cf. Williford et al., 2011), and preserve the best
evidence for authigenic pyrite from the Boundary Ridge section. The ex-
istence of detrital pyrite in this sample, based on Re–Os ages and the el-
emental heterogeneities cited above complicates the interpretation of
whether atmospherically processed sulfur was supplied to the deposi-
tional site of the Boolgeeda Iron Formation. This is because Δ33S data
in our study were generally acquired in larger spots in the center of
grains, which are most likely to sample detrital cores where they are
present. To distinguish if MIF-S is authigenic, the δ34S data are plotted
against Δ33S values for the 20 μm spot analyses in this study, and the
10 μmspot analyses ofWilliford et al. (2011) (Fig. 4A). In that study, ad-
ditional two-isotope, 2 μm spot analyses were acquired on euhedral
grains that lacked visible zonation, which defined a smaller range of
δ34S values (1.08–3.39‰) that may signify a more homogenous source
of sulfur to authigenically formed pyrite within the host rocks. Positive
MIF values (+0.87‰) are associated with this smaller range of δ34S
values (gray box in Fig. 5A), suggestive that atmospherically-derived
sulfur was delivered to the depositional site of the shale. However,
further triple isotope transects of these grains with a small beam (i.e.
10 μm)would benecessary to rule out the possibility thatMIF-Swasde-
livered within detrital cores.

A similar test for authigenic MIF-S was used with the data from the
shale/mudstone sample 194504 from the Deepdale location (Fig. 4B).
In this case, the two-isotope 2 μm data for visible rims in grains 15,
18, 24 and 45 (Fig. S6 ofWilliford et al., 2011) were used as a constraint
for the δ34S range (0.6–5.4‰; gray box in Fig. 4B) of authigenic pyrite.
Both positive (0.68‰; grain 22) and negative (−0.83‰; grain 28)
Δ33S values characterize this range of δ34S values, and occur in euhedral
grains with no visible cores (Fig. S5 of Williford et al., 2011). This may
signify a dominantly atmospheric sulfur source that was not diluted
by sulfate produced by oxidative continentalweathering during deposi-
tion of the Boolgeeda Iron Formation. If this interpretation is correct, the
presence of positive and negative MIF in authigenic pyrite has impor-
tant implications for the timing and tempo of oxidation. As discussed
in the Introduction, pyrite formed prior to the transition to an oxic at-
mosphere is expected to bear both positive and negative Δ33S values
with a limited range of δ34S values, whereas pyrite formed from an in-
creasing seawater sulfate reservoir should retain only small positive
Δ33S values with larger negative δ34S values.
Three δ34S values lower than −20‰ associated with MDF-S were
measured for sample 194504 via the 10 μm ion microprobe beam by
Williford et al. (2011), andwere used by the authors to infer an expand-
ed sulfate reservoir during deposition. This assertion is at odds, howev-
er, with the presence of negative and positive MIF-S from likely
authigenic pyrite of the same sample. An alternative explanation is
that the small spot size reveals domains where the initial large fraction-
ations resulting frommicrobial sulfate reduction (MSR) were produced
even at low-sulfate concentrations. Micrometer-scale analyses of other
geological samples have revealed small-scale variations in isotopic com-
position and large fractionations associated with sulfur metabolisms
(e.g. 10‰ variation over 50 μm; Fike and Orphan, 2008) as well as
demonstrably abiotic processes (England et al., 2002). The isotopic
composition of the sulfide produced in experiments that were
performed to characterize fractionation factors forMSRwas determined
on large product quantities via gas-source mass spectrometry (Habicht
et al., 2002). This analytical approach homogenizes the compositional
heterogeneities that may exist at the grain scale. High-resolution in
situ analysis with a small size beam has not yet been performed on
biologically-generated sulfide in biological experiments. Our 20 μm
ion microprobe beam diameter yielded a much smaller range of δ34S
values for 190575 than that reported by Williford et al. (2011) and
can be viewed as consistent with some degree of homogenization
(Fig. 4A). It is noteworthy that in modern marine sediments, only a
small fraction of pyrite that has ever been analyzed displays δ34S values
much below−30‰ (Ohmoto and Goldhaber, 1997). Furthermore, δ34S
values as low as−30‰ have not been observed in the Late Archean and
earliest Paleoproterozoic Fortescue and Hamersley sulfides analyzed so
far (Kakegawa et al., 1999, 2000; Ono et al., 2003; Kaufman et al., 2007;
Partridge et al., 2008; Scott et al., 2011). Caution is therefore warranted
when using δ34S values from single small ion microprobe spot analyses
to make inferences about the sulfate concentrations in the early Pre-
cambrian ocean. The composition of the bulk sample and ofmultiple py-
rite grains must be interpreted alongside multiple sulfur isotope data
during assessment of the seawater sulfate levels based on the magni-
tude of sulfur isotopic fractionation.

Data acquired using a 10 μm diameter ion beam (Williford et al.,
2011) on sub-population of pyrites within the sandstone samples
190578 and 190583 shows highly negative δ34S values (as low as
−45.5‰); some of these values are associated with strikingly negative
Δ33S values (Fig. 5B, C). Highly negative δ34S values in pyrites deposited
to the Boolgeeda Iron Formation may reflect highly variable and in-
creasing seawater sulfate level across the Archean–Paleoproterozoic
boundary as suggested by Williford et al. (2011). Nonetheless, it is ap-
parent that this interpretation conflicts with the highly negative Δ33S
values associated with the most negative δ34S compositions obtained
in that study. The sulfur with highly negative Δ33S values must have
been supplied from a low-oxygen atmosphere as sulfate aerosols rather
than as sulfate derived from oxidative continental weathering, which is
expected to impart minor positive Δ33S values (Farquhar and Wing,
2003). A few studies report large ranges in δ34S values for Archean py-
rites (Grassineau et al., 2000; Shen et al., 2001; Hofmann et al., 2009)
that in some cases also carried negative Δ33S values (Hofmann et al.,
2009; Shen et al., 2009). The δ34S data reported for sample 190578 by
Williford et al. (2011) spans almost 68‰. This is the largest range in
34S/32S ratios recorded for any sedimentary rock deposited prior to
the expansion of the marine sulfate reservoir in the Neoproterozoic.
One explanation for these data could be based on the nature of the sul-
fur metabolisms that were operative at that time. Large sulfur isotopic
fractionations can occur in settings underlying oxic water where sulfur
disproportionation occurs (Habicht and Canfield, 2001), or where sul-
fate reduction rates are exceedingly slow as in deep-sea sediments
(Sim et al., 2011 and the references therein). A second option is that
the atmospheric signal was preserved with minimal mixing with
other sulfur pools within sediments, thereby explaining the negative
Δ33S and δ34S values in pyrite.
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4.4. Testing the correlation of the Boundary Ridge and Deepdale diamictites
to the Meteorite Bore Member

The geological and environmental context under which siliciclastic
sediments sampled at Boundary Ridge within the Duck Creek Syncline
andDeepdale sectionwere deposited is revealed by geochemical, petro-
graphic, and trace element analyses of the various pyrites: oxygen was
low enough to allow transport of detrital pyrite, sulfur was processed
in an anoxic atmosphere as recorded by the presence of MIF-S, and oce-
anic sulfate was low enough to preserve the isotopic composition of at-
mospheric sulfur in pyrite. The data are consistent with deposition of
the siliciclastic units at Boundary Ridge and Deepdale sections before
the disappearance of MIF-S from the geological record in association
with the GOE (Bekker et al., 2004; Papineau et al., 2007; Guo et al.,
2009). However, these diamictites have previously been correlated to
the Meteorite Bore Member of the Turee Creek Group (Martin, 1999)
andwere used to interpret the environmental conditions that prevailed
during Paleoproterozoic glaciations and the GOE (Williford et al., 2011).

Several inconsistencies undermine the proposed correlation be-
tween the Meteorite Bore Member at the Hardey Syncline with
diamictite-bearing units at the Boundary Ridge and Deepdale locations
originally proposed by Martin (1999). No striated or faceted clasts that
were originally reported for the Meteorite Bore Member (i.e. Trendall,
1975) have so far been observed at Boundary Ridge or at Deepdale,
and clast-count data for massive diamictite at the Deepdale location
and in the Meteorite Bore Member are dramatically different (Martin,
1999). Inference that Boundary Ridge and Deepdale diamictites repre-
sent glacial intervals rests on the presence of lonestones and the strati-
graphic correlation to the Meteorite Bore Member of the Turee Creek
Group in the Hardey Syncline. Alternatively, these diamictites could
have been deposited as subaqueous debris-flows, similar to those that
occur above the Boolgeeda Iron Formation at the Hardey Syncline
(Krapez, 1996). Martin (1999) assigned diamictites at the Deepdale
(“Yeera Bluff”) location to the Boolgeeda Iron Formation. This was
based on the fine laminations in the hosting banded iron formation
that are similar to those which distinguish the Boolgeeda Iron Forma-
tion, and an upward gradation into siltstone. The Boolgeeda Iron Forma-
tion conformably underlies the Turee Creek Group in both the Duck
Creek and Hardey Synclines, and the Meteorite Bore Member in the
Hardey Syncline is sandwichedwithin shales of the Kungarra Formation
more than 1000 m above the Boolgeeda Iron Formation (Krapez, 1996).
Martin (1999) suggested that the highly asymmetric nature of the fore-
land basin is responsible for this stratigraphic discrepancy, but this im-
plies that iron formation deposition was not synchronous throughout
the basin. Iron formations are typically interpreted as condensed sec-
tions with minimal clastic and volcanic influxes, which are often correl-
ative on the scale of greenstone belts (cf. Thurston et al., 2008).

It is difficult to explainwhy two sections less than 100 km apart and
roughly along the depositional strike would have a correlative event
unit positioned at dramatically different levels in the stratigraphy. Fur-
thermore, units underlying and overlying the Boolgeeda Iron Formation
are almost identical in the Hardey and Duck Creek Synclines, and car-
bonates in the basal part of the Turee Creek Group in the Duck Creek
Syncline indicate shallow-water rather than a distal, deep-water depo-
sitional setting (Krapez, 1996). A more plausible explanation is that the
stratigraphic levels with diamictites and lonestones in the Meteorite
Bore Member and the Boolgeeda Iron Formation are in fact not correla-
tive. While the former reflects a response to glaciation, the latter likely
reflects the transition to the retro-arc basin, ending deposition in the ex-
tensional back-arc setting. Regardless of their exact correlation to each
other, diamictites at the Boundary Ridge and Deepdale locations are
older than the GOE based on the presence of detrital and authigenic py-
rites with positive and negativeMIF-S. Our data combinedwith those of
Williford et al. (2011) suggests that only a few million years before the
onset of the oldest Paleoproterozoic glaciation (corresponding to ~1 km
thickness of the Turee Creek Group shales below the Meteorite Bore
Member), the atmosphere and, consequently, oceans were yet anoxic.
The seawater sulfate reservoir was still small and atmospheric process-
ing of the volcanically delivered SO2 and H2S gases continued to be the
main source of sulfur to the oceans almost until the onset of the
Paleoproterozoic Ice Ages.

5. Conclusions

To make full use of Archean sedimentary pyrite as a multifaceted
paleo-environmental proxy, a suite of lithological, morphological,
chemical and isotopic datamust be combined to form a coherent picture
of the depositional setting for any particular sample set. An in situ trace
element and triple sulfur isotope dataset presented here reveals the or-
igin of pyrite hosted in sandstone and shale/mudstone units within the
Boolgeeda Iron Formation of the Hamersley Group. The pyrites from
sandstone units of the Duck Creek Syncline are predominantly detrital
with authigenic rim overgrowths (cf. Williford et al., 2011). Further-
more, the Δ33S values of these detrital pyrite cores are consistent with
their derivation from older sediments that recorded an earlier pool of
atmospheric elemental sulfur that was formed in a photochemically ac-
tive anoxic atmosphere with negligible contribution of continentally-
derived seawater sulfate (i.e., prior to the GOE). The underlying units
of the Fortescue and Hamersley groups are potential sources for this
older pyrite. Unprecedented negative δ34S values associatedwith a neg-
ative Δ33S signal reported by earlier in situ ion microprobe analyses are
consistent with the initial product of microbial sulfate reduction under
limited concentrations of seawater sulfate supplied as photochemically
fractionated sulfate aerosols from the atmosphere. This favors the no-
tion that lower sulfate concentrations reigned in the earliest
Paleoproterozoic until the GOE. A fissile shale with outsized clasts over-
lies the sandstone units and contains authigenic pyrite that preserves
positiveΔ33S values, and positive and negativeMIF-S occur at Deepdale,
evidence that these units probably pre-date the GOE. These new sulfur
isotope results further warrant a re-evaluation of the purported correla-
tion between the studied units and what has been interpreted to be
glaciogenic sediments of the Meteorite Bore Member within the Turee
Creek Group. The Boolgeeda Iron Formation is stratigraphically below
the Meteorite Bore Member, and diamictites lack strong indication of
glacial origin. It remains unverified whether diamictites within the
Boolgeeda Iron Formation represent Paleoproterozoic glaciation or tec-
tonic change in the basin.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2013.07.022.
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