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Chaptlenrt rlooducti on

1.1 Chapter summaries

This dissertation consists ah introduction (Chapter 1), three chapters
with research content, aadonclusion (Chapter 5). Chapters 2, 3, and 4 are presented
in the format of manuscripts for publications; the general content of each is provided
below.

Chapter 2 is part of a-gear prgect funded by the National Science
FoundatiorFrontiers in Earth System Dynami@&ESD) program on The Dynamics of
Earth System Oxygenation started in 2013. In this chapter | present data from two
Agouron Foundation cores AIBPand AIDR3 drilled in thePilbara Craton, Western
Australia. This was a team effort with the sulfur and carbon abundance and isotope data
produced at the University of Maryland in collaboration with colleagues at Harvard
University and the University of Washington, respectivelye Elementasulfur data
were provided by colleagues at the University of California, Riverside, and the
collections management and initial sample preparations were done at Arizona State
University. My analytical efforts resulted in the sulfur, carbon,@tyden isotope data
collectionfor carbonate facies of the Carawine and Jeerinah formations. The main
observations #Be fraetionatidns, sinailar gt@ thed Batatal study
(Zhelezinskaia et al., 2014) a n d a n& W’dSlinocarlsonate facies. Myork
demonstrated a statistical difference in sulfur and carbon cycling between shallow and
deepwater Neoarchean settings. Furthermore, a geochemical model of the data reveals
the importance of both atmospheric chemistry and of biology on the presetited s

1



isotope abundances of Neoarchean sedimentary pyrite. Finally, the integrated sulfur
and carbon data are evaluated in terms of previously reported hypotheses of organic
haze fluctuations in the atmosphere (Zerkle et al., 2012; Izon et al.,, 200)f
microbial activity in the oceans (Zhelezinskaia et al., 2014).

In Chapter 3, | present data from Neoarchean carbonates from multiple
cores drilled from locations in Western Australia and South Africa. The Western
Australia materials were provided bylledorator Dr. Bruce Simonson at Oberlin
College, while the South African samples were collected from-Béidha core by Dr.
Gareth l1zon and the Agouron Foundation GKP and GKF cores stored at the
Smithsonian Institution by myself with the help of curater Douglas Erwin. Sulfur
and carbon isotope analyses were conducted in order to test hypotheses derived from
my earlier research (Zhelezinskaia et al., 2014). While the same cores were analyzed
previously, sulfur isotope researchéeefocused mostly ontheir shale facies (Ono
et al., 2003; Ono et al., 2009; Kendall et al., 2010; Zerkle et al., 2012; Izon et al., 2015).
My whole rock pyrite analysaa carbonateich samplegevealed linear relationships
of sulfur isotope abundances that define two arr&yse follows the welknown
Archean r ef er ¥ c-e0*apandiaesecgnavfollowa nevly defined
array with a mucishallowers | o P38 ¢ B3*'S) Saiples that define each of these
arrays also have noticeable carbon isotope differetrcéght of these results, | argue
for the role of biology in the cycling of photolytic sulfur in shallow marine carbonate
settings.

Chapter 4 explores issues involving Neoarchean seawater sulfate

concentration and composition. These are important camstrior modeling early



Earth’ s atmospheric oxygen content, as wel
sulfur sinks and sources in various reservoirs, and to biological sulfur transformations.

Recent studies using different techniques and proxie® l@me to different
conclusiongegarding these aspects of Archean seawater sulfate (Crowe et al., 2014;
Zhelezinskaia et al., 2014; Paris et al., 2014). In this chapter, | explore a wide range of

data and hypotheses, and evaluate their relative streagtheseaknegsto further

consider the abundance and isotopic composition of ancient seawater sulfate. Based on

a new highresolution collection of the Batatal Formation carbonate preserved in the
GDR-117 core, | produced tirmgeries sulfur isotope datafn macroscopi@yrite that
confirm previous f3Sshiftiimtigeslower part af the Bammmlo r al A
carbonate strata (Zhelezinskaia et al., 2014). Based on this high resolution data and a
revised geochemical model, oceanic seawater concentraitid residence time are

further constrained.

1.20verview of early Earth environments

The focus of my studies are on chemical sediments that precipitated from
seawater and accumulated into thick successions along ocean margins billions of years
ago. A laymammight argue that given the vast distance and,tobjective assessments
of the ancient environment would not be possible. Nonetheless, significant efforts have
been made recently by many geoscientists to explore the early Earth, and to constraint
the physgcal and chemical parameters on its surface. It is now possible to say that we
know a lot about the environments of early Earth, baiteths still more to learnt is
often thought thatelative to todaybiological processes in the distant past may have

been less important than abioficocessesin contrast, the work of this dissertation,
3



and my scientific vision, follows a quote by one of the founders of biogeochemistry,

Prof . VI adimir I vanovich Vernadsky, who sa
geol ogical force.” He continued to -say that
green planet, but per hepme when life vasidvaolvede Ear t h

Research conducted in this dissertat@omed todemonstrate that biology played

significant role in the Neoarchean sulfur cycle.

1.2.1. Atmosphere oxygen evolution

Our Earth >2.5 Ga (billion years ago) was a dramatically different place than
it is today. While now we have 21% oxygen in the atmosphere, the Hadean (>3.9 Ga)
and the Archea(B.9—-2.5 Ga)eons(or the first two billion years of the planet history)
lacked atmospheric oxygen (Holland, 1962; Lyons et al., 2014). In the Archean, only
microbial life existed, appearing perhaps as early as 3.8 Ga (Mojzsis et al., 1996). The
rise ofatmospheric oxygen at around Z>4 ago, also called the Great Oxidation Event
(or GOE Holland, 1999), required this microbial life to have developed the capability
to produce oxygen by photosynthesis and established one of the most profound changes
in the Earth's surface environmeiihe rise of oxygen then allowéar the evolution
and dversificationof eukaryotes and complewrulticellularlife (Catling et al., 2005;
Raymond and D a n iaedimucls &atgrr tiee, evolatiord & ) mammals
(Falkowski et al., 2005ncludingHomo sapiensThe history and evolution of oxygen
on the Earth'swsface is not only essential for the history and evolution of life and
environments on Earth, but also for searching for life on other planets.

The concept of the early Earth being oxydean compared to today has been

in the minds of scientists for mottean 90 years (e.g. Oparin, 1924; MacGregor, 1927;
4



Vernadsky, 1934; Poole, 1941; Rubey, 1955). Geological evidence cited to support the
absence of free£in the Archean atmosphere include: i.) the presence of detrital uranite
and pyrite in sedimentary rkg >2.7 Ga (Ramdohr, 1958, Rasmussen and Buick,
1999), ii.) the absence of bedded sulfate deposits in sedimentary successions between
3.2 and 2.4 Ga (Huston, and Logan, 2004), and iii.) the predominance of ferrous iron
in Precambrian chemical sediments @@aegor, 1927), including the massive banded
iron formationsthatformed between 2.7 and 2.2 Ga (Garrels et al., 1973). In spite of
these observations, some scientiséve rejeced the idea of an oxygelean early
atmosphere, and arglieg h at E a r phdric exygentwamesr the present
atmosphere level (PAL) since at least 4 Ga (Dimroth and Kimberley, 1976; Ohmoto
and Felder, 1987; Clemmey and Badham 1982; Ohmoto, 1997; Ohmoto et al., 1999).
The strongesgieochemicaévidence foilinsignificant levels boxygen in the
early atmosphere has come from the documentation ofimadegendent sulfur isotope
fractionation (MIFS), which is observed throughout Archean sedimentary records and
disappears abruptly soon after the Arch®aoterozoic boundary (Fig. 11,. Farquhar
et al., 2006; Bekker et al. 2004Guo et al., 2009; Luo et al., 201&)ccording to a
photochemicamodel Pavlov andKasting, 2002), MIFS was linked to atmospheric
oxygen andcould be producel and preserved in surface environmeatt€» leves <
10° PAL. Such MIFS anomalies were first recognized by Farquhar et al. (2000) and
have been used to track atmospheric evolution, and importantly the timing of the GOE
at ~2.324 Ga (Bekker et al.,, 2004; Guo et al., 2009; Luo et al.,, 2016). The
disappearance of MIFS isthuslinked to a rise in oxygen levels abov&0® PAL (or

<0.0002%, Pavlov and Kasting, 2002). At this threshold, the pattothg production



of elemental sulfur aerosols cleséut at ths thresholdOz level, an ozone shielstill
could not fom (Kasting and Donahue, 1980hus direct harmful UV radiation would
still reach the earth surface and influence microbial habitats (Margulis, 1976).

Several hypotheses for the rise of oxygdi® PAL across the GOFRave
been proposedhese include: i.) the onset of oxygenic photosynthesis (e.g. Vernadsky,
1934; Holland, 1962; Kopp et al., 2005), ii.) hydrogen escape as a result of water
dissociation (Poole, 1941; Dole, 1965; Catling et al., 2001; Zahnle et al., 2013) under
more intese Archean UV radiation, iii.) a change in mantle redox state (Kasting et al.,
1993, Kump et al., 2001), iv.) a collapse in atmospheric methane levels (Zahnle et al.,
2006; Konhauser et al. , 2009), and v.) a change in the mode of volcanism (Kump and
Barley, 2007 Gaillard et al., 2011) from dominantly submarinestdaerial These
processes might have operated simultaneously, ultimately forcing changes of O
sources and sinks (Holland, 1962) in a way that resuitgltutoffof MIF-S production
and promotehe rise of atmospheric2dCatlingand Claire 2005). Even though the
Archean atmosphere wabknostiackingin oxygen, signs of shallow ocean oxygenation
appeared in Neoarchean times (Eigenbrode and Freeman, 2006; Kaufman et;al., 2007
Kendall et al., 200), suggestinghat this interval was characterized by tlatical

transition from dominantly anaerobic to aerobic metabolisms.
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Fi gur e 1 .3 vafatioostoveiogtological timescale. Compiled data are from
Zhelezinskaia et al., 2014 and references therein.

Even at oxygen levels low enough to produce {8IBignals thatould be
preserved in marine sediments, other proxiesaforosphericoxygenconcentration
including trace element abundancesd isotope compositions in botlmarine
sedimentary rocks antkerrestrial paleosols s ugge st “whi f fs of oXYy
Neoarchean atmosphere (Anbar et al., 2007; Voegelin et al., 2010; Kendall et al., 2013
Partin et al. 2013; Stueken et al., 201%urthermore, evidence exists for some level
of oxidative weathering that extends to successions as ancient as 3 Ga (Crowe et al.,
2013 Large et al., 201A4viukhopadhyay et al., 2014Qxidativeweatheringdoesnot
necessarilyequire an increase in free atmospheric oxygen ab@&Je\tal thatwould
shut down MIFS production(Johnson et al., 2016for example, xidative processes
might have occurred onsmall scale in exposed terrestrial soils tatild havebeen
“at profound redox disequilibrium with th

2015). On the other hand, the participation of oxidants other than & reducing



atmosphere (e.g.22 suggested by Kasting et al., 1985) couldbalternativegent

thatdrove oxi dati ve weathering’

1.2.2. Archean environments under reducing atmosphere

It was proposed that the Archean atmosphere had to be rich in the greenhouse
gases NBl CO,, and CH in order to explain the Faint Young Sun Paradowén et
al., 1979 Saganand Chyba, 1997; Pavlov et al., 20000olf and Toon, 201D
However, the prevailing view today is that the atmosphere was only weakly reducing,
with the dominance of C)Nz and HO (Rubey 1955, Walker, 1977, Kasting, 1993)
andonly occasional whiffs of CiHH{Hayes, 1994; Zerkle et al., 2012). In spite of higher
concentration of these gases, lggtcal evidence suggests that surface conditions in
the Archean wresomewhasimilar tothe presentay. surface temperatures at 3.4 Ga
are interpreted to be no more than 40°C (
atmospheric pressure at 2.7 Ga (Som et al., 2016) were no more than 1 bar or lower
based onthe analysis offossil raindrop mpressions.As evidence accumulates,
proposaldor theArchean atmospheric compositiareconstantly charigg. Based on
sulfur and carbon isotope data, it was recently proposed that an enganiwazy
atmosphere may have alternated viitzefree periodsin the interval beveen about
3.2 and 2.5 G&omagalGoldman et al., 2008; Izon et al., 2015; Zerkle et al., 2012).
These periods of hazy atmosphere (similartovd@atb s er ved on Saturn’ s |
were geologically brief (<Ma, Izon et al., 2017)and plausibly related tepisodic
biogenic réease of CHto the atmosphere.
Higher CQ concentrationKasting, 1993would lead to higher weathering

rates relative to today, which would have delivered nutrients to the oceanaiadter
8



thereby stimulating primary productivity (Fabre et al., 20119ofar as the Archean
continental crust was more mafic in composition, Archean seawater should have been
characterized by higher concentrations of HG®e(ll), and Mg, as well as higher
Mg/Na and a lower Ca/Na and pH than today (Hao et al., 2017). MobilEe* in
oxygenfree world led to thedevelopmentof iron rich (or ferruginous) @eans
(Reinhard et al., 2009 he source of this iron was most likely from hydrothermal
fluids and the weathering of continents (Isley and Abbott, 1999). Even if the#&uch
ocean was more saline than today (Knauth, 2005), sulfate concentration in seawater

wasnonethelesmuch lower (Crowe et al., 201Zhelezinskaia et al., 2014).

1.2.3. Microbial life in the Archean

The microbial life that drives Modern etental cycles modtkely played an
important role on the Archean Earth (Sumner 1997; Waldbauer et al., 2009). However,
at low oxygen levels and dsence ofprotective ozone layer in the stratosphere,
organisms on the surface would not have had a suffigbigid to harmful UV
radiation(Cockell, 2000). At the same time, evidence of shallow marine stromatolites
at 3.5 Ga (Walter et al., 1980) make it clear that even withiwozone shield, other
protections or repair mechanism had to have existed. Forpéxaorganisms might
hide deeper in the ocean (Sagd®73) orbelow asedimerdry veil (Marguliset al.,
1976); microbial communities that formed biofilms, which led to stromatolites, might
have been protected by trapped sedimentary grains, carbonatetatgone or the
presence of Féin the water columncf. Pierson et al., 1993Fhoenix et a) 2001
Gauger et al., 2015Pn the other hand, because of high UV exposure, microorganisms

probably did not fully occupy the Archean terrestrial environmentkiiBe and
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Marshall, 1965), althougthere is emergingvidencefor the presence of a terrestrial
biota by~2.7 Ga (Watanabe et al., 20@Xieken et al., 2012).

In marine environments, the first sgyof microbial life are found iat least
3.5 Ga sedimeaty rocks (Schopf, 1993), or perhaps even as far back.8 Ga
(Mojzsis et al.,, 1996 but certainly after the last of the oceaporization
bombardment events. Assuming a reducing atmosphere, the first microbes would have
evolved anaerobic metabolic atiegies, utilizing widespread electron donors such as
hydrogen and ferrous iron that emanated from volcanic vents, as well &®relec
acceptors, includingulfur and nitrogen species that were available in ocean water. By
harnessing the available nutrie@ind redox gradients in the Archean ocean, it is likely
that multiple anaerobic ecosystems operated on the early Earth (Cahid)R005;
Kharecheet al.,2005).

Stromatolites preserved in 3.5 Ga sedimentary rocks are thought to be
signposts for photosynthetic organisms (Des Marais, 2000). Given the requirement of
only one photosystem and reaction center, anoxygenic photosyntindsis)
dissociatedydrogen sulfié instead of water as a source of electrons, was probably
ancestral to oxygenic phaynthesis (Blankenship, 2010his view is consistent with
the absence of biomarkers for oxygenic photosynthesis (e.nethykhopanoids) in
Neoarchean sedimentary ksc(French et al., 2015), although some geochemical
studies argue for the existence of oxygeaducing cyanobacteria by 3.0 Ga (Crowe
et al.,2013; Planavsky et al., 2014).

Phototrophic iroroxidizing bacteria may have played a key role in the

depositionof Archeanbanded iron formations (Bih et al., 2013). These organisms
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directly oxidize ferrous iron via anoxygenic photosynthesig.Crowe et al., 2008). It
is notable that high concentration of ferrous iron in the deep Archean water column and
its upwelling to shallow environments coulgave led to cyanobacterial toxicity
(Swanner et al., 2015), and thwsuld haverestriced Oz production. Fermentative
methanogens and methamensuming methanotrophs also likely played an important
role in Neoarchearsurface environments (Hayes, 1994; Kharecha et al., 2005;
Eigenbrode and Freeman, 2006; Zerkle et al., 2012), and perhaps older environments
as well (Ueno et al., 2006).

Sulfur-based metabolisms may have been amoagéiliest on Eartht has
been propsed that microbial sulfate reduction was active as a carbon cycling strategy
as far bak as 3.4 Ga (Shen et al. 20Qleno et al. 2008; Wacey et al. 202011a).
Sulfate reducers are obligate anaerobes, which as heterotrophs (some are also
phototrophs) g responsible for at least 30% of carbon minerabnah modern ocean
sediments (@gensen, 197%7Bowles et al.,, 2014)In addition, éemental sulfur
disproportionation may have cycled photolytic sulfur (Philippot et al. 2007; Wacey et
al. 2010; 2011agali¢ et al., 2017) and phototrophs mhgve oxdized sulfide by
Paleoarchean tim@Vacey et al. 2011b). Thus, highly diverse microbial communities

driven by sulfur metabolisms were established very early in Earth history.

1.2.4. Sedimentary records in the Arclmea

Archean sedimentary strata aspresented by wide varieties of siliciclastic
(conglomerate, sandstone, mudstone, shale, etc.) and chemical (banded iron formation,

carbonate, chert, etc.) rodkgether wititheirmetamorphisiblings(Pettijohn 1943.
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In this thesis | focusnwell-preserved Neoarchean carbonate and shale frachdow

grade environments for detailed geochemical characterization

1.2.4.1Shale and carbonatacies

Shale is a laminated (having thin layers and able to fissile) ctagiltaceous
(size of particles < 0.@Dmm) rock type consisting of mostly clay, quagad other
silicate mineralgPettijohn,1957%. If shaleis dark in color andhas high amount of
organic matterit is referred to blaclor carbonaceous shalBlack shalesare also
typically rich in iron sulfides (mostly pyrite)out poor incarbonate conter(k 6%;
(Pettijohn,195%. In modernenvironmentslaminatedblack shalas depositedunder
anaerobic conditionsn deepenclosed basin (>1500 m depthg. in Black Sea)
borderland basin zone (>500 m depth e.¢.i€alifornia) continental slope(>100m
depth,e.g., Peru, Namibiagndsometimes irshallowstratified basis (e.g. estuaries,
flords) and oastal zones where the laminations are not disturbed by burrowing
organisms(e.g., lagoons, tidal flatgBerry and Wilde, 1978 Arthur and Sageman,
1994. In the Neoarchean, black shateumulatedh marine environmeston thedeep
shelfandslope (Simonson et al., 2008 ¢ h r ét@&le 2006)As today, the ate of
black shale accumulatiowas low resulting in condensed strgiettijohn, 1957
Altermann and Nelsqri9B).

Carbonatsconsist predominantly @a and Mgbearingminerals(dolomite,
calcite, aragnite)thatprecipitatedirectly fromions dissolved irseavaterif carbonate
saturation is achievedost of the carbonates in modern marine environments are
biological in origin either by templatelirected mineralization, by the modification of

seawater that promotes the inorganic formation of the minekédst modern
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carbonates are formed in shallow water (depths <100 m) because the organisms that
producemost of thecarbonate are photosynthetid= | (2§16).ISignificant portion of
moderncarbonate rocks consist of calcite and aragonite (Gp&sbioclastscreated

by calcareous organisms the Archeanfine-graineddolomite(Ca,Mg)COs): is the

most common minerah mostcarbonate facieSumner. 1997)

Todaycarbonate deposit@l environments ar@cated alongshallowwarm
carbonate platforms andhedves where eef building organismare activeas well as
tidal flats wherealgal mats and stromatolitese formed Calcite also accumulates in
the deepocean above the carbonate compensation depth (CCD; 35000 m) as
foram and cocolith oozed$n the Archeanlong before the evolution of calcareous
nanoplanktoncarbonate minerals wefermeddirectly onthe sea floordue to high
levels of carbonate saturatiowhich would have been facilitated by the presence of
photosynthetic organismhat drew CQ out of the water columr{Sumner, 1997,
Sumnerand Grotzinger, 2004

Carbonate formation is generally controlled by the flux of siliciclastic material
into the depositional basiwhich typically inhibits chemical precipitation by sediment
masking. NonetHess, mixed carbonateearing stratés common and may be formed
by various processes (Mount, 1984). In this work, if rocks have more than 80% of
carbonate minerals theyerefer toascarbonates. If carbonate content is between 50%
and 80%the rock is alleda shaly carbonatd laminated, and a muddy carbonate if
massive If shale has carbonate content between 20 and 508wailled a calcareous

shalein this dissertation
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Theconcentration of sulfur in carbonate rocks is typically quite low, and thus
is generally unreported. However, in their compilations of carbonate geochemical data
Veizer et al. (1989) and Veizer et al. (1990) found sulfur concentration in Archean
samples @ range between 0.d108 wt.%. In my previous study of the Batatal
Formation (Zhelezinskaia et al., 2014), sulfur abundances in carbonates ranged
bet ween 0.01 and 0.05 wt. %. I n contrast, N
and 0. 98 = -ettivelylseenkaufnian et al.e2607 and Kendall et al., 2010),

which is a hundred times more than in contemporaneous carbonates.

1.2.4.2Evolution of Archean carbonate platforms

Insofar as his study focuses on carbonate sedimentary rogkdgtailed
understanding of Archean carbonate platform evolution and distribistiorportant.

The abundance tleddedtarbonates in the geologic record increases dramatically from
the Paleoarchean to the Neoarchexas Grotzinger (1989) discussed a broad spettru

of Archean carbonates and suggested that the Neoarchean was a time when stable
carbonate platforms first dominated the sedimentary record. This is a period that also
correlates with the stabilization obntinent§Condie, 1998), around which extensive
continental shelves were formed.

Carbonates from the Paleoarchean are typically thin, with layer thicknesses of
only a few centimeters to a few meters, and are characterized by a restricted and
discontinuous spatial distribution. These carbonates are m@pdaced by chert. It is
thought that theecarbonates accumulated not on the stable platfoutnas part of a
sequence in the evolution of greenstone belts. Most of the carbonates from the

Warrawoona (Pilbara), Onverwacht and Fig Tree (Barberton) greengsformed after
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extensive volcanic eruptions and are interpreted to be deposited as shatknfacies
during a pausan tectonic activity (Grotzinger, 1989).

Mesoarchean carbonates from the Steep Rock (Superior Province, Canada)
and Nsuze (Pongolauergroup, 8uthAfrica) groups are thought to have accumulated
on the first small, but stable, carbonate platforms (Grotzinger, 1989). They formed
carbonate layers with the thickness of tens to hundreds of metetading
stromatolitic featurethatimply shallow water deposition.

In contrast, the Neoarchean Era is characterized by the establishment of
widespread and remarkably thick (hundreds to thousands of meters) carbonate
platforms on many different cratons (Fig.1.2) including: the Yellowknife &upep
(Slave Province, Canada), Ngezi Group (Belingwe Greenstone Belt, Zimbabwe),
Transvaal Supergroup (South Africa), and Mount Bruce Supergroup (Western
Australia). These carbonate successions are characterized by diverse and complex
assemblages of caybate facies, as well as evidence for ramps, rimmed shelves, barrier

reefs and isolated carbonate buildups (Grotzinb@s9.
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Figure 1.2 Thickness of preserved carbonate and black shad&ata through time
(data are from Condie et al., 2001 and Grotzinger1 989
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1.3Background on the sulfur and carbon cycles

1.3.1. Isotopic notations and mass fractionations

Sulfur has four stable isotopes with different natural abundantss:
(95.04%) 23S (0.75%) 23S (4.20%), and®S (0.015%) (Coplen et al., 2002). Variations
in isotopic composition are described usin
terms of the refereneeormalized ratios of two isotopes (where the denominator is the
most abundant isope). For sulfur isotopic systematics:
3 30AI PI A

3 — TUTUTT
! 3 \’:’»OOAp P

where x is 3, 4, or 6 and standard (std) is VCDT (Vie@Gaayon Diablo
Troilite) —an iron meteorite from Meteor Crater (Arizona, USA).

Physical and chemical processes fractionate sulfur isotopes because of
differences in their properties resulting principally from differences in isotopic masses.
Chemical processes leading to mdependent fractionation can be reversible
(equilibrium isobpe effects) or unidirectional (kinetic isotope effects). In addition to
MassDependentFractionations (MDB), another class of fractionations arise from
factors other than isotopic mass differences. These effects are calledassn
dependenisotope effets (orMassIindependenEractionation (MIF)).Fractionations
produced by equilibrium processes are related to vibrational frequencies of different
isotopes in molecules, which can be theoretically calculated (Urey et al. 1947), and
measured empirically. le reference frame for madspendent fractionations is
defined by an approximation of equilibrium. These reference fractionation arrays are
given by the following equations (Farquhar and Wing, 2003):
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In order to distinguish between nomass dependent and makpendent
isotope effet s , a capital del ta (4) notation has
notation represents the differeribea measured isotope mafirom that predictetly a
massdependent reference fractionation arrddor processe®perated at surface
temperaturéhereference arraySA @ d we r e asl0&i5iand .9 (Hulston and

Thode, 1965)
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1.3.2. Massdependent isotope fractionation and biological sulfur cycling

Since the finding of different sulfur isotopic compositions of -em@mber
components, scientists started to think about fractionations that occurred at each steps
in the overall process (Tudge and Thode, 193B mnstancy of sulfur isotopic
compositionn meteorites was suggested to reflect pdial compositionfrom which
terrestrial fractionation processes (the most importdogting sulfate reduction)
continuously redistributesulfur isotopedetween reservoirs, resulting in thareadf
sulfur isotopic compositions observed today (Fig. 1.3, Néawara and Thod€ 950;

Ault and Kulp, 1959Thode et al., 1961).
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The isotopic compositi@of terrestrial reservoirs are represented in Fig. 1.3.
Sulfate in theModernoceans is uniform with aable concentration of 28 mM and
sul fur i sot op¥Se +2% nRees stialt, 19F8The @didende time of
seawater sulfate is estimatedthe millions of years, which makes sulfate a highly
conservative element. Sulfur species entering tsgthere (usually in the form of
SO, and to a lesser extenk$l SQ, and COS), have a combined sulfur isotopic
composition close to that of .Metesidemce ti ¢ v al
time of atmospherisulfate aerosols measured on thgcale of days (Charlson et al.,
1992). It has been proposed that in the Archaemospheric sulfur input from volcanic
sources also had an (Farquhaogral.c2000)0o mposi ti on o

The gr eat e3Stcompasitiogseis obderved in seditaey rocks
where pyrite is formed most often by biological processes that strongly fract®nate
isotopes. Today, sedimentary pyrite formation mostly occurs in marine coastal
environments (Canfielédnd Des Marais1991; Bowles et al., 2014) by microbial
sulfate reduction (MSR)Sulfate-reducers are anaerobic heterotrophic (but sometimes
autotroghic) microorganisms that are responsible for more than 1/3 of organic carbon
mineralization in the shallow oceans (Jorgensen, ;10diifieldand Des Marais, 1993;
Bowles et al., 2014), and they are often linked to the lithification of microbial mats
through carbonate ion production (Baumgartner et al., 2006).

The highest sulfate reduction rate is observed in shallow marine sediments
(<50 m water depth, Bowles et,a2014) where most carbonate precipitation occurs.
Taking into account that most Neoarchean carbonates preserve stromatolitic features

(e.g., continuous BHSacha core, Altermann and Siegfried, 1997), processes
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occurring during stromatolite and microbial ata formation in the modern
environments may be applicable to our understanding of Archean fymtation
According to measurements of Visscher et al. (1998), more than 50% of the total
organic carbon in the stromatolitic mats is mineralized througtateuteduction.
Studiesof modern marine stromatolites in Highborne Cay and hypersaline Salt Pan
mats in the Bahamas demonstrated that SRB plays a prominerdisaig alkalinity
and driving carbonate precipitation (Visscher et al., 2000; Dupraz ef@04). A
simplified net reaction of sulfate reduction mediating Ca@@cipitation (Visscher et
al., 1998) is as follows:

SO + 2[CH0] +OH + C&* - C asl3C@Ox +2H20 + HS

Dissimilatory MSR is one of the dominant mechanigf@seratingerrestrial
sulfur isotope fractionation at low temperatumadc a n ¢ h a n YSvaliesbyt i a l 0
more than 75% (Rudni cki et al ., 20061; Canf |
reducers use organic carbon or ¢ths as electron donors and sulfagean electron
acceptor, and preferentially incorporate the I§Btisotope (Canfield, 20@)1to form
the byproduct hydrogen sulfide, thereby leaving residual sdff&tenriched:

325002 + 2[CHO]  -932FH+ 2HCO

25087 + 4Hx + 2H' - P%S+4H0

Available ferrous iron combines with hydrogen sulfide to form the highly
insoluble mineral pyrite, thereby preserving the sulfur isotopic signature of MSR in the
rockrecordl t i s t h o u g¥Stcontpdsition of peavsattotay was fodned
by continuousnicrobial sulfate reduction through billion years that renaod?8 from

seawater sulfaté€Canfield 2001)Fractionation of sulfur isotopes by MSR depends on
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many factors, including the concentration of sulfate (Habicht et al., 2002), the type of
organicsubstrate (Canfie|]®200Db), and temperature (Harrison and Thode, 1958). All
these factors can change the rate of MSR, such that the higher the rate of sulfate
reduction the lower the fractionation of sulfur isotopes (Harrison and Thode, 1958
Leavitt et &, 213.

Today, nost of the sulfide (8®5%, #rgensen, 1982) produced by sulfate
reduction is reoxidized back to sulfate by sulfigexidizing bacteria using oxygen or
nitrate as electron donors (Visscher et al., 1998):

HS + 20+ CaCQ -~ HG® Ca&*+ SO

5HS + 8NOs + 3HCQy + 3C&* -~ 3 C a €40k + 4H0 + 5507

The purple and green sulfur bacteria are the most dominant sulfur oxidizers in
anoxic environments. In culture experiments of anoxygenic oxidation of sulfur
compounds, fractionations uslyado not exceed % ( Tor an anderkldar r i s,
et al.,, 2009). Abiotic oxidation of sulfide to sulfate during either oxygenic or
anoxygenic pathways produce small fracttonaon <1 % ( B a [Howeveret al
oxidation of sulfide is more complicateprocess than just conversion of sulfide to
sulfate, with intermediate reaction steps producing a variety of sulfur compounds of
intermediate oxidation states (e.g., Zopfi et al., 2004 for a review). Sulfur intermediate
compounds (sulfite (S®), elemeral sulfur ($), thiosulfate (8022 ), dithionate
(S4062 ), and tetrathionate {Se?)) are used by disproportionating bacteria that
produce both sulfide and sulfate (Bak and Cypionka, 1%8@)

4SQ%* + H" -~ H$3S0?%

49+ 4H0O - 3+HB&? + 5H'
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In modern anoxic sediments, the concentration of these intermediate
compounds may be sufficiently high (Jorgems&990;Zopfi et al., 2004) to even
exceedsulfate abundance (Jorgensen, 1990). During the Archean, when environments
were mostly anoxic, thescompounds might have played a far more important role in
microbial sulfur cycling (Philippot et al., 2007). Sulfur disproportionators produce
large isotopic effect between the two products of the reaction: sulfate and sulfide. With
elemental sulfuras@aubstrate, fractionation may r each
3S-enriched relative to sulfide (Johnston et al., 2005)During silfite
di sproportionation fractionation may excee:

extent of sulfur fractionation bgulfur-respiring bacteria is illustrated in Fig. 1.3.
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Figure 1.3. Sulfur isotopic composition of common sulfur reservoirs (blue and red
bars, from Hoefs, 2009) and extent of isotopic fractionation by various sulfurespiring
bacteria (green bars, fromCanfield, 2001; Canfield et al., 2010; Watanabe et al., 2009;

Johnston et al., 2005Kaplan and Rittenberg, 1964)
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On the other hand, the inorganic precipitation of sulfate minerals yield only
smal | magni tudes of fr act indSpieotlB9d)nHenceé,y pi c al |
evapoites (e.g. gypsum) or carbonatssociated sulfate (CAS), which is the sulfate
incorporatednto thecarbonate lattice during precipitation, are widely used to estimate

the sulfur isotopic composition of seawater at the wingrecipitation (Strauss, 2004).

1.3.3. Sources of MIFS and the Archean sulfur cycle

The observed MIFS signatures (or nen e r3%6 A ASlvaldes) in Archean
sedimentey rocks (Farquhar et al., 208Ohave been explained by photochemical
reactions involvingSQ; in the oxygeriree early atmodpere (e.g. Farquhar et al.,
2001)). Further support for this view comes from detailed experiat@vork (Farquhar
et al., 2001Masterson et al2011; Whitehill and Ono, 201Franz et al., 204; Ono
et al., 2013Whitehil et al., 2014) as well as geochemical modelling (e.g. Pavlov and
Kasting, 2002Zerkle et al., 2012; Haleyy013). Sufficient photodissociation of 50
gas occurs by absorption of short UV wavelength between 190 and 220 nm (e.g.
Farquhar et al., 2001) hE reaction is written as 3S® hv => 2SG* + S (* - excited
state Ustinov et al., 1988). The sulfite (SJproduct of the reaction is thought to have
n e g a t3S vaduesmnd can further react witbQHforming sulfuric acid (HSQ)
(Farquhar et al., 200. On the other hand, elemental sulfu?)(Svhich existsmostly
as a ring structuresSat low temperature¢Steudel and Holz, 1988)ikely carries
p os i 3 sigeatuds (e.g. Farquhar et al., 200Masterson et al., 2011). The low
predicted oxygen concentrations in the Archean atmosphere® (gfLéhe present

atmospheric level (PAL) or < 0.0002%aviov and Kasting, 2002) prevented

22



homogenization of two sulfur channels, so that their unique M$ignatures could be
transferred to the surface and preserved in the rock record.

The currentlyaccepted model for the Archean sulfur cycle is depicted in
Figure 1.4. Initial volcanic SOhadmant | e sul fur i soSami c comp
A*Sclog t o ab &d Thiémens, 1993; Farquhar et al., 2008kidi et al., 2013).
Volcanic SQ under atmospheric reducing conditions was subjected to photochemical
reactions resultingn formation of two reaction products (sulfate and elemental sulfur)
with distinctive multiple sulfur isotopes. Throughout the Archean the magnitude of
A%3S in reaction products probably chadgs indicated by compilation of Archean
sulfur records (Fig. 1.1yith peak positive and negative valuesthe Neoarchean.
T h e $°8 changes ovdime were attributed to different chemical reaction pathways
(Farquhar et al., 2007), or variability in the oxidation state of volcanic sulfur volatiles
(Halevy et al., 2010Probably, much of the early record preserved{8IWas recycled

through subduadn zone and later incorporated in volcanic rocks (Cabral et al., 2013).
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Figure 1.4 The Archean sulfur cycle modefmodified from Kasting, 200)
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Insofar as the Archean atmosphere was anoxic (Pavlov and Kasting, 2002), it
is possible that other sulfwases such as hydrogen sulfideSMH carbonyl sulfide
(OCS), and carbon disulfide (@Snight account for MIFS. Photolysis experiments
on HS (Farquhar et al., 2000b) and OCS (Hattori et at., 2011) demonstrate small
magnitude MIFS, but experiments on €8olman et al., 199&molek et al., 1999)

s h o we d 36 aratioas. Noiphotochemical mechanisms might also take part in
the MIF-S formation but their exploration wasnly recentlyintroduced andesulting
hypotheseseed thorough evaluatipimcluding i.) recombination reactions involving
sulfur gases and polysulfur aerosols in the atmosphere (Babikov, R&dikov et al.,
2017; Kumar and Francisco 2017), and i). dissociation reactions in electrical

discharge®f SO, gas (Ignatiev et al2017).

1.3.4. Biological carbon cycling

Carbon has two stable isotopésC and *C with natural abundances of
98.89% and 1.11%, respectively (Coplen et al., 2002), and variations in the carbon
i sotopic compositions are r dpaisdiopesinusi ng t
sample to the same ratio in the standard mat&fi@ahaPee Dee Belemnite (?DB)):

6 6samp|e
1 # — P PTTT
(0] O std

Carbon is an important element in surface processes as an essastiflient
in organic molecules, carbonate species in oceanss@welativeabundancekrgely
control oceanicpH), and carbotbearinggases (e.g.CO: and CH). The isotopic

composition ofthe main carborbearingreservoirs are depicted Fig. 1.5together
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with transformations of carbon into different forms with subsequent isotope
fractionations. Biological processes produce the largest fractionations of carbon
isotopes in a way that biomass during metabolic activitiggpigally °C-enriched

(Fig. 1.5). Howevermethanogens produce @Hom either CQ or organic material

that is highly’®*C-d e p | et e d relatiye to<tbediti@l substrate. Today isotopic
composition of biomass idominatedby fractionation produced bgalvin Cycle
oxygenic photosynthesisvhichis around25—-3 0 %eo. I n t hielikdiyrtlmth e a n
more primitive types oautotrophic or fermentativenetabolisrns such as anoxygenic
photosynthesis, methanogenesisnethanotrophs were responsibletfoe wide range

of 3Corg compositionsn sedimentary rocks (Eigenbrode and Freeman, 2006). Even
though organic matter in the sedimentary records represemigure of primary and
secondarysourcesisotopic variatios to some extent indicatine dominarce of one
metabolisnover anothe(e.g.Hayes, 1994)Because carbon isotopes are not the main
focus in this study, details on carbon cyclarggiven in chapter sections significant

for each individuaktudy.
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Figure 1.5. Carbon isotopic composition of common carbon reservoirs (blue and re
bars, from Des Marais, 2001) and extent of isotopic fractionation by various carbon

metabolisms (geen bars, from Des Marais, 2001\Wong et al., 1975Coombs et al., 1975;
Reibach and Benedict, 1977 Jahnke et al., 1999).

1.4Goals and motivation

Since thediscovery of massdependent fractionation of sulfur isotopes
(MIF-S) in Archean sedimentary rocks (Farquhar et al., 2000a), the majority of sulfur
isotope measurements have been conducted ongraneed siliciclastic rocks,
predominantly organicand pyite-rich shale, with fewer analyses of chemical
sedimentary rocks, including bandedn formations, barites, and carbonates. My
time-series study of ~2.5 Ga Batatal Formation from saethtral Brazil, which
contains a depositional record of both shald earbonate facies, revealed that pyrite
grains hosted in carbonates preserved large magnitudedeaassdent fractionation of
sul fur isotopes toget W8 valuesi(ahdiezirskain stialst ent | y
2014). This novel observation, which hadt been systematically recognized in
previous studies, highlights the importance of microbial sulfate reduction in the
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Neoarchean carbon cycle. The contrast between Carbonate Associated Pyrite (CAP)

and pyrite in shale from the Batatal Formation, alort eqjuivalent analyses of shale

rich successions in South Africa and Western Austraefi&k@ufman et al., 2007; Ono

et al., 2009; Kendall et al., 2010) suggested that sulfur sinks, fluxes and processes of

sulfur cycling were different in carbonate vsakhdepositional environments. The
Batatal data were further cons%¥Sseawater wi t h e
sulfate reservoir (Ono et al. 2003; contra Paris et al., 2014), and a geochemical model

of the timeseries data resulted in an esite of Neoarchean seawater sulfate
concentrations that were 10@6ld lower than in the Modern ocean.

Following thesefindings, this dissertation focason Neoarchean carbonate
facies worldwideto determine if i.) sulfur isotope distributions and fraoations in
carbonate facies are similar on a global scale, ii.) sulfur fluxes and transformations in
carbonate environments are fundamentally different from those in shale environments,
and iii.) the importance of biological processes on the preservdth-eS signals in
Neoarchean rocks.

Drill core samples used in these subsequent studies came from three locations:
South Africa, Western Australia and Brazil. Previously, lithological controls on
preservation of MIFS signals were suggested by some astlte.g. Eigenbrode and
Freeman, 2003; Ono et al., 2003; Ono et al., 2009) based somak survey of
carbonates from those locations. Their conclusions, however, were made based on very
few pyrite measurements (e.g., Ono et al., 2003, where only thra@iGai~ormation
samples were used) or SIMS analyses of selected pyrite grains (e.g. Kamber and

Whitehouse, 2007). This dissertation greatly expands the number and stratigraphic
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distribution of carbonate multiple sulfur isotope analyses, and importaniliglexthe

me a s ur e Mm% nompositfons,/Awhich were not reported in the earlier studies. In
light of recent €% vatllesingyite froordisceete mteraals ofu s A
Neoarchean sedimentary successions (Zerkle et al., 2012), | have gsadiitional

measure in CAP samples to address the potential for episodic changes in atmospheric

chemistry associated with the buildup of methane in the Neoarchean atmosphere.
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ChaptEenrviZ:onmental controls on t
at mospherNeoasmudHhHaan imari ne faci e

Abstract

Geochemical investigations of new scientific dcidires intersecting ~2.7 Ga
Neoarchean marine sedimentary facies in Western Australia are used to explore
hypotheses related to the cycling of sulfur by photolytic reactions in an anoxic
atmospherel interpret multiple sulfur isotopic data to reflect atmospheric conditions
dominated by an organic haze that were overprinted in shallow environments through
microbial sulfur cycling. Multiple sulfur isotope measurements reveal significant
differences between ale- and carbonatdominated facies of the subtidal Jeerinah
Formation and of the intertidal to supratidal carbonates of the overlying Carawine
Dol omite. Bulk shal e $@mish e 2%aalagbnshipsar act er
that are similar to thosestablished for other shalominated successions of broadly
equivalent agel interpret this signal as dominated by photolytic fluxes of elemental
sulfur from the atmosphere with minimal biological contribution. In contrast, a large
S range (eBS8bkyt andSpompasitoastobseresd ihcarbonate
associated pyrite, coupled witthPBsapdst emat i c
A3°S /338 reference arrays, suggest that the major sulfur source to this environment
was atmospheric sulfate, vehiwas isotopically redistributed through microbial sulfate
reduction. These observations support the view that Neoarchean oceanic sulfate had a
n e g a t>B signatufe. Furthermore, geochemical modeling suggests that deviations

of data from establishedfegence arrays may result from both changes in atmospheric
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reactions associated with the shielding effects of an organic haze and in the degree of

microbial recycling of organic carbon in the oceans.

2.1. Introduction

Li ke Titan, Sat urmoors theo anaxit gagmospghére o u d e d
enveloping the Archean Earth may have contained enough methane to form an organic
haze(Pavlov et al., 2001; Zerkle et al., 2012pn et al., 2015). This haze would have
attenuated the solar UV flux and thereby protected sairéawironments from high
energy radiation (Wolf and Toon, 2010). Based on recent computer models and
laboratory experiments (e.@rainer et al., 2004DomagalGoldman et al., 2008), a
methane haze would form if the @0, ratio was >0.2 (relative to 0.80in the
modern oxygenated atmosphere). Due to the shielding effect,addny such haze
would accumulat@above the surface and would be heterogeneously distributed with
latitude (Wolf and Toon, 2010). A thinner organic haze (and lower optical depth) would
develop in lower latitudes due to vertical atmospheric motion at the equator.

Evidence of an increasetime biological production and utilization of methane
in the Neoarchean (ca. 2.7 to 2.5 Ga; Eigenbrode and Freeman, 2006) suggests the
possibility that this greenhouse gas would accumulate to sufficient concentrations in
the atmosphere to form such a hawdich may then have induced changes in
atmospheric sulfur chemistry. It has been suggested that the photolysis of volcanogenic
SO and the consequent production of elemental sul@&)ra(®l sulfate (S&) aerosols
with massindependent sulfur isotope s@tures in an anoxic atmosphere (Farquhar et
al,, 2000whi ch rained down and were preserved

may have been affected by the presence or absence of an organic haze. For example,
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haze has been invoked to explain tempordl ht s °Sd¥iS data arrays in
Mesoarchean successions (Farquhar et al., 2007), and then again for several coupled
Neoarchean C/S isotope excursions in Western Australian and South African strata
c har act efCivauesdof diganicdnatter that areX7 % a3Sd 3IS/data

arrays of <1.0 (Zerkle et al., 2012; 1zon et al., 2015; Izon et al., 2017).

To further test these observations and modi¢tsgeted two cores drilled into
Neoarchean (> 2.6 Ga) successions of Western Australia. The broadlglequoores
from the Hamersley Basin, which intersect the skiaiminated Jeerinah Formation in
both the center of the basin and again stratigraphically below the Carawine Dolomite
towards the eastern margin, provide a stratigraphic framework to stushgtsvation
of atmospheric sulfur inputs to both deep water shale and shallow marine carbonate
environments (Fig2.1). Due to high abundances of pyrite in subtidal shales that
accumulated beneath anoxic bottom waters (Poulton and Canfield, 2011),ehis de
water facies has been a prime target of deep time geochemists interested in
reconstructing the Archean sulfur cycle. In contrast, carbonate facies, which are
typically lean in organic carbon and pyrite, and likely accumulated beneath a shallower
water @lumn, have not been the focus of many sulfur isotope studies.

My previous whole rock and ion probe sulfur isotope study of pyrite in a
Neoarchean carbonate platform of Brazil (Zhelezinskaia et al., 2014) revealed large
and previousSyfracuomapiooned( da. 50%) associ :
sulfate reduction (MSR). This is an important biological process in marginal marine
settings that recycles a significant proportion of photosynthetically derived

sedimentary organic matter back to £and alkaihity (Bowles et al., 2014 and
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references therein). The Brazilian study additionally showed that carbonate associated
pyrite (CAP) pr eser ¥empdsdions with somé stronghe g at i v e
n e g a B signatudes when compared to Neoarchean shhlegher arguing for

longt er m stabil ity 8 tomposit@wand lew sulfatel dbfindanae A
(Zhel ezinskaia et al ., 2014) betlwthien ~1 an
study, we present CAP data from the Carawine Dolomite that siynpaeserves

negative A**S values with some samples*Sexhibit
compositions- again indicating the importance of MSR in carbonate environments.

Mynew results also extend tho®2/3%<409 zon et
are not seen in Neoarchean strata below the Carawine C/S excursion, in spite of

str ongl yPCasegnpdsitionseof obganic matter. Hetegxplore the role of

biology as a potential agent (after atmospheric chemistry) for generating variable and

negat v e s h¥Sf/¥Ssarrayd A

2.2. Geological setting

The two broadly equivalent Neoarchean cores were drilled in 2012 as part of
the Agouron Institute Drilling Program (AIDP) on the Pilbara Craton of Western
Australia (Fig2.1). The sedimentarguccessions in these regions of the Hamersley
Basin have experienced onllgw levels of burial metamorphism (prehnpampellyite
facies; Smith et al., 1982, Rasmussen et al., 2005a; but see Peters et al., 2016 for a
greenschist facies interpretation frochlorite paleothermometry) at temperatures
betweeR 50 t o 350°C and pr essur(@itheba,1988.en t wo
The ADR2 core was taken from the Ripon Hills

eastern edge of the Hamersley Basin, iatelsected the Carawine Dolomite and the
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Jeerinah Formation (formerly called the Lewin Shale, Simonson, TBi®i2)core was
drilled near the site of the previously studied RHR&# (Richards, 1985) core (Fig.
2.1). The lower part of the pyritic and orgasfrich Jeerinah shale contains several
volcanoclastic and cherty horizons, while doloarenite and calcarenite occur
sporadically in the overlying interval that is capped by an exceptionally thick limestone.
This laminated limestone facies, which contaih tshale partings, marks the
transition into the massive Carawine Dolomite.the eastern Hamersley Basin the
Carawine is overlain by the Pinjian Chert Breccia, which is a silicified paleokarst of
uncertain (Simonson et al., 1993) but likely Paleopratm(Blake et al., 2011) age.

The Carawine Dolomite contains sedimentologic evidence for shallow marine
deposition ranging from swiidal to evaporitic supridal environments. The unit is
characterized by laminites, stromatolites, oncolites, and syncaletrave ripples, as
well as local occurrences of evaporite crystal pseudomorphs and oolitic to pisolitic
textures (Murphy and Sumner, 2008). The most diagnostic textures indicative of high
degrees of seawater evaporation, are rare cubic halite pseuthisraacpdistinct layers
of vertically-oriented chevrons that resemble pseudomorphs efjegatic gypsum
(Simonson, 1993). Near the base of the Carawine Dolomite is a thick dolomite breccia
(preserved between ~210 and 240 meters depth in the-AliaiPe) tlat contains sand
sized Kfeldspar spherules with quereztand devitrified textures; this breccia has been
interpreted as a proximal debris flow deposit associated witholale impact
(Simonson, 1992).

A thin but compositionally and texturally similar ingiaspherule layer is

preserved near the top of the Jeerinah Formation ialibe-3 core, which was drilled
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at Ballyeerina Creek near Thoomina Bore (S
the Hamersley Basin (Fi@.1) some 320 km from the AIDP drill site and closer to

the previously studied WRIL (Meakins, 1987) core. Here the Jeerinah Formation,

which is conformably overlain by the Marra Mamba Iron Formation (IF), is
predominantly composed of laminated black shale that is also notably rich in
dissemnated pyrite, as well as pyrite in bedding pardéekes, nodules, and o

cmthick laminae. UPb zircon ages from volcanic horizons in the Jeerinah Formation

in this region constrain its age betweeé2®+ 5 arld&684+ 6 (Avhdtet al.,

1991;Nelson at al., 1999).

While it has historically been assumed that the Carawine Dolomite is
equivalent to thick dolomitic carbonate strata of the Wittenoom Formation within the
Hamersley Basin, the equivalence of the impact spherule beds in2A#dE AIDR3
indicates that the Carawine is older (e.g. Simonson et al., 2009). A reeent U
radi ometric date (2630 +* 6 Ma) for a volcan
spherule layer (Rasmussen et al, 2005b) supports this refinetbasiral correlation
Deposition of the Marra Mamba IF and upper Jeerinah shale (~10m) in the deep basin
and slope was synchronous with that of carbonate on the shallow water platform
(Eigenbrode and Freeman, 2006). An isliasinal correlation of this impact horizon in
Westen Australia to a compositionally similar impact spherule bed in the Monteville
Formation (Simonson et al.,, 1999)a Neoarchean carbonaieh unit from the
Griqual and West Basin of South Africa whos:¢

and 25 2 [(RasmusSen dtal., 2005bjs also quite likely.

34



AIDP-2

Depth, m
10
Q9 i ﬁ 255'
| —
o 15 EEE
= = AIDP-3
: Depth, m
A @ % £ s 2.50745°
::L" ()] - o
B\ &9 =g
S 119,“ES . e © 200-| = gt .
- = = 262945
B Fortescue aroup % 2| [_] wittenoom Formation % <
TureeCreekGroup %5 l:lCarawine Dolomite — g
® Borehole T 8 = e
[ [

) o ) 250+ E §
Figure 2.1. Simplified geological map of o) =
the Hamersley Basin, Pilbara Craton t 3
(after Simonson, 1993) showing drill core . i <
locations (including the previous studied 5 G lc;)
WRL -1 and RHDH-2a cores, Izon etal., | |& %] o| &
2015) and AIDP cor Ci 2.68426°
spherule layer is depicted as a |Z|2 by
correlation between carbonate breccia in g 2
the Carawine Formation and the impact 5 §350— I oo syt iack shale
spherule layer at the top (~71 m depth) ol |LL | § HE= caomorente
the Jeerinah Formation (see text for |<| R 5ok coosiee
more details). Ages are in Ga from: 1. £ v Z==Z[Ei; Grey shalelDolomite breccia
Woodhead et al., 1998 (P#Pb), 2. | @5 = SEZB o ColvvumBIFsBiack shle
Rasmussenet al., 2005b (Upb), 317 = E v v Volcanoclastics/Basalt
Trendall et al., 1998 (UPb), 4. Nelson et p Yool chert styites
al., 1999, 5 Arndt et al., 1991 (U-Pb). ‘;"

e

2.3.  Methods and materials

Samples were collected at -21 meter intervals through the Jeerinah
Formation and the Carawine Dolomite. The selected carbonates and shales included
samples containing discrete macroscopic pyrite grains and laminations2(@jig.

Billets of the carbonatsamples were cut at Arizona State University (ASU) and
shipped to the University of Marylarid College ParUMD) for preparation and
analysis. Shale samples were crushed at ASU and aliquots of the powders were shipped

to the University of Washington (UWpr organic carbon abundance and isotope
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determinations, and to the University of California, Riverside (UCR) for chromium
reducible sulfur (CRS) extraction of disulfides, which were isolated asS Ag
precipitates¢f. Canfield et al., 1986) for subsequent-SO; analysis at UMD and SF
analyses at Harvard University (HU).

Polished billets of carbonates were observed petrographically and- micro
drilled to produce powder€arbonate C/O isotopes were measured on thesdgoew
by continuous flowisotope ratio masspectrometry in the UMD Paleoclimate

CoLaboratory using a refined methdc for

t h

and ox¥)eni s(odt opic compositi onPreddionfor00 pg cC

bothisobpes is routinely better than u@. 1 %
carbonate samples weceushed (200 mesh) in a ceramic mortar and pestle that was
cleaned between samples with baked quartz sand. Bulk crushed powders were weighed
and then repeatfdacidified with 3M HCI to quantitatively remove carbonate. A
selection of the Carawine carbonate samples that revealed unusual levéls of
enrichment in organic residues were sent to UW for repeated hot 6 M HCI treatment
for comparison with UMD standartechnique (sedable 2.1). This comparison
revealed that hot 6 HCI treatment is better suited for the quantitative removal of
recalcitrant ferrous or manganiferous carbonate minerals. In both cases, the residues,
including siliciclastic grains, pyritena organic matter, were then washed WitB M Q

Milli -Q water until solutions reached neutral pH prior to drying in an av806°C
overnight. At UW, bulk shale powdevgere treated three times with 6M HCI at 60

to quantitatively dissolve the irdoearirg carbonates typical of this facies, and then
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washed with deionized water to neutralize the solutions. The samples were then left to
dry in a 60°C oven for two days.

At both institutions e dried residues were weighed in order to calculate %
carbonate inthe bulk samples, and then aliquots of between 0.5 and 5 mg were
measured into tin cups for organic carbon determinations. The organic carbon
abundance and isotope composition were measured by combustion in either a
Eurovector elemental analyzer-line with a second Eurovector Isoprime IRMS
(UMD) or aCostech ECS 4010 elemental analyzdiria with a Thermo Finnigan 253
(UW). At UMD, two urea standards were measured between each set of 10 samples
and uncertainties for each analytical session based ostdhdard analyses were
determined to be better than 1.0% and 0. 1%
isotope composition. At UW, thouse standards calibrated with USGS 40 and USGS
41 were used to normalize abundance and isotope measurements; babed on
reproducibility of a dried salmon standard these uncertainties@Wg¥e and 0.08
respectively.Total organic carbon contents were calculated by quantifying the %
carbonate in the bulk samples and their IRMS: @éak areas relative to those from
measured amounts of urea standards.

The sulfur abundance and isotope composition of bulk and sdrdled
pyrites, as well as the A§ precipitates produced by CRS extractions at the University
of California, Riversidewere initially measured by combustion with a Eurovector
elemental analyzer iline with the continuous flow Isoprime system at the University
of Maryland. In these analyses, 0001g of V20s was added to the tin cups with the

samples and standards as ddi@onal oxidant. Isotopic results are expressed in the
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delta notation as per mil ( %CDTpstamdard.t i ons f
Two NBS127 and two NZL standards were measured between each set of 10 samples,

and uncert ai nt ytieabsesSidndgsedirotheseestancdnd analyses were
better than 1.0% f or °®Sb lamissopeconposidions.. 3 % f o |
Minor sulfur isotope abundances of the shaleSAgxtracts produced at the University

of California, Riverside, as wieds CRS extracts from acidified residues of some of the

bulk and micredrilled carbonate samples, were determined kya8Elysis at Harvard

University and the University of Maryland, respectively. At both institution3SAg

samples were fluorinated under-10x excess ofzlat 250C for 8 hours in Ni reaction

chambers. The product &Fvas cleaned via chromatographic and cryogenic
techniques, and measured anThermo Finnigan MAT 253 gas source mass
Sspectrometer. Uncert ai nermiaesl bage?l on)loigrm f | v or i
reproducibility of international ¥3 andards
NS | &%, tkspActivelylAEA S-1 measured on this scale yields valuefof 3 0 %o,

0. 09 4 % .an8d%0,%S f3en &5 drespgectivelylAEA S-2 measured on

this scale yields 22. %%,%SA 0a®adkectiely.d 0. 21%
Comp ar i ¥ na Asifcodpositions of the shale /A extracts determined by

the continuous flow SO, method at the University of Maryland atite dual inlet

SFs method at Harvard University demonstrate a high level of consistency (8)g. 2

Slopes of the®®*S and®*S data from both cores are very near unity and are highly
correlated. This observation supports the use of the combined datifttetipretation

of results, and further supports the use of theS&8®method for rapid characterization

of time-series sulfur isotope variations in Archean sedimentary successions.
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2.4. Results

Results from this sulfur and carbon isotope studypagsented in Tables2
and2.3 and illustrated in Figurea2, 2.3, and2.4. As expected, the stratigraphic plots
of geochemical data reveal that shale and carbonate facies differ significantly in the
abundance of carbonate (F&2A), total organic carntmn (Fig.2.2D), and pyrite sulfur
(Fig. 2.2F). Shaly carbonate and shale layers in the Carawine Formation were studied
for carbon but not sulfur isotopic compositions (Fig. 2W®hile the carbon isotope
compositions of Carawine Dolomite and Jeerinah ltores are similar (Fig2.2B), the
iron-rich carbonate interbedded with shale lower in the Jeerinah Formation are notably
depleted in*C. The carbon isotope composition of organic matter @RE) in both
formations is remarkabR?C depleted (downteb0 %) , al t hough some of
samples near the top of the core preserve significantly #iGreenriched organic
carbon compositions on average-y %o.

Based on multiple sulfur isotope trends through the stratigraphic succession,
the AIDR2 core can bseparated into three distinct intervals, including: () Jeerinah
shale and calcarenite, (II) lower Carawine Dolomite below the carbonate impact
brecci a, and (111) upper 36asesiwa stepiseDol omi t ¢
fashion froma plateauat 0 %, t o a second plateau at ab
pl ateau %3 ctoalm@ge siA i ons also start at a va
mi dway t hr oush ptl md esaaic Fkduedramge witlely between
0O and +12 %, walueshpregeivesl inthe cplbasstaties.\At the base of
inter ¥alvdlluesd decrease to a stabl3 value

variability ranges betweer2 and + 8 %o. Hi gher i n interval
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carbonat e i mpSconiposhioneexhibit greater ragiabifity with negative
values just bel ow the c a¥Svariabiitydecréaseptact br e
arange betweet8 and + 2 %o. Above the breccia in int
pyrite reveal large, butnemy st e mat i c ,*Sv a 8 eotpositiors, withn &
both bulk and micral r i | | ed pyrite havi °g§vaesamiomi nant
microdr i | 1l ed phases r eve al*p fiagtionatioewith valueg e st  ma
as low asl 7 %o.

Abundancesfo t ot al organi c matter Eod pyrit
compositions of TOC through the ~125 m thick orgaraad pyriterich shale
intersected in the AIDB core from the Jeerinah Formation in the central part of the
Hamersley Basin are similar todse in the AIDF2 shale samples (Tali®2 and Figs.
2.3 and24). However, CRS extracted bulk pyrite through this interval reveal only
mi nor ¢ hSncogngasitions(risidg from roughly 0to%5 f r om t he base
the t op)®Ssignalidhomgheen ddus with values near +5 %
shale that becomes more variable moving upward to a range that extends from a low of

-1% to a high of +7 % nosvahe impabtephdruéepqrizon. mme di at
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Figure 24. A. Crossp | o t *°So fv e @3S wakles or bulk rock/bulk pyrite (circles) and drilled
pyrites (py, diamonds) from the AIDP-2 and AIDP-3 cores for different intervals (see text). Slope
@S FSTW0. 9 i s r eiachaareReference ANa) AOno et al., 2003, Kaufman et al.,
2007).Uncertainties are within the size of the pointsB. Crossp | o t *3So fv ¥$drongpAIDP-2 and
AIDP-3 shales and carbonates. U ore (eed lined thraugh Carawine r
data is shown together with equation.

In Figure2 4A the relationship 08**Sa n d*S dompositions in both of the
AIDP cores is illustrated. The shale data form a general field that is consistent with
previous studies of Neoarchean shddeninated successions. In contrast, the Jeerinah
limestone samples from AIBPinterval | reveat’'Senr i chment s of up

to the Archean Reference Array (ARA; Ono et al., 2003), and bulk pyrite in dolomite
42
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samples from interval | I¥S valkies.eTad dats fromi | ar o
interval 11l in the upper Carawine Dolomite are charazegt by broad ranges 'S
compositions and pr edo nfiSwaluest Theymultipleaulfurzer o t
isotopic contrast between shale and carbonate facies is further highlighted in a plot of

A*S v 3% compositions (Fig2.4B). In this illustration, Jeerinah shale data

generally fall along the ARA slope 0of-8.9, while limestone data from the same unit
scatter away from t he Z3&Srvaleey Caboriatescof theal | vy t
Car awi ne Dol o mi¥®gdeviatd stromglyripeogsai t £¢$ byeen @erage

10 times analytical uncertainty. Three of eight of the Carawine carbonates with positive

A¥S compositions devi atsvanesrard onelarmlgsis®@ t o ne
posi % vake. The remaining four analyses aietwwhi n 30 of the ARA
regression of the carbonate data does not pass through the origin and yields a slope of

approximately-1.3.

2.5. Discussion

My high-resolutionisotopic data for the Jeerinah Formation and Carawine
Dolomite in the AIDRP2 andAIDP-3 cores are consistent with previous studies of the
same units in different cores (Ono et al., 2@i8enbrode and Freeman, 2006; 1zon et
al ., 2 0YC&rompositiors of&hale samples in the Jeerinah and Carawine are
depleted in'3C, with valies <-4 0 %o,  W¥Cirglinesom® dolomite samples are
enriched int3C, with a5 % a v enrichment in the Carawine carbonates reldtive
the Jeerinah shaleThe&*S a [°8 vallies of shales from the Jeerinah Formation
are mostly positive, correlategl,n d f o | | o WS=0h. eF‘QA8BA et &41.A2003)

wi t h®S &3 Aelationships of 0.9 (Farquhar et al., 20pBaufman et al., 2007).
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Pyrites from the Carawine Dolomite exhibit more variaif& compositions that also
fall away from the ARA andyr i t es wi % valnes giedded anamalalis

A36S /33 <-1.5.

2.5.1. Sulfur sources for shale and carbonate facies

While the deep water shales of the Jeerinah Formation preserve sulfur isotope
compositions that reflect a significant contributfosm the positiveA*3S atmospheric
endmember , £33 compositions af pyrites fraém the Carawine Dolomite
(similar to those of the Neoarchean Batatal Formation; Zhelezinskaia et al., 2014)
primarily r ef3Semmembeh Ehe iWayipktiese ereimembers was
first explored by Farguhar et al. (2000) based on sulfur isotope measurements of
Archean sedimentary rocks. These authors argued from analyses of Paleoarchean barite
that Archean seawater sulfate and its principal source, atmassudfate, had a
negatd®veéand 3 sompositiore Thay also argued that its complement
was an insoluble reservoir of reduced sulfur species. Subsequent work (Kasting, 2001;
Farquhar et al., 2001; Masterson et al., 20¥hitehill et al., 2Q2) suggested that the
reservoir wiStwas cpnoected to elemental sulfur. Sulfur isotopic
composition 6the Neoarchean seawater sulfate was not only based on experimental
data but was empirically defined using limited Carawine pyrite isatatseletermined
by Ono et al(2003. My study extends those measurements and demonstrates more
variable composition of the Carawine pyritesothA**S a #31 Wal ue¥sS Lar ge
variation in these pyrites indicates that MSR was an active recymloagss during
formation of the CAPsamples Because these pyritavith large fractionation also

preserve negativd®S signas, | infer that the atmospheric sulfate flux imparts a
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negativeA33S composition on oceanic sulfate in the Neoarchean (but siseePat.,
2014 for an alternative hypothesis), which appears to dominate thé& Mitfhature in
the carbonate depositional environment.

Alternatively, theterrestrial oxidation of pyritéKendall et al., 2010, 8eken
etal., 2012, Reinhard et al., 20I83ight account for different sulfur isotopic signatures
in shallow environments compared to deeper ones, assuming the riverine flux was
preferentially sequestered in carbonate facies. Howewdindings of highly negative
A*3SandA®®S /3% compositiongthose were not observed in géeoarchean records)
as well as the cmand mmscale heterogeneity of pyrite in the carbonate facies from
this study andny companion study of the Batatal Formation (Zhelezinskaia et al.,
2014) suggestthat terrestrialoxidation of exposed igneous or sedimentary sulfur
minerals, andthus the sulfur riverine flux was not a major contributor to shallow

environments and the marine sulfur cycle in general.
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The wide range oA®S  a PSl cordpositions in CA®from the Carawine
Dolomite supporimy view that MSR was an important metabolism in this shallow
water facies. 3FScemposiiansin theparitidal CarawinesDoldmite
contrasts sharply with the positive values recorded in the deepershaterfacies (as
well as the subtidal marine limestones from the uppermost Jeerinah Formation). [It is
worth notigng that this study does not take into account pyrite nodules and laminae in
the Jeerinah Formation that might preserve sulfur isotope srgrditterent from the
bulk rock analysekpresent here. However, limited number of analyses that have been
done on Jeerinah macropyrite from AH3Rsuggest predominatly elemental sulfur
source Gregory et al., in preparatijjnit has been suggestedtrsulfide produced by
sulfate reducers will react in the presence of elemental sulfur to form polysulfides,
which rapidly equilibrate isotope compositions between the aqueous species (e.g.
Kamyshny et al., 2003). Pyrite formed in systems where elemeiftalis present will
therefore yield a composition intermediate between sulfide and elemental sulfur pools
that is weighted by the ratio of elemental sulfur to M$&#ived sulfide. The positive
5'S a 8 of Ahales are thus interpreted to reflect thprint of a significant
standing pool of elemental sulfur onto sulfide produced by MSR (Farquhar et al., 2013;
Rickard, 2014; again see Paris et al., 2014 for an alternative interpretation). Even if the
elemental sulfur flux was the same for both deepsdradlow environments, relative
higher sedimentation rates on Archean carbonate platfdupm to an order of
magnitude greater than shale facies, Altermann and Nelson, 1998) could explain the
lower proportion of atmospheric signals from photolytic elemestddur in the

Carawine Dolomite.
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The Carawine Dolomite exhibits variability of sulfur isotopic composition
between drilled pyrite and bulk rock samples. Pyrite grains and lamination2 &ig.
mostly preservét h e n e HYSasedwater sullate signalhereas the bulk pyrite
anal yses wi t RS valoes eflest miking édiwleen pasitive and negative
A*S endmembers. In these dolomites, the primary atmospheric signal was likely
obscured by masdependent processes, such as MSR, which could produce hydrogen
sulfide with variabled**S compositions (e.@Canfield 2001). Pyrite could have been
formed diredly from the product hydrogen sulfide (Rickard and Luther, 1997), or
indirectly through reactions involving elemental sulfur and polysulfide (Luther et al.,
1991). Variable contribution from¥® he el em
andsulfidedeied fr om sul f &$ (and variabl®&‘Sylikely actounise A
for the triangular shaped field of pyrite compositions thatserve in this study (Fig.

25A).

2.5.2. Atmospheric endmembers and slope variations

Linear r el at i $BSnhamh¥§(s 0.9 Orto wteak, 2003) and
bet wesn ai*® (0.9, Farquhar et al., 2000) observed in Neoarchean
successions reflect mixing between two isotopically distinct atmospheric sulfur
reservoirs (Ono et al., 2003) with a possible overprint of rdapgndent effects
associated with MSR and other sulfur cycling processes (Ono et al., 2006, Kaufman et
al., 2007). While the alignment of the Jeerinah shale data along the ARAZB#sS.
and2.5A ) suggests the same pathway of elemental sulfur produasigmoposed in
younger Neoarchean intervals (Kaufman et al., 2007, Ono et al., 2003), some Jeerinah

limestone and Carawine pyrite data (also see data reported in Izon et al., 2015, fig.
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25A) are notably enriched #S. These observations suggest a systematic offset from

the ~0.9 slope (FIR5 A) . | n Car a wiSn3s devigtioni florme the0.® he A

slope (Fig.2.4B) record the possible impact of changing atmospheric chemistry
(Zerkle et al, 2012zon et al., P15) or of microbial processes (Kaufman et al., 2007),
issues thak will later examine in detail.

Photochemical experiments with sulfur dioxide have shown that isotope
effects and resulting fractionation of products depend on reaction conditions aed on th
wavdengths of incident radiatiofiRecent experiments (Whitehill et al. 2QEhdo et
al ., 2016) show that 388 (<01 are groduxad twithv e
photolysis reactions using wavelengths shorter than ~220 nm, and steeper slopes (>3)
are produced when longer wavelengths (24840 nm) cause photoexcitation (Fig.

25A). Similarly, photolysis of SOy i el ds st e eB/a%S (<wR)ewhdet i v e

photoexcitation r é9aA36 (Fgr2SB, g.g. Whitehill ptals i t i v e

2012).1t has been proposed that the mismatch between experimental results and data
from Archean sedimentary rocks reflects mixing between these two photochemical
processes (e.g. Endo et al.,, 2016). Extending this reasoning, shifts to shallower
A%3S 28 and mae  n e g @YA*8 would be anticipated with the attenuation of
shorterwavelength UV light resulting in greater proportional photolysis reactions.

Shifts in the UV spectrum that drive photolysis might be associated with
shielding of ultraviolet wavelenkys by a photochemical haze (e.g. Wolf and Toon,
2010), although quantitative details are lacking. However, the shift to more positive
A®SABSand mor e 3Pfors the ARA vehenapplying modelled organic haze

UV blocking capacity (Wolf and Toon, 20) has not been proposed for hazy intervals
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in the Archean, suggesting that other processes may have been active. Indeed, some of
the data froomy s t udy 33%/*8 € 0.7/plotin a 38 /33 field that definsa
slope that is sfjhtly more negative thai®.9. These observations are consistent with
previous fieldbased studies (e.fomagalGoldman et al., 2008; Zerkle et,82012)
that were suggested to reflect hazy intervals. Empirically defined ARAs in either
A®S /38 (Onoed | . , 23BS\¥9 (Kaofman At al., 2007) fields are assumed to
be formed at noihaze conditions.

The vatfts /¥ | ari®8N33A relationships seen imy dataset (Fig.
25) suggest that the elemental sulfur endmember might change its isotopic
composition with time, such that the defined ARA may not be the only relationships
describing massdependently fractionated sulfur isotope compositions. Regarding the
A%S /3“8 relationship, some afly data reveal that this ratie much less than 0.9
similar to data from Izon et al., (2015)hat could provide several vectors pointing to
a different elemental sulfur endmember compositions gFd\). As noted above, this
elemental sulfur endmember may result from the existence of a hazy atmosphere abov
Earth’s Archean surface (Zerkle et-al .,
day haze on Titan. Failure to match observations from photochemicak&iments
with existing Archean data (e,d=ndo et al., 2016) might imply that the photolysis
sulfur dioxide alone may not have been the singular cause of atmosphei& Ktker
gases such as2H, SO,0CS and CS could have been involved in photochemical
reaction networks (e.g. Kasting, 2001). Their variable concentrations and relative
abundace might also cause shifts in the isotopic signals (Ono et al., 2003, Halevy et

al., 2010).
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2.5.3. 3¢S variations in CAP: organic haze and biological redistribution

Deviations from the Neoarched®andARA def i
A%°S data havéoeen argued to result from the effects of an organic haze en SO
photachemistry(DomagalGoldman, 2008; Zerkle et al., 2012; I1zon et al., 2015), and
in other cases, biological redistribution of the minor isotopes by sulfate reduction and
disproportionatioa (Kaufman et al., 2007; Ueno et al.,, 2008; Shen et al., 2009;
Zhelezinskaia et al., 2014).suggest that evidence for both types of processes are
presentin ADR2 data from the Car awi*&BSamysmat i on.
were first noted in Mesoehean successions (Farquhar et al, 2007) and interpreted to
reflect a change in atmospheric chemistry. Dom&@timan et al. (2008) argued that
t he s op e /A% mlaienships specifically reflect the development of an
organic haze. Evidendeor ot h e r *3/A¥ thay arescoupled with negative
e X ¢ ur s iy valuesrhaved been argued for four, and possibly five events
between 2.5 and 2.6 billion years ago (Zerkle et al., 2@b8 et al., 2015). The oldest
of these would be rated to a 20 meter interval in the Monteville Formation of South
Africa, and the > 100 meter thick Carawine Dolomite studied here, which are likely
correlative.

The exact correlation of spherule beds in Jeerinah, Carawine, and Monteville
strata impacts i haze hypothesis By signglgaldbei ng t ha
variably preserved in sections depending on how the haze structure was established.
The presence of a standing oc¥a/fScouldsul fat e
transfer the hazsignal to localities that may have previously been haze free (possibly

the CAP of the Monteville Formation microbialites or the Carawine Dolomite). The
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deposition of el e m&h/tHM (dowSto-W5) totld peodusenaa | o u s

signal such as thene seen in the parts of the Monteville Formation that preserve

p osi t3B,vbat arA largely lacking in contemporaneous parts of the Jeerinah
Formation or Carawine Dolomite (Fig.5B). An alternative hypothesis not supported

by current photochemicatmospheric models is that the haze could have been a
regional phenomenon. I f tr */3%iwouldadts o

reflect the full signal of the atmospheric chemical reactions, but instead the relative

contributions of atmospherieactions on a regional scake modulated signal might

f

ol

al so explain part of 3%/ values,wheselsome studigs t h at

have suggested slopes even shallower t8a® (e.g. Kaufman et al., 2007), while

others have demonstrated ggdhat are steeper thah5 (e.g. Farquhar et al., 2007).
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Figure 26. A: Crossp | o t 3So fv ¥gpvalupes from this study together with results from two
mi xing model s (see t € 1t3%exoursionlietheeCarhning cadbonatds
Triangular fields depict an exchange pathway between SRB products (different models) anc
elemental sulfur endmember. Grey fieldsi Rayleigh model, darker area depicts model at
f<0.4.Blue circles: 17 seawater sulfae ~ w i %3S h34Pe-0.9, 2- seawater sulfate enémember
wi t®B/§p=-2. Car awi ne pyr i mlges sdemonbtirate largéist i v
enrichment explained by sulfate reduction imposed on sulfate with composition 2. Black circl
is elemental sulfurendme mb e r 38i/%Pph-04 B: Crossp | 0 t*So fv eq@*S u s
evaluating distillation model with changing fractionation. Triangle is a mixing between
elemental sulfur endme mb er SBi/lBPF-Op F'SEB2a) and sul fi:

seawater sulfi t e*S (3ip =-2) through MSR. Black circle is elemental sulfur enemember.
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While it is feasible t h#3compositiecnsbyospher i
small degrees (Fig2.5A), MSR stimulated by the concentrated increase of
atmosphericallyd er i ved sul fate in dolomit¥ facies
fractionations(Canfield, 2001a)This important microbial process may also explain
the %S enrichments in the Carawine Dolomite (Johnston et al., 2007). Laboratory
culture experiments angeochemical models demonstrdt enrichment in residual
sulfate while product sulfide can be depleted by2~% ( Ono et al ., 2006;
al., 2007). Due to the production of alkalinity during MSR, carbonate saturation
increases in pore fluids andrcaesult in the formation of authigenic carbonate and
cementation of the sediments, thereby restricting the diffusion of sulfide back to
seawater. Considering this likely environmental scenarimnstructed a Rayleigh
distillation model under closesyse m conditi on in *®®/PWer to
changes during MSR.

The possibility that biologysS/i®uld be
sl ope and i nt &€6ce@s$ wadexplopet osing aDdntremintal
batch distillation model with kb constant and variable fractionation. When
fractionation is held constant and increment size approaches 0, the incremental batch
model converges to a value similar to that produced by the Rayleigh eqd&ioiRe
f(4). In this model, the isotopicomposition ¥R =34 33 o' 3§23 of 3 finite amount
of residual reactant changes as the fraction of readja¢qreases from 1 (100%) to
0 (0%) when acted upon by a process that fractionates following a constant isotopic
fracti onat iThe mcrdmantat batch afpooach allows the fractionation to

decrease as the distillation process proceeds. The composition of the instantaneous
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product i n bot h®Rnandtkel pessiblesconpasitioasof tieyproduet
were further expanded byaluding provisions for exchange with an endmember
having P sdi#3 vamn dA n¥ESyaementalesulfdr).

The calculations with constant fractionation are presented in RAdiAdgrey
field) for paramet er %%/ 38 sloperof0.® and hiological at mo s p
fractionations of 50% fPaPPo%i g% (se@acti onat
Johnston et al., 2007). The results from this model are beyond the limits that biology
can produce (Johnston et al., 2007), but they theshess illustrate the process. While
the isotopic composition of residual sulfate lies above-@® array and the isotopic
composition of sulfide extends below 2. 9 a r P*& gompoditibneof résidual
sulfate is also driven to extreme positveeV ues (up to +60 %) . I f th
adjusts t3% eB$9e&divse had u n d°S 0a @8 vailles that db
not extend to Carawine pyrite compositions. Thus, this iteration of the model fails to
reproduce the observations with reasoedhkdctionations for all four sulfur isotopes.
I n contrast, the fit between /9/dBdlopeand dat e
is made steeper, and if the fractionations are allowed to change as distillation proceeds.
Inthis case, theresidualéuht e i s not dr i Vewvalues,andsulfiler e me p o
yields mo#3 gis ivialvuee sd, 3 ot dlimgs w+2% el ov
i mposed at3%8d3$Spatvay.rin tois cAse the fractionations are within the
limits that biology can duce. For the sulfates e t 8S 38 sldpe at2 and that
of the elemental sulfur endmemla@r-0.9. This shift is sufficient to introduce scatter
around the array, but still requires an atmospheric array steepe®aiil select the

resultswi t h r eas on#brom-2r0an e s+ 30M%)§ t he model p
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wi t 36 values below the mixing trend that reproduce Carawine pyrites compositions
wit h ne’pavaliey Eg26A), but notably n8X those
compositions.

Mixing between sulfatelerived sulfide (as a result of MSR) and elemental
sul fur resul ts i A% P Fid.0eB). stwarehdmbmberahavea bl e A
A%%S /338 as selected for sulfate and0.9 for elemental sulfur), the model broadly
matches most, but not all, of the shale and carbonate dat&2(68). In order to explain
the mismatch between the data and the maee®kral possibilities can be considered.
For example, the elemental sulfur endmember composition could vary in time (and
pehaps spatially), and in %¥So#e<-09nDuengv al s be
atmospheric photochemical reactions with sulfur dioxide (or other gases) there could
also be a third endmember composition, thereby forming a triangular mixing field in
A%®S /338 space that would encompass all of the pyrite compositioaige measured
(Fig. 26A). lsuggest that &S P15 from ¢he Camawineh A
Dolomite captureda sulfate signal that was distinct from elemental sulfur in the

Jeerinah shals w¥st/H#S 28.9.

2.5.4. Causes of temporal and spatial variability of sulfur isotopes

The var i BSwithiniard petwedn fadies (or formations) is interpreted
to reflect variable contributions of the two recognized atmospheric sourceatpeh
by various exchange processes and reactions occurring infoyniag environments.
This variation may also record ch®xnhges in
produced by atmospheric che®Swltesipbth The var

the AIDP-2 and AIDR3 cores increases up section through the Jeerinah Formation.
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This probably results from cRaeeanenabS cont ri
endmember, and fromMS®e r i ved sul f i &8 sigwatutehvaramtiomse gat i v e
int he a v¥%Srcamgpesitioh of samples (e.g. Kaufman et al., 2007) or the
rel ati ons % p a B8 todpositions fe.g. Zerkle et al., 2012) may also
correspond with geographic or temporal changes in the atmospheric reactions that
produce sulfurdotope anomalies. Both experimental data and geochemical models
suggest that changes in the production #8dabundance of photolytics $nay be
controlled by (i) the rate of volcanic outgassing of2%0no et al., 2003, Ono et al,
2013), (ii) the balance of S@nd HS in the atmosphere (Halevy et al., 2010), and (iii)
variations ofatmospheric Ckthat could induce changes in atmospheric chemistry
alone (Ono et al.,, 2003), or by transitions from h&ze to haze present states
(DomagaiGoldman et al., 2008; Zerkle et al., 2012). These environmental controls on
atmospheric reactions may be global or local in scope. The effect of local volcanic
activity might influencepSQ: or the balance of SQo HzS (or other sulfur gases) in
the atmosphere over the basin margin. On the other hand, such changes may also reflect
long-term switches from submarine to subaerial volcanism (Halevy et al.,, 2010;
Galllard et al., 2011). Speculatively, changes in the flux ethiame to the atmosphere
and the progressive development of an organic haze may explain the two very different
A%S trends between formations and variations within formations.

A homogeneous organic haze is formed at high altitude (~60ckrhas haze
paricles settle and grow, its structure becomes stable around 20 km altitude and
heterogeneous with latitude (Wolf and Toon, 2010). This heterogeneity expresses as a

thinner organic haze (and lower optical depth) in low latitudes due to vertical
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atmospheric mtions (Fig. 4S in Wolf and Toon, 2010). If an organic haze controlled
the multiple sulfur isotope signal, the regional productions@ioBld lead to variations

in its signal as a function of latitude. For example, elemental sulfur formed and
deposited irtropical regions (where organic haze is thin) at the same time would have
different isotopic composition thers ®&rmed in midlatitude (where organic haze is
thick). On the other hand, if the oceanic sulfate 18I6ignal was well mixed even from
multiple local sources, the products from these two endmember atmospheric fluxes

could have been decoupled on a basinal scale.
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Figure2. 7. Cr o s%S /%l ovi&Cugvhluesior shale and carbonate facies from this
study and Zerkle et al., 2012, for co’pg3%=i son.
0.9. Uncertainties shown are 240.

The equivalence of the thin impact spherule bed in ABDRith the thick
spherulebearing carbonate breccia in AIEP(along with available age constraints)
implies that the deposition of some portion of Carawine Dolomite in ADdéhd
RDHD-2 above breccia interval was contemporaneous with the upper ~10 m of the
Jeerinah Formatioin WRL-1 and AIDR3. If true, the latter accumulated in distal deep
water settings at the same time as the former formed in shallow intertidal to supratidal

environments. If the atmospheric organic haze was structured rather than uniform, the
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Carawine Dtomite possessegglobaly mixed sulfur isotopic signal while the Jeerinah
Formation (in AIDR3) preservealocal signal from thirhaze (or nofhaze) portion of
the atmosphere. If the deposition of two enedmbers was controllday latitude then
thiswod d expl ai n %% /HB prasénfed by the Qatawink Dolomite when
compared to the upper Jeerinah Formation in ABdhd WRIL:1. (Fig.2.5). As noted
by Izon et al. (2015), even if Jeerinah organic matter is strongly depléf&] inlacks
asijpi fi cant ¥N/PS dope fronm0.9 suygestidy nehaze photolytic §
signal. Carawine samples with the same degréi€adepletion as observed in Jeerinah
shale (Fig.27) notabl y d%f3Snneuch anores negapve tha®.9

implying a photolytic signal associated with an organic haze.

2.5.4. Photosynthesis anddon isotop&ariationsbelow hazy atmosphere

The presence adn organic haze would have shielded surface environments
from harmful UV radiation that would allow ammonia (a strong greenhouse gas) to
accumulate in the lower atmosphere, and have shifted upward the peak wavelength of
solar radiation reaching the oceans (Wolf and Toon, 2010). Insofar as an organic haze
in the Neoarchean atrsphere would scatter and absorb UV and visible wavelengths
(Wolf and Toon, 2010), it may have influenced photosynthetic reactions and primary
productivity. In this regard, the pigments used during anoxygenic photosynthesis differ
from those associated wittxygenic photosynthesis in their molecular details and peak
wavelength of light absorbed. Notably the peak absorption wavelength for chlorophyll
a used by oxygeproducing plants and cyanobacteria is -PO0@ nm less than the
bacteriochlorophylls used daug anoxygenic photosynthesis. The development of a

significant haze may thus have shifted primary production of organic matter towards
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anoxygenic photosynthesis where the electrons necessary to drive the metabolic
activity ultimatdy come from the oxidatio of HoS or Fe(ll) (rather than fromJd in
oxygenic photosynthesis). Photoferroautotrophy, which has been suggested as the
dominant source of primary production in the Archean (Canfield et al., 2006), may not
have been a significant metabolism in enviremts where the Carawine Dolomite
accumulated (Czaja et al., 2010). Insofar as-owidizing bacteria use carotenoids that
absorb visible light with wavelengths <600nm (Hegler et al., 2008), the metabolic
process would have been diminished in the presefh@n organic haze. Instead,
autotrophic sulfuioxidizing bacteria could have been the main primary producers in
these settings.

In light of differences 0B'*Corg compositionsn the Jeerinahand Carawine
formations (Fig. 2.8)tiis interesting t@peculate on the dominant metabolic processes
in the shale and carbonate environments, respectiPeguiously, Eigenbrode and
Freeman (2006) interpreted the significdi@ d e p | e t wvalueg asilotv hs &
ca.-50%) of organi c Iesadlongewith relativé®C eneiahinemtanh s h a
Carawine carbonates) as a function of chemosynthetic relative to photosynthetic inputs.
The former metabolic pathway would dominate in anoxic deaf@r environments
where methane was produced by fermentative gases, while the latter would be
promoted in oxidized habitats where aerobic ecosystems prolifekdyestudy of the
AIDP-2 and AIDR3 cores confirms these empirical results and further documents the
greatest degree dfC enrichment in carbonatsound oganic carbon in interval 11|
above the Carawine impact brecarad upper part of interval Il (Figs. 2.2 owever,

if a methane haze dominated the Neoarchean atmosphere and promoted anoxygenic
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photosynthesis, the carbon isotope contrast between shaleadowhate lithofacies

may have otherwise been dependent on the dominant anaerobic microbial community.

Jeerinah
@) (©]
Carawine
-50 -z;s -z;o -3'.5 -310
sBC (%o)

Figure 2.8. Carbon isotopic compositions of samples from the Jeerinah and Carawine
formations. Boxes represent 99% confidence interval. Grey circles r é3Coij of samples.
Yellow lines indicate mean values.

The two major groups of anoxygenic photosynthesizers are the purple (PSB)
and green (GSB) sulfur bacteria. Like plants and cyanobacteria that progute O
PSB fix CQ using Rubisco in the Calvin Cycle. In contrast, the GSB utilize @0
fix carbon into organic matter in the reverse TCA cycle. The carbon isotope
compositions of dissolved GGnd HCQ differ by 81 0 % a't equil i brium,
organic matter produced §SB should be similarly enriched 1C (see empirical
results presented in Zyakun et al., 2009). This observation provides an alternative
explanation for théC enrichment of organic matter in the Carawine Dolomite. If
correct, a significant fraction dhe preserved organic matter in these Neoarchean

successions may have formed through anoxygenic photosynthesis.

2.6. Conclusions

The correlation of impact spherule layers in the AIDBnd AIDR3 cores

provides a unique timeline to compare the sedimentary geochemistry of shallow and
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deep water lithofacies that accumulated across the Hamersley Basin shelf. The
correlation indicateshe equivalence of deep water shale and intertidal to supratidal

carbonate lithologies, which have contrasting multiple sulfur and carbon isotope
compositions. These appear to reflect the differential preservation of the two proposed

fluxes of MIFSfromananoxi ¢ at mosphere (i.e.>3Sel ement ¢
and sulfate *8)tHn nnedadeatitvveo Aenvi r o*Sment s. |
fractionation and®S enrichments in CAP from samples of the Carawine Dolomite

relative to the Jeerinah Formation khand limestone data suggest a role for the

biological redistribution of multiple sulfur isotope compositions via MSR.
Furthermore, deviations of the Carawine sulfur isotope data away from arrays

( ®BS 28 a %8 /3M) that typically define Neoarcheanccessions support the

likelihood of an organic hazéominated atmosphere, which may have been episodic

or continuous, resulting in either regional or global effeésrthermore, hazy

atmosphere could influence photosynthetic community and leflotwishing of

anoxygenic photosynthesire (e.g. sulfuoxidizing bacteria)
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2.7. Supplementargnaterials

AIDP-2 2cm

146.82-146.84m  177.90.177.92m  179.19-179.2Im  |80.87-180.89m

202.52-202.54m

200.87-200.89m

194.40-194-42m

195.40-195.42m

20533-20535m  206.32-206.34m  24529.24531m  247.31-247.33m

256.14-256.16m

255.21-255.23m
275.77-275.79m 293.63-293.65m

168.44-168.46m 180.35-180.37m

AIDP-3

75.86-75.88m 139.74-139.76m

Figure 29. Billets of some carbonate and shale samples whergrjte microscopic grains and
laminations were drilled for sulfur isotopic analyses (places of drilling are shown by red
circles)
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Figure 2.10. Comparison of SOSO; (UMD) and SFs (Harvard) measurements for rare sulfur
isotopes from AIDP-2 and AIDP-3 cores. Uncertainties of S&60;t e c hni que ar ¢
while for SFemethod they are within sizes of the data points.
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O3Corg OB3Corg | Difference

Sample | hot 6M HCIl | 3M HCI

127.47 -39.5 -33.25 6.25
130.52 -38.7 -35.73 2.97
134.76 -32.9 -30.28 2.62
136.24 -33.3 -15.85 17.45
138.86 -33.6 -27.74 5.86
151.82 -33.0 -32.26 0.74
153.15 -32.8 -29.59 3.21
156.45 -32.4 -28.1 4.3
158.11 -31.6 -27.03 4.57
160.35 -31.9 -32.13 -0.23
164.34 -29.5 -29.43 0.07
170.57 -32.6 -30.05 2.55
173.59 -38.9 -36.52 2.38
175.11 -32.6 -32.25 0.35
181.9 -34.0 -33.05 0.95
183.91 -30.0 -19.69 10.31
188.03 -34.3 -26.73 7.57
189.41 -33.5 -24.54 8.96
192.26 -34.7 -31.96 2.74
242.65 -34.4 -33.89 0.51
251.41 -34.5 -34.31 0.19
251.91 -33.7 -31.46 2.24
265.51 -34.2 -34.09 0.11
283.63 -34.8 -33.64 1.16

Table 2.1. Comparison obrganic matter carbon isotopic composition in some samples from
carbonate facies of the AIDP2 core treated by 3MHCI at UMD and hot 6M HCI at UW.
Technique using hot 6M HCI acid removes carbonates minerals better than 3M HCI.
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Litholog TOC . . .
Core TIC (wt.%) Ulscorg S (wWt.%) U%Cearb U*®Ocarb
y (Wt.%)
] 4.6-98.8 -
Jeerinah 5.16%x|42.1542.06= -:12. 611
(av. 15.49, 9. 73+
Shale (n=124) (n=124) (n=25) (n=7)
n=124) (n=7)
Jeerinah -
) 87.07+|0. 15+ -38.3840. 15+= 9.87%
AIDP-2 | Limeston 0. 35+%
(n=13) (n=13) (n=13) (n=10) (n=7)
e (n=7)
Carawine 0.60=
) 94.1+7 0. 2+0 -38. 841 0.26%| 6. 351
Dolomite (n=60) (n=60) (n=60) (av. 0.60, (n=7) (n=7)
n= n= n= n= n=
(carb) n=47)
Jeerinah| 14. 00+ 4. 87+ -42.1542.27+%
AIDP-3
Shale (n=128) (n=128) (n=128) (n=95)

Table 2.2. Average geochemical parameters for differentithological units in the AIDP-2 and
AIDP -3 cores
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ChaptMircrBdmeidi stketiur cyclimamg nien s
Neoarchean carBBonate environment

Abstract

The Neoarchean period (2285 Ga) is characterized by large M#-signals
and evidence for periods of organic haze inferred from sulfur and carbon isotope
anomalies observed deep marine platforrshak facies.In this studymultiple sulfur
and carbongotopemeasurements of2+7-2.5 Ga carbonate facies frasaveralcores
drilled in Western Australia and South Afriegere conducteth order tounderstand
isotopic deviations from the Archean Reference Array (ARA), which has been
primarily defined on the dsis of pyrite measurements in shaldsing a statistical
Gaussian mixture model to analyze the multiple sulfur isottgia, | identify two
subpopulations: ond¢hat shares characteristics with the previously definddAA
(A*S~0.9x3*S) and is attribute@ photolytic originandasecondne thafollows the
empiricalrelationshipA®*3S~0.18*S, defined byanarrow range of positiva*3Svalues
but a remarkablyide range ob**Scompositionsi p  t o Net&8oB,%.significant
changes iM\*S/A3S are observeth the same data sémdicating stable atmospheric
sulfur chemistry. The second subpopulatidely resulted from biological and
environmental contrelon &S andA¥Sin marine system undésw sulfate conditions
Model results suggestdhthe silfur isotopic compositions dfS-enriched pyrites were
controlled by a reservoir effect associated with intensive microbial sulfate reduction
thatcontrolledthe isotopic composition of water colurand/or poresulfate.The snall
positive A%S signalspreserved in thegeyrites also suggesiat theyincorporaed p

to 2035% photolytic elemental sulfur. €shallow sulfur isotope arrawhich is
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notablyassociated witsamples that aféC-enrichedn organic mattersuggests: tight
linkage between microbial transformations of photolytic sulfur species in shallow
environments and carbon cycling driven sfayffur phototrophs and microbial sulfate

reduction

3.1. Introduction

Massindependent fractionation of sulfur isotopes (MBffound in Achean
sedimentary rocks is one of the kggochemical observations supportang oxygen
poor Archean atmosphere (Farquhar et al. a0@uch anatmospheravould lack a
definedozone layefPavlovand Kasting, 2002Wwhich would have impacted surface
biotawith harmful UV radiation, and could have profoundly altereddiahean sulfur
cycle. Under Archeanconditions,the main sulfur source was volcanic. Once in the
atmosphere, sulfelbbearinggasesunderwent photolytic reactiong/ith their products
acquiing MIF-S that vere ultimatelypreserved in the Archeasedimentaryrecords
(e.g. Kasting, 2001). According tboth models and experiments, these reactions
produced distinct MIFS signals for sulfate, which had negatié®S and &*S*
compositiongwith positiveA*S! valueg, while elemental sulfur had positiv&3S and
&*S (but negativeA**S valued (Farquhar et al., 200Masterson et al., 2011).

Archeansedimentaryecords preserve a diverse range of lithological facies.

The most studied for sulfur isotopbsingblack shalewhich in theNeoarchean are

IABS  33-500q( 1 #S/00J55—1) andA®S  3S-F00q(1+
5°*S/1000%°°— 1) characterize massdependent fractionation of sulfur isotopes

(MIF-S) at norzero values.

1 3 ——®" 5 o mwhere x3, 4, or 6

O0A
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characterized by positiv&**Sand a weHdefined positive correlation betwediS and
A*3S values(Ono et al., 203; Kaufman et al., 2007). Thapirically defined slope of
this array isA**S/3*S=  QOsreferred toasthe ArchearReferenceArray (ARA, Ono
et al., 2009)which isinterpreted as a mixing line between two-enembers ultimately
derived from photolytic atmospheric reactions (Ono et al., 2003). Overproftitng
atmospheric signal would have been medidtganassdependent effects associated
with microbial sulfate rduction (MSR)and other sulfur cyaig processes (Ono et al.,
2006; Kaufman et al., 2007 Some authors have argued that the preservation of this
array indicates that MSR did not play a significant role in Archean sulfur cycling (e.g.
Johnston et al., 20)11However,multiple sulfur isotopesvidence from Neoarchean
carbonate facies of the Batatal FormatiomBrazil arguefor overprinting byMSR in
shallow environmentas evidencedfrodfS f r acti onati ons exceedi n.
very lowmarinesulfate cacentration (Zhelezinskaia et al, 2014).

The ratio ofA**Sto A*Sin Archean sedimentanyyrite hasbeen observetb
berelatively stable acrossoststratigraphidntervals (Kaufman et al., 20pFarquhar
et al., 2013)with a mean valuef -0.9. This relationship has been interpreted similarly
to the ARA, and is attributed toixing betweerthetwo products of a relatively stable
atmospheric sulfur photochemistry. In some cdsesgver variations from this linear
array have beeabservd (Farquhar et al., 200Zerkle et al., 2012zon et al., 2015)
andinterpreted to reflecshifts in atmosphericomposition Zerkle et al(2012 and
later Izon et al(2015) argud that for some Neoarchean shdacies, A¥SY 334
variations (in concet with negative stratigraphic deviations &°Corg) reflect the

establishment o&n atmosphericorganic haze. The periods of hazy atmosplases
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inferred to have beeshort of ~1 million yearand driverby episodic fluxe®f biogenic
CHa from surface environmen(izon et al., 2017).

Fewer studies have focused omultiple sulfur isotope compositionsn
Neoarcheancarbonates Given that carbonates areiidely distributed througbut
Neoarcheasuccessiongsrotzingerand Jame=2000), furtherstudy ofpyrite inthese
faciesis warranted. This study, therefore, focuses on Neoarotedonate platforms
from multiple locations deposited dhe oceanic margins of th€aapvaal (South
Africa) and Pilbara (Western Australia) cratomere, sulfur ard carbonisotopic
compositions from carbonate faciae reported and useéd shed light on processes
operating intheNeoarchean oceawhere shallow carbonate platforms were deposited
These data are comparedihe extensive existing shale dadadeternme how sulfur

cycling in shallower platform environments differed from those of deaer settings

3.2.  Materials

Samples for this study came frooores drilled inthe Kaapvaal CratonSouth
Africa) andthe Pilbara Craton/festern Australip In November 2013 African samples
were collected fronthe AgouroninstituteGKF01(n=9)and GKP0Xn=10)cores (Fig.
3.10 drilled approximately 24 km apagnd currently archived at th&mithsonian
Institution Samples includ®carbonate facies fromime Klein Naute, Nauga, Reivilo,
and Boomplaas formationghe GKFOL1 core represents a proximal position on the
platform slope, while the GKPO1 core indicates more distal position on the slope
(Schibeder et al., 2006)n addition to carbonates from these twoesprcarbonate
powder samples (n=53) froamothercore(Kathuor BH1-SachaFig. 3.10 drilled in

1988 (Altermann and Siegfried, 1997) were provided by ®arethlzon. These
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samples extend and complemeshialesamplesfrom the same coréGhaap Plateau
facieg that have been previoustgported(lzon et al., 2015)The BHXSacha core
capture shallow water platfornenvironments andepresents much shallower facies
thanthe twoAgouroninstitutecores (Fischer et al., 2008amplesstudied herevere
collected from the Vryburg, Monteville, Reivilo, Gamohaan, Boomplaas, Klipfontein
Heuwel, Papkuil, Klippan, and Kogelbeen formatiofise age of the Campbellrand
Subgroup is constrained by the age ofdherlyingK ur uman | ron For mati ol
Ma;Sumner and Bowring, 1996) and the underly
Ma; Armstrong et al., 1991).

Samples fromWesternAustralia were donated byDr. Bruce Simonsorat
Oberlin Collegein Ohio, from his collection of samples frorthe Billygoat (BB),
PearandPR), Ripon Hills(RP), and Range Gorg®G) cores(Fig 3.11). These~2.6
2.45 Ga sedimentary formatioase part of theMount Bruce Supergroup preserved
within the Hamersley Provincen thePilbara CratonFive samples from thRG core
representhte Wittenoom Formatigrwhereas amples from the BB (n=7PR (n=13)
and RP (n=4) cores are from the Carawine Format@edimentary textures in
Wittenoom carbonate rocks (thin lamination, turbidites,-upll structures) were
interpreted as depositénl deeper water environments, including the carbonate slope
and basin floor at several hundred meters depth (Simonson et al., 1993). The Carawine
Dolomite outcrops in the northeastern part of the Hamersley Group along the Oakover
Syncline (Simonson et al., 199 it restsovereither the Marra Mamba Iron Formation
or the Jeerinah Formation. The Carawine Dolomite consists of dolomite, some argillite

in the form of thin interbeds, and cherty nodules. Rare ferroan carbonate minerals have
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been observed, but no listenesare known for this stratéAccording to a detailed
sedimentological study, the Carawine Dolomite formed in intertidal to subtidal
environments (down to the lower limit of the photic zane-100m)asevidenced by

the presence of stromatolites, ontad, wave ripples, pseudomorphs after gypsum, and
pisolitic textures (Simonson et al., 1993; Simonson and Jarvis, 1993). The Carawine
Dolomite, once believed to be equivalent to tMgtenoom Formatior2 56 1 +,8 Ma
Trendall et al., 1998)is now known to & older This assessment msed orlJ-Pb

zircon analyssindicating thattuff layer within the Carawine Dolomiie2 6 3 0 £+ 6 Ma
(Rasmussen et a., 2005Given this age constraint, the Carawinemsst likely
correlative withupper portion othe Jeerinah Formation frothe eastern part of the

Hamersley Basiffpreviously known as the Lewan Shale)

3.3. Methods

Carbonate samples were crushed with a ceramic pestle and mortar. On average
15 to 20 grams of powder were acidified with 3M HCABOOmML pyrexbeaker. After
effervescence ceased, gs@utions withresidues were transferred to 50 mL centrifuge
tubes, centrifuged and decanted; then a new aliquot of acid was addsdrihat all
carbonatevavequantitatively reacted. MilQ-H20 wasthen usedepeatedlyto wash
the residue®f acid After centrifugtion the solutims were decaited andresidues
driedinanoven at ~50°C overnight. The differenc
the acidified residue was determined to calculatertitialipercentage of carbonate.

After acidification residues were used for chromeglucible sulfur (CRS)
extractions. For whole rocks, the method is described in Canfield et al. (1986) where

hot 5M HCI is used to liberate acid volatile sulfur (AV8)Cr(Il) reduction solution
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is subsequentlyised to extract sulfur from pyri@nd other disulfidesThis process

takes about 3.5 hours during which hydrogen sulfide gas is released and trapped in a
0.3M AgNG:s solutionby theformation of Ag2S. Precipitatesvere aged for one week

in the dark to allow silver metal and silver hydroxide contaminants to be dissolved into
the nitrate solution. Then the &§ samples were filtered, washed with 1M 40 and
ultrapure Milli-Q-H20 , and dried at Dbrieht€of sampmes wareg ht .
determined by weighing A& residues and recalculating sulfur concentration for the
bulk rock based on the percent of carbonate content.

Silver sulfide samples {2 mg) were weighed and sealed in aluminum
capsules for fluorination ralyses. Silver sulfide precipitates were loaded into Ni
reactonvessels with fluorine gas and kheated
The Sk gas was purified through several steps of cryogenic separation, passivation,
and gaschromatographic sepdran. Purified Sk was loaded into the bellows of the
ThermoFinnigan MAT 2538nassspectrometein the Stable Isotope Laboratory at the
University of Maryland, College Park. The isotopic ratios were determined by the
intensity of SE"ion beams at masses712.28, 129, and 131. The uncertaintiese
estimatedtob® . 14, 0. 00 8 S sl @ Adspktticelybaskd on
long-term analyss of standard materials.

Isotope neasurements of organic carbon were done using a Eurovector
elemental angker and Elementar Isoprime continuous flow isotope ratio mass
spectrometerin the UMD Paleoclimate ColLaboratorfror CQ measurements
acidified residues were weighed together

cups were sequentially dropped withpalsed Q purge of 12 ml into a catalytic
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combustion reactor of a Eurovector el ement
The reaction column was packed with chromium oxide and silvered cobaltous/cobaltic

oxide and heated to 10%D and the analyte aldtows through a second column at

650°C packed with high purity reduced copper wire farr@sorption. The COwas

separated from other gases with-an 3tainless steel GC column gad with Porapak

Q h e at e&€dTimedpuléed df COeference gas (Airgas 99.999% purDg nA)

were introduced at the beginning of the run using an injector connected to the IRMS

with a fixed open ratio split. The isotope ratios of reference and sample peaks were
determined by monitoring ion beam interes relative to background values. The cycle

time for these analyses was 430 s with reference gas injection as twe puB

beginning at 15 and 60 s. Samplex@®aks begin at 200 s and return to baseline around

240 s. Carbon isotope ratios were dati@ed by comparing integrated peak areas of

m/z 45 and 44 for the reference and sample @@xses, relative to the baseline that is

appr oxi matla The bazkgrsundlh@ight was established from the left limit

of the sample C&peak. Isotopic resultgre expressed in the delta notation as per mil

( %o) deviations from t he-PDB) stanceal. TReeweea Dee Be
standards were measured between each set of 10 samples and uncertainties for each
analytical session based on these standard asalyee determined to be better than

0. 1 %o (10)

3.4. Results

Results fronthis sulfur and carbon isotope study are presented in Bable
and illustrated in Figurd.1. The carbonate content of samples frahe Western

Australian cores RG, BB and RP andflwd the samples from the RP core are greater
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than95% Similarly, all samples from the Sou#tfrican cores exceptthosefrom the
Klein Naute, Vryburg, and Boomplaas formatiphave more than 90%f carbonate
Sulfur conterd vary between formations armbres with carbonatesf the Hamersley
Group(Carawine 2 1 8 + 1 7 dnd Wigenoom 3 0 2 + dpM) Javng less sulfur
than those from the Gha&aproup (<2000 ppm with extremeabundancesn the
Gamohaan and Reivil@mrmations from the BHBacha corg(Table3.2)

The sotopic signatures of carbonatssociated pyrite (CAP) from both the
South African and Western Australian successiang similar trendslthoughsome
differences are apparent. The isotopic composition of CAP from the Hamersley Group
ranges betweefV.2 to0 +20.%o f o #*Sabd from4 . 0 t o +4S. @nptwbor A
samples from the Carawine FormatioR@or e) hav e 3Sandhnegatieeg at i ve
A®3S signatures (Fig.1). Sample PRL3, which was analyzed twice, revealed the most
n e g a t>38 vakiekndwn for bulk Archeanrockat4 . 0 %. Pyrites from t
Group exhibit &S qluesdrone7r. 9r atnog e+ 3o0lf. 780, yet o
samples Av e n e Yavalues EigDl); in contrast A>S values are positive

ranging from +0.4 to +9. 4 %.
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Figure 3.1.Crossp | 01t3So fv eq¥*S u a 8 e r3 vaties dor bulk rock
from this study together with published data forcomparison from South Africa (GKFO01 core
data from Ono et al., 2009 and Zerkle et al., 2012, and SachB from Izon et al., 2015) and
Western Australia (Izon et al., 2015: from WRL1 (Wittenoom Fm.) and RHDH2a (Carawine

Fm.) cores). This study revealedpyrt e composi t i on s 3Sandwide mngadf
posi #% viep it o 21 and 32&a4 for Western Aust

More than half of African samples (in the Boomplaas, Nauga, Monteville,
Vryburg, Reivilo (for BHXSachacore), and Gamohaan formations) and Wittenoom
pyrites *%&8" relationship sirhilar to ttdefined by the ARAKaufman et
al., 2007;0no0 et al., 2009Zerkle et al., 2012) (Fig.1). With the exception of a few

samples from the R core, sulfurisotopic compositions of carbonates like those
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reported for the Carawine anéSwilieg@nenoom f o
et al., 2003Partridge et al., 2008) were not seen in the new collection of samples (see
Fig. 3.1). Most of the pyrites fronthe Carawine Formation do not follow ARBAut
rather have 3Smalled( apesiagieve +A %S valoed, positi
ranging from +3 to +21 % The same trend i
Reivilo Formation (GKFO1 core) and from the Montey Papkuil, Kogelbeen, and
Klippan formations (BHiSacha) . Here pyrites d®monstr at
(average ~1%) & vhluesiangimg frombn g e 0+f3 2.

For comparison, very large positi@’Sv al ues afdsigmatmas | A
were published from CAS (carbonatssociated sulfate) from Archean carbonates
(DomagalGoldman et al., 2008). Recently, Gregory et al. (2015) reported data from
microanalyses of CAP measured by SHRIMP techniques with posifSealues (up
t o + 16 %)Pardbardoo Mdmber of the WittenoowriRation but most of the
A%3S measurements were slightly negative with an average valuelofoMeyer et
al. (2017 using a SIMS technique conducted measurements of pyrites from the
Lokammona For3sastiigonm| wiutph tédo +27 % 33nd sl i gl

compositions
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3.5. Cluster analysis

| was intrigued by the possible existence of tdiscreteA3S-3%S arrays
defined by thé\frican and Australian pyrite isotopic compositiqi#g. 3.1): onearray
followingtheA RA wh3sr e AJS a@dandther following a morshallowtrend
defined approinately byA®3S  21x S. In order teevaluate the likelihood that these

define two different populations$ applied Gaussian mixture mod€lGMM, Fraley

and Raftery, 1998) using MatLabtode Formation | cluster 1| cluster?

Boomplaas 8
(MATLAB, 2015) to the data. In these Gamohaan 9

Klein Naute 1 1

models both diagonal or @l covariance K'}'gifsg;'” 1 )

]

. Kogelbeen 4

matrices, and shared or unshared;.:EE> Mo?]tevi”e 5 2

Nauga 4 1

covariance matriceswere tested(Fig. Papkuil 2 8
Reivilo_Sacha 10

3.12). According tothese analyse the best Reivilo GKFO1} 1 5
Vryburg 4

. . . «© Wittenoom 4 1

GMM fit was realized if the model S [ Carawine_BB Z 3

] @ | Carawine_RP 2 2

included two components anda full- < [ Carawine_PR 3 10

Table 3.1. Number of samples in formations
unshared covariance matrix structure (Fig.that were assigned to each cluster bthe

Gaussian mixture model
3.13). Full covariance matrices allow for
correlated predictors and unshared covariance matrices indicate that all components
have their own covariance matrix.
Resultshighlighting theseparation of data into two clusters are presented in
Fig. 3.2 and Table 3.1The first cluster (1) refers tthe datathatfollowsthe ARA, and
the second cluster (I1) scats@roundtheshallow trend witta wide range o5**Svalues

andanarrow rang in A*3S. Table3.1 reveals the formation level division of the data

into eithe cluster | or I1.While the overlap of some samples makes the cluster analysis
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somewhat arbitrary (Fig. 3.14l) further evaluate the likelihood that these represent
different environmental conditioris/ performinga statistical analysis on the data sets

identified by the GMM.
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Figure 3.2. Crossp | o t 33So fv3¥3yfleftYia n d*¢S g v BS.(right) values of all data from this
study divided using cluster analysis (see text). Cluster | (blue circles) is a set of data
approximately scattered around ARA and Cluster Il (red circles)represents theset of
analysesthat define the significantly shallower trend.

Plotting®Sdagai he¥sS,yeldea no sfatisticalyasolvable
differences btween cluster | anduwster Il (Fig.3.2). However, close inspection of the
position of points relative to the ARA, reveals that almost all clustitd plot slightly
above the Archean arrayhile cluster | points scatter around it. The few samples that
strongly deviate from the ARA are from the Carawinenkation (see Chapter 2).
Below| focus on providing possible environmental and biologgaglanations for the
difference between the two clusters.

Considering other geochemical parameters that were measured on these same
samples, there mipport foran environmental control dhe sulfur isotope differences
between clusters. Clustesamples contained less carbonatefage~88%) andmnore
t han

negativedCorg values(average ~3 2 %o) sclasteplll (wite avérage m
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values of ~95%and ~2%o, respectively). Similarly, the concentration of pyrite sulfur
in cluster | (2800 ppm) is6x higher than for cluster Il (400 ppm) (Fig. 3.3), and

samples with higher sulfur abundances typicallg r r y mo r 3 signasgFigt i v e
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Figure 3.3. Crossplotsofthec oncent r at i on o ®Scanpositionsyleftyand f
carbonat e ¥Ggvales(right)fos all daia from this study separated using cluster
analysis (see text) with average calculated valuédiamonds)for each clustershown

3.6. Discussion

A first step in seeking to understand the origin and geological significdnce

clusters | and lIs to ask whether the subpopulatimindatain cluster Iconforms with

the already known ARA (Ono et aR003;Kaufman et al., 2007) anot Given the
similar isotopic characteristics and common Archean ages, the principle of parsimony
would dictate that the two are related. Therefdres reasonable to suggest tlihé

origin of theisotopic varability in cluster larises fromthe mixing of two products of
sulfur chemistry formed in the anoxic Neoarchean atmosphere. The generation of
Il however, would

cluster likely involve a different type of atmospheric

photochemistry, or additional madspendent and environmentatlyiven processes
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that overprints thdormer and thereby spreads the sulfur isotopic population in a

heretofore unknown region.

3.6.1. A non-photochemical origifior thenew shallow array

Photochemical experiments with SQ@emonstrate that sulfur isotopic
relationships forA®3S-8*'S and A¥®S-A%S depend on the wavelengths of incident
radiation (Masterson et al., 20Mhitehill et al., 20140no et al., 2013). Thestudies
demonstrateéthat photolysis reactions, which occtimavelengths in the 19220 nm
range yieldA*35/3%S ~ 3 andA®S/A®S < -2. At wavelength between 300 and 350
during SQ photoexcitation, products were shown to have compositionsAtith ~
0 . B8 andA®SIA*S> 1 (Fig.3.4; Ono et al., 2013, Whitehill et al., 2012). The
combination of these effects, with thed#tnal involvement of masdependent
fractionation processes, has been invoked as a possible souttee fange oMIF-S
compositionsalongthe Archean ARAEndo et al., 2016)Similarly, the observation
of variations in théA®S/A33S of sample sets from some Archean sudoesshave been
used to argue farhanges in the atmospheric chemistry (Farquhar et al., 2007; Zerkle
et al., 2012; Izon et al. 2015). Significant variaioanA®°S / 33SAand small MIFS in
the Archean wer@bservedn the period between 3.2 to 2.7 Ga, wheedimentary
sul fur preserved *S valoesno gréaert B a g nals@eMaibigsss A
A%%S /3381 -0.9 (Farquhar et al., 2007This wasnterpreted bypbomagaiGoldman et
al. (2008)to reflect a possible methane haki&kewise, Zerkle et al. (2012present
Neoarchean shale data waltorrelation betweemorenegative carbon isotopic data
(compar ed t HCoupvalurkagddeviatiomef AS®S /3¥Sto<-0.9(see Fig.

3.1), which wereproposé to reflect episodesof organic hazen the Neoarchean
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atmospherecaused by elevated methane concentratidiere are nacsignificant
changes i\*°S / 33S4Figs. 3.1,3.2,and3.4) between cluster | and clusterhbwever
soit is mare straightforward to explaiheshallowA33S - 3**Strendby the contribution

of a process thas neither atmospherioor massindependent.
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Figure 34. Crossplotso f S v34S. al?®8 @¥S valups of all data from this study
separatedusing cluster analysis. Orange fields represent combined results of S@hotolysis
experiments (Farquhar et al., 2000, Ono et al., 2013, Endo et al., 20%8)ile the green fields
are SO: photoexcitation experiments (Whitehill et al., 2014, Endo et al., 26}

3.6.2. A massdependenorigin for the newshallow array

3.6.2.1.Microbial sulfur cycling by microbial sulfate reduction

Large var¥avaiabos smyratafdcluster Il could equally
reflect masslependent process such as microbial sulfate reduction. MSR requires
sulfate that for the Archean should have hade g a t335 composhtion(Ono et al.,
2003, Zhelezinskaia et al., 2014); howevenpted thafpyrites of cluster Il frommy
dat a hav e *SasigmaivesThis mighteesulk from the biological reduction of
seawater sulfatthatp 0 s s e s s e &S, psovas ptoposddom £AS analyses by
an ICRMS technique inanother locality(Paris et al. 2014), but thisview is

problematic In particular, ecentfine-scale fnm to mm) studies 6 pyrites fromthe
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Carawine Chapter 2andWittenoomdolomites(Gregory et al., 2013long with those
from Neoarchearcarbonates irSouth African successiongFarquhar et al., 2013
Fischer et al., 2014Meyer et al., 2017)avealsmall scale heterogeneity in pyrite
multiple sulfur isotopecompositios. This observatiorsuggest that pyrite formed
from twosulfurr eser voi r s, o’isattribuied tgphotolgigsalfate and A
anot her wi%Shtrimedtetl iewne nAal sul fur®SofThe smal
these samples is thus interpreted to reflect mixing of sulfur derived from seawater
sul fate ( wiS)blmicrabigl arocesses with another elemental sulfur end
member (wi 3. positive A

Microbial sulfate reduction yields sulfidéat is incorporated intpyrite that
is **S-depleted Thus depending on the dominance of the reaction and the size of the
reservoir residual sulfatevould be shiftedo **S-enriched compositions. Assuming a
starting sulfat ¢ o mp o s i*Bof e+rnl OWe t(hOndo ®leyeratlal., 20172 0 0 3 ;
and n e YSvalues; MSRiould yield arange ofsulfidecompositionghatshould
occupy t h¥S naerdadields (Fig. 3.5), but these compositions were not
observed irthis study. Furthermorejdiogical and abiotic sulfide or elemental sulfur
oxidationprocesses alone produasly small fractiom t i o n s frodict%d)fatei n
(Fry et al., 1988; Zerkle et al., 200@ndthuscannot account foheo b s e r*3se d &
variations in tuster I.The observed r &9 gaerc® sighatu® si ti ve
therefore call for another mechan{®nOne possibility is for some combination o)
intermediate stepgrior to pyrite formation such as isotope exchange between sulfu

speciesii.) MSR operatingunder closed system conditions, )iiinvolvement of
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microbial metabolisms other than MSR, andlareservoir effect at low oceanic sulfate
concentration.

A”S

@ SDB<55%n_> 543

<59 /( Seawater : 0
MSR<50%o ‘ reservoir effect>30%o .

@<

Figure 3.5. Schematic model the Archean sulfur cycling and biolagal transformations with
c onst r a¥Siracdonatians inidifferent sulfur metabolisms (see text for references)

It has been suggested that if sulfide is present in combination with elemental
sulfur, then both compounds will rapidly equilibrattheir isotopic compositions
(Kamyshny et al., 2003Amrani et al., 2006). It has also been suggested for Archean
environments where elemental sulfur is constantly formed by atmospheric
photochemical reactions and sulfide is formed by MSR, that pyatdd accumulate
with an isotopic composition intermediate betwdleat ofthe sulfide and elemental
sul fur pool s. Because most o¥S vplyes, oiees fr or
could inferthat both the sulfide and the elemergalfurh a d p 0%Sivalies. e &
Moreover, since the sulfide produced by MSRycally fractionated to lower, often
n e g a 6 waleesjdeither means that MSR expressedy small fractionatiosin
these settings, which can happen when sulfate concentrations are low vainein

sulfate reduction rates are high (Habicht et al., 2002; Leavitt et al.,, 2018t sulfide
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production occurred ipore waterghat were somehowlosed to isotopic exchange

with external su’sf avtael.u e®b sheir(ptaet riesnim aonf 160 %o
cl ust er?3SI>I2 ) mdicate thad the isotopic composition of this sulfates

similarly enriched.The slight positiven®3S combined with strongly positive and

v ar i ¥dvhlwesoBpyritein this unique isotope array thusattributed © mixing

of sulfur from sulfide and elemental sulfur in a way that pyrite sulfur acquired both

posi ¥9 vaeds®signatures (Fid.5).

3.6.2.2.Sulfur disproportionation

Sulfur metabolisms such as disproportionation of sulfur compounds
(elemental sulfur, sulfite, etc.produce highly fractionated metabolic products
(Canfield et al. 1998Haicht et al., 1998Bdéttcheret al. 2001Johnston et al., 2005).
Given the likely flux from atmospherireactions, lemental sulfur disproportionation
was probablythe mostimportant among other disproportionation mechanisnthas
substrate was plentifuh Archeanocean waterIn carbonate sedimentslemental
sulfur could bedisproportionate to 3S-eniiched sulfate and*S-depleted hydrogen
sulfide (Fig.3.5). Culture experiments showed that sulfate gasmopic compositios
of up t o reldtiBe%to theelemental sulfurreactant(Bottcher et al., 2005).
Correspondingly, theylrogen sulfide becomes depleted’Sbyup t o 9% ( Canf i e
et al., 1994). MSRnightfurther reducé*S enriched sulfatén aclosed systejrso that
product hydrogen sulfide wilbe imparted witth i g h | y  PSovalies &§ 3v03%0 &
similar to thosebseved in theReivilo Formation (Fig3.1). Hydrogen sulfide derived
from disproportionation reactions could foffis-depleted pyritesf availableiron in

the pore water systefrecoms oxidized by the metabolic activities of phototrophic
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bacteria, or simplyescaps to seawater. In the pore water environment, sulfate
concentrations would increase through oxidation reactions, which would further
stimulate MSR. If correct, both the residual sulfate and resulting sulfide could become
34S enriched, andif incorporated into pyrite could preserve supdreavy (>2o)
compositions

Involvement of microbial disproportionation could thus be capafhyeslding
t he hi ghPg vapesasietoided én @dter |l data(Fig. 3.5). However, for
this mechanism taork, the primary elemental sulfur substrate for SDB must only have
carried a s*®admpositpro FhistconsusionAhowevegntrast with
inferences from experimentsnodels and dservations (Endo et al.,, 2016 and
references thereinit is thusconsidered improbable that SDB account foratrayof

pyrites in cluster Il (Fig 3.2 and 3).

3.6.2.3.Reservoir effect

Low sulfate concentration in the Archean ocean (Habicht et al.,; 2002
Zhelezinskaia et al., 201€rowe et al., 2014) could lddo a phenomenon known as
the* reservoir effect” . WhHene sulfagefisflimitng factos usual |
(Crowe et al., 20L4Canfield et al., 201,0Gomes and Hurtgen, 2013)cluding some
restricted basin arfgbrds (Sden et al., 1993). Ademonstrated in geochemicabdels
at low oceanicsulfate levelsareservoir effectnay havea greater impact thadirect
biological controls— even though concentrations were indirectly controlled by
microbial activitiefGomes and Hurtgen, 2019his geochemical model suggests that
due toi.) low sulfateabundance, ii.) rapid water column M&Riggesting anoxia), and

iii.) the water column precipitation of pyritboth sulfate and sulfid@earthe water
96



sedimentinterface wouldbecome®!S-enrichedrelatve to shallow more ventilated
conditions Dissolved slifide thataccumulated near the basin floor woulctbaverted
to pyriteas long as iron asavailable, with sulfursotopic composition close that of
the initial sulfate (Gomes and Hurtgen, 2013).

In Archean environments reservoir effect was probably responsible for
formation of sulfide athesedimenrtwat er i nter face thr¥%ugh MSR
and po%sSi tcilwesed to surface oceanjMeyeseul f ate -
al., 2017). Athe same time, sulfate thie sedimertwater interface would gain extreme
p os i t9 conparéd to contemporaneous free water column sulfate and to product
sulfide byav a | u &S fradtiondtion (Fig3.5). In modern low sulfate systems, pore
watersul at e approaches isotopic compositions 1
free water column sulfate (Gomes and Hurtgen, 2@sHuming that the sulfur isotope
fractionation expressed by MSR in the Archeaearwa s mor e t han 30% ( C
al., 2014 Zhelezinskaia et al., 2014)pttomwater sulfate mighthen haveacquirel

5**Sof> + 4cdriposition

3.6.2.4. Rayleigh distillation

The formation of super heavy pyrites has similarly been used as an indicator
of low Ediacaran Period sulfate levels (eRjes et al., 2009). In this model, pore water
sulfide produced by MSR might reach or exceed18asotopic composition of sulfate
due to a Rayleigh distillation procggsg, Ono et al., 2009)Culture experiments have
shown thaMSR typically yieldssulfide that is®Sd e pl et ed by > 1% ( Johr
2007; Ono et al., 200&helezinskaia et al., 2014), whichnstablynot observed in

cluster Il data(Fig. 3.2). For a Rayleigh process that distills S isotopes like that
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envisioned for the sulfate ph the®S will become enriched in the sulfate which may
explain the smaft®S enrichmenin cluster Ildata(Fig. 3.6)

To explore how bP%6Sslogpygad-O meremental batcht he A
distillati on m¥dSdractionaticmsb Qu%irendZheleririskaia &t al.,
2014) following fractionation laws of%a0510= 34y  3£yl/1-94 (see Johnston et al.,
2007). The calculations with constant fractionation are presented in3Bigor
parameterizati on i/ ¥Shslopeaf -0.8.tWhite she lisetapic ¢ = A
composition of residual sulfate lies above 106 array and the isotopic composition
of sulfide extends belowth®@ . 9 a r P*Qaicpmpositibnef residual sulfate is also
driven to extreme pos itheiRayeighvnaodleuaslssts foup t o
e x p e &8 e d 4f@msthe Cluster Ibata thenf is around 0.4. In this case modelled
sulfate compositions might explain isotopic compoasgiof pyrites from Cluster that
areslightly *°S-enriched compad to pyrites fom Cluster (Fig. 3.6).

In the Rayleigh distillation model describe, sulfide that formed at the
beginning of the proceswhich was**S- and3*S-depletedwould need to beemoved
from the system in order fareserve the enrichéfS-enrichedsignal inpyrite formed
by later MSR Conceptually this is possible if the first formed sulfide diffused out of
the pore water system through unconsolidated sediments, while the later sulfide was
trapped by progressive cementation of the sediments as MSR increase carbonate

saturation.
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Figure 3.6. Crossp | o t 33So fv ¥$pvalwes from two clusters together with results from
mi xi ng mo d e I%S &3 patioa in the Qiugter bp Triangular fields depict an
exchange pathway between SRB products and elemental sulfur entember. Greyfields i
Rayleigh model, darker area depicts model dic 0 . 4. | nser t i o n%Si3¥ e 6-
11-q . B d®S)), a deviation from the ARA, for two clusters; positive values mean above
ARA and accordingly Cluster | pyrites are less*®*S-enriched then pyrites from Cluster II.

3.6.2.5 Pyrite formation pathways and mixing compositions

Observation of two cl ussé&Bmlatofshippyrites
indicate thatthe formation of Fe%in each clustepccurredvia different pathways.
Pyrites of c | u’Stanposilionsolbbw theARAY and darry @ strondy
signature of photolytic elemental sulfur. This sulfur was deposited in the Archean in
the form of orthorhombics&ings—the most stable form @lemental sulfur at ambient
pressure and temperature (Roy and Trudinger, 1970). Hovedearentakulfur is not
generallyreactiveunlessit is activated by reaction with H® form polysulfides and
otherS chains (Steudel, 2003)he polysulfidecombiring with F&* forms pyrite with
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an sulfur isotopic composition predominantly from polysulfide (derived from
elemental sulfur) even in the presence of FeS derived from sulfide (Butler et al., 2004).
Pyrites formed through this pathwagsumed to populate tokister Idata(Fig. 3.2).
If hydrogen sulfide is presenpyrite gainsan intermediate isotopic composition
between S fronireS and kS (Butler et al., 2004). In environmenwhere pyrites of
cluster Il were formedheH2S pyriteforming mechanism wagominant due to MSR
as suggested el ar g e r**8valges Everthoudh inmy sampled observe
onlyfewbuky r i t e sul f u S signad, manyngcgoacalé studies Af the
same formations reveal that such pyrites exspporting theHS-directed pyrite-
forming mechanism (Farquhar et al., 2013, Fischer et al., 2014; and see Chapter 2).
The relativey constant and ma | | p3eSssignadi irv mulk pyrites of
cluster Il indicate that 6 played alarger role in pyrite formation than rféhose in
cluster |. Howeverthis does not mean that sulfate reducers were forming mese H
but that in those particular environments where cluster Il pyrites were fothed
proportionof Ss to H2S (SOs-derived) was much lower than for environmentsereh
cluster | pyrites precipitated. The gap between two clustemsyidata set (Fig3.2)
and absence of intermediate compositions between two arrays suggest that these
environments were more or less exclusive to each @bheersee below)This is also
suggested by difference the sulfur concentrations cfamples irthese two clusters
(Fig. 3.3).
For a low sulfate ocean (Crowe et al., 2(MHelezinskaia et al., 20}, 4ulfate
will be a conservative species with respect to its concentmtipif its residence time

significantly exceeed that ofthe mixing time of the oceangnder this scenarjahe
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oceans woul@lsohave a homogeneossilfate sulfurisotopiccomposition If sulfate
concentrations are not consative isotopic variations will occurnf there are
fractionations associated witheither its sinks or sources. Moreoverjnee 3/S
abundances arsignificantly f r act i onat e d 3%walueM8dRqt, théd ut A
homogeneity (and response times) of these two tracers can be decoupled. One would
expect low and relatively stable flux of sulfur (carrying negath@&S signal) to
sediments and thus a homogeneous pool (on global scalejerve this from cluster

Il datawith alow averageS concentration of ~400 ppm.

The secongbool of sulfur—elemental sulfur—did not homogenize oa global
scale and raired out as it was formeth the atmospherfrom a volcanicSO: plume.
In this casetheflux of elemental sulfurgndi t %S sifynal) would be variable in time
and also in spacén other wordsthe concentrationf elemental sulfur in sediments
would vary based olocation,sizeof the volcanigplume andthe rate ofvolcanic SQ
release to the atmosphere

Carbonates of cluster Were thus conceivablgieposited during intervals of
volcanic quiescence when elemental sulfur formation wasminished Cluster |
carbonates were formeldiring active volcanisrwhenthe SG: flux was higher leading
t o mor e 33 compositionsreproductSs, and large flux of elemental sulfto
surface environmdaas well(Ono et al., 2013)During intense intervals of volcanic
activity, the formation of photolytic sulfate was also elevatedt homogenizinghis
flux with the global oceanic pool would nosignificantly change eitherthe

concentration or isotopicomposition ofseawater sulfatetHHowever, locally such
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changes mightbe preservd as seen ithe Batatal dolomite interval (Zhelezinskaia et

al., 2014, Chapter 4).
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Figure 3.7. Crossp | o t 33So fv33wf the data from the Reivilo Formation receivedrom
this study and previous literature (see text for more details)

The sampleghat demonstratethe greaestv a r i a b P*$ vialtegin myn &
CAP dataare fromthe Reiviloor Lower Naugdormations If the new carbonate pyrite
data fromthese units areombined withprevious published measurements from eshal
facies from cores GKFO1 (Ono et al., 20@8rkle et al., 2012Farquhar et al., 2013),
GKPO1 (Ono et al., 2009), and Sacha (Izon et al., 20d.%)iangular region of
compositions forméFig. 3.7). Becausehe sediments from these correlated formations
accumulatedat different depth, thanalyses represeatwide spectra of deposition
environments. Tatriangularfield of data from the South African coressimilar to
the field of data from th€arawine Formatiom Western AustraligChapter 2) This
spread of compositions consistent with the mixing @hotolytic elemental sulfur and

hydrogen sulfide produced by SRB.
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For the Revillo and Lower Nauga samples,mixing modelcould be
constructd to account for the proporti@h abundanceof the two atmospheric end
memberdn thecluster Il pyrites.For examplemy modelassunesthat seawatehad
sulfatewith A®S of-2 %{anassumption based on systematic studies of CAS finem
Carawine and Batalformations Chaptes 2 and 4)hydrogen sulfidevith ad**Srange
from-20 t o 4dafeementalisulfurenthe mb é%8 a&\f 1 6% ahd~ BH1 %
With these constraints in minthe sulfur isotopic composition of pyrisdrom cluster
Il would betherecord of a 2885%fraction of elemental sulfur arad65 to 80% fraction
of hydrogen sulfide (Fig3.8). Of course the mportions of these two enrdembes
could vary considerablythereby forming acontinuous spectrumof compositions,
similar to the spreseen irof values inthe Revillo FormatiorfFig. 3.7).

33
A S, %o ® Cluster |
11 +

® Cluster Il

10 20 30

)
hydrogerﬁ{ulﬁde produces by MSR

Figure 3.8. Mixing modelfortheh i g h | y Pcempositionsin Cluster Il pyrites

My mixing modelincludes all data frommy carbonate measuremerasd
implies that SRB were active in water column and/or in sediments daargpnate

formati on. Py r i t ¥Ssompdsitiohs werperobably fooned whérer e &
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distillation processes wenmost pronounced. On the other harttle formation of
pyrites with moren e g a t35 that waScontrolled byMSR producedthe largest
fractionation in sediments. thy mi x i ng md&d e & Al indrred, the it
could explainthe non-zero positive intercepin A*S-3%S spaceobserved in other

formations (Gallagher et al., 2017).

3.63. Coupling of carbon and sulfur isotope data

The two modeddclusters that are defined by the sulfur isotopic compositions
of CAP samples were also evaluated with regard to their organic carbon isotope
abundancedFig. 3.9 documentsy statistical analysis of carbon measurements from
the two sulfur isotope cluster®rganic matter in Cluster | with pyrite compositions
following the ARA is more'®C-depleted, with an average composition-8f1 . 9 %o.
Cluster llpreserves relativel’C-e nr i ched organic maofter, wit
2 8. 2 %eo. Even thowqh yt IBe 7de, f ft demeraddttwoo nf i den
data sets show that these two clusters are distinct in terms df@alundance&ig.
3.8). Such differences both isotope systems suggest a link between causulfur

cycling in shallow Neoarcheamvironments.

Cluster I1
o0 °
Cluster I
-40 -35 -30 25 20
5!.‘(, ( %o )

Figure 3.9. Carbon isotopic compositions of samples from two clusters. Boxes represent 99!
confidence interval. Black circles are outliers. Green lines are mean values.
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The organic carbon isotopic composition of sedimentary rocks istarsof
primary and secondary OM and isotopic effects associated with OM production,
assimilation, degradation, and burial (Hayes, 1993)asume that carbonates from
thetwo clusters were affected by the same julegiositional processethen the OM
isotopic compositios can be viewedsarelated to specific biological metabolisms
active during carbonatccumulationPrimary production todag mostly the result of
oxygenic photosynthesig-ield et al., 1998). While lptosynthéc reactions likely
drove the biosphere as far back as 3.4 Ga (Tice and Lowe, 2004imihg of the
onset ofoxygenic photosynthesis a matter of current debate. A recent biomarker
study by French et al. (2018emonstrated that the biomarker evidence2f@r Ga
oxygenic fotosynthesis (Brocks et al., 1998as the result of the introduction of
youngerbiomolecules into older sedimentssofar as the sulfur and carbon cycles are
linked, changes in OM isotopic composition by primary producers (autotrophs) or
secondary consuoers (heterotrophs) that use sulfur species should be considered

According to experiments dRB, thebiomassacquiredduring heterotrophic
sulfate reductiorvia the TCA cyclebecores™®C-enr i ched by up to 10 %
al., 2004 Goevert et al. 2008). Autotrophs that use sulfutha®lectron acceptor are
knownfrom thepurple and green sulfur bacteridhe oidative photosynthesis that is
responsi bl e for mo st pri mary production t ¢
(Raven 2000). EigenbrodeandFreemar2006 proposed that moh¥C-enriched organic
matter in Neoarchean carbonates is a sign for proliferation of oxygenic photosynthesis.
However, anoxygenic photosynthesiay alsobe able to produce similanagnitudes

of fractionatons including the autotrophigurple sulfur bacterithatfix CO2 using the
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Calvin cycle and producearbon isotopdractionatiosofup t o 35 % (;Whel an,
Wong et al., 1975). On the other hagceen sulfur bacteria use PEP carboxylase and
HCGQOs as asubstrateandthus results icarbon isotope fractionatiawi< 2 0 % ( Co o mb s
et al., 1975Reibach andenedict 1977).

| suggesthat organic matter in the Cluster Il compared to Cluster | samples
was derived by activity ofulfate reducersas well as thegreen sulfur bacterithat
utilized the sulfide produced by MSRgsulting in the accumulated biomass being
relatively more enriched it®°C. While other authors have proposed that the primary
producers in the anoxic Archean oceans were pradorly ironreducing bacteria
(Kharecha 2005 Canfield 2006) (given the plentitude of #dn the deepceal), it
seems equally possible that primary production in the more ventilated carbonate

environments was associated witih&ed autotroph reactons

3.7. Conclusions

Measurements of bulk pyrites from multigB®outh African and Australian
formations reveal twootablet r e n 3% - dt*Siscatter plotsOne of thee follows
thewell-known ARA and is attributethe mixing of two photolyticendmenbersthat
rained onto. EBme hotshesmurtfmeed incl B3es sampl
compositionsanda>3 0 % r an ge Y valysoThis thallewearray was not
apparentlyformed byatmospheric reactiongsind hasA®®S /33 values that deviate
from the ARA. | infer that pyrites from the shallow array were formed by microbial
sulfate reduction in a low sulfate oceahese are associated witmegervoir effect
similar to that observed in modern low sulfatater columnand/a in carbonate

sedimentswhere progressiveclosal-systemconditions are possiblgue to sediment
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sealing through cementatioA mixing model suggests that elemental sulfur was
incorporated in these pyrites in a fraction of38% of total sulfur. Such lownput

would be possible during stable periods of volcanic activity. Carbon isotope analyses
of these two sets of samples suggest that carbon and sulfur cycles were connected in
carbonate environments. Environments where gwiieh a shallow 3**S-A3S trend
wereformedwere dominated bprocessesuch asS phototrophy and MSRand thg

controlledcycling of organic carbonin contrast tamtherNeoarcheasettings

3.8. Supplementary materials
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Figure 3.10.Upper - schematic geological map of the Transvaal Supergroup preserved on th
Kaapvaal Craton in South Africa. Modified after Fischer et al., 2009Lower - A schematic
southwest to northeast crossection of the Transvaal Supergroup stratigraphy within
Griqualand West Basin. Formations are divided on Prieska and Ghaap Plateau facies for

GKF01/GKPO01 and BH1-Sacha cores, respectively. After Fischer et al.0R9
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Figure 3.11.Upper - Geologic map of Pilbara Craton, Western Australia and core drilling
localities used in this paper. Cores showare: RG - Range Gorge, BB Billygoat Borehole, PR
I Pearana, and RP- Ripon Hills. After Jahn and Simonson, 1995Lower - Stratigraphy of
Mount Bruce Supergroup. Ages are in million years; from Trendall et al., 1998, Nelson et al.
1999, Woodhead et al., 1998/odified after Simonson, 1993
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Figure 3.12. Results of clustering sulfur isotope data using Gaussian Mixture Models with
different covariance matrices parametersn the q3°S-U*S space fiDiagonal covariance
matrices indicate that the predictors areuncorrelated, while full covariance matrices allow for
correlated predictors. Shared covariance matrices indicate that all components have the san
covariance matrix, while unshared covariance matrices indicate that all components have
their own covariancematrix.0 ( MA T L A BEach 2ddnkiriafion of specifications
determines the shape and orientatioifmajor and minor axes)of the ellipsoids that visually
represent cluster 1 and 2. @sses are meangd>S andii®*S values for each cluster.
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AIC For Various k and ¥ Choices
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Figure 3.13.Plots of information criteria: Akaike's Information Criterion (AIC) and the
Bayesian Information Criterion (BIC) for number of components, k, and appropriate
covariance structure,X. fiThese criteria take the optimized, negative log likelihoocand
then penalize it with the number of parameters in the model (i.e., the model complexity).
The BIC penalizes for complexity more severely than AIC. Therefore, the AIC tends to
choose more complex models that might overfit, and BIC tends to choose siepmodels
that might underfit 6 (MATLAB, 2015). The lower AIC or BIC values the better fitting
models.According to BIC that favors the simpler model, a two-component system with full
and ushared covariance matrices (yellowprovide the best fit for sulfur isotope data
collectedin this study.
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Shared Diagonal Component Covariances
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Figure 3.14. Plot ofq#3S-G%S field and data using soft clusteringMATLAB, 2015), an
alternative clustering method that allowsto determine data pointsthat belong to multiple
clusters. Poinsin circles are ones that could be in either cluster with cluster membership
posterior probabilities in the interval [0.3,0.7].
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t he BFRaotramaatli on of Brazil

Abstract

Knowledge otheisotopic composition and concentration of seawater sulfate
in the Archean oceais importantwhen considering the evolution of the sulfur and
oxygen cycles prior to th&reat Oxidation Eventand arethusthe subject ofactive
debate.To move this debate forwardl,presentnew high-resolution sulfur isotope
measurement®f the carbonatanterval in the 2.5 Ga Batatal Formation thHat
previously modelled in order to constrain the abundance of Neoarchean seawater
sulfate. These measurements coupled with a refined geochemical model are consistent
with earlier findings thaseawater sulfateoncentrationrangel between 2and 8
pmol/L. If correct this estimate suggestsesidence time of ~1800to 50000 years
and given a modern mixing time of the oce@osiservative behavior of the sulfate ion.
The significance of observed suligotopic compositionand variation®f the Batatal
carbonateassociated pyrites fartherdiscussed in the context of recent propotes

provide alternatives to ttetandard model of the Archean sulfur cycle

4.1. Introduction

The Archean sulfur cycldifferedfrom the modern (Kasting, 2001) duethe
insignificant levelsof oxygen in theatmospherend hydrospherée.g. Lyons et al.,
2014). Atmospheric anoxia would have diminished fluxes of sulfate to the oceans
through oxidative weatherindeadingto low seawater sulfate concentrasoand

limited sulfate evaporitprecipitation (Huston and Logan, 200#hus the main source
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of sulfur to the Archean ocearamefrom the atmospherailtimately derived from
volcanic sulfur gasethat were transformedy photochemical reactiornt® aerosol
form. This view is supported by thabservation of masmdependent fractionation of
sulfur isotopes (MIFS) preserved irArchean sedimentargrchives(Farquhar et al.,
2000; Johnston et al.,, 20)1 Nonetheless, debatpersiss about the specific
mechanisms of MIFS formation the isotopic and molecular composition of
atmospheric sulfur channels to surface environm@engsUeno et al., 200Falevy et
al., 2010; Claire et al., 2018abikov et al., 2017)and the Archeaseawater sulfate
isotopic composition@no et al., 2003DomagalGoldman et al.2008;Zhelezinskaia
et al., 2014Paris et al., 2004

The conventional model of the Archean sulfur cycle suggests two channels of
atmospheric sulfur exatlthe atmospheresachwith distinctive isotopic composition
(Farquhar et al., 2001). The fidtannel yieldedhsoluble elemental sulfur enriched in
335 and®**S and depleted i#S relative to initial sulfur gases; and the secyiettled
soluble sulfate aesols depleted i*S and®S butenriched irn®S. Due tahedifferent
solubilities of thesesulfur-bearingsubstancesthey have distinctivearansformation
pathwaysin the oceanic environment$his characteristic leads the formation of
pyriteswith variable33S, %S, and®®S, andthe preseration ofsedimentary rocks with
varying sulfur isotope compositions (Farquhar et al., 2013). Mixing of these two sulfur
sourcesn pyrite-forming environmergproduceda mntinuum of compositionssome
of whichfall along theArchean Reference ArraARA, Ono et al., 2003Kaufman et
al., 2007).The standard model posits thatk f at e aer osofsandvi t h ne.

p os i £ naiedta\the surface and were converted by MSR to sulfide (and later
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pyrite) wi t HS Aa r*®8 composition inherited frorphotolytic SQ. Exchange
reactionsbetween elemental sulfwhen abundantand MSR producedsulfide in
sedimentdikely smeared the range ofeasured multiple sulfur isotope compositions
The expression of these signaisancient rockshus depends on the concentrations of
various sulfur species in different oceanic sedimentary se(segsChapter 3)

My recentstudy ofNeoarchean carbonates in the Batatal Formation, Brazil
suggest that carbonat@ssociated pyrite€CAP) may be useds a proxy foseawater
sulfate composition (Zhelezinskaia et al., 2014). Batatal CAPsare characterized
by const an®sS vauesqmdtldrgermagnitudeS fractionations. These
observations supjpbthe view that sulfate reduction was a dominant microbial process
of carbon recycling in the carbonate environmendl suggests that primary seawater
sulfate carriecan e g a t33S voepoditionof around-2 %.The Elatively constant
A%3S signakhroughait the~70mthick carbonate layer suggest that flux of atmosphere
sul fate wi* was undogneover milkon yeamtervals In thelower part of
the Batatatarbonate interval observed stratigraphi¢ | u ¢ t u &8valoes thdat n A
| modelled in order testimatethe concentration and residence timeNdoarchean
seawater sulfate (Zhelezinskaia et al., 20M}).model estimateof between 1 to 10
mM/L of SO, for the Neoarbeanoceanagres broadlywith thatmadeby Crowe et al.
(2014.

In the present study,havecompleted analyses on 19 new sampidswer
carbonate interval of the Batatal Formatb@miween 290 and 1320 meters in the GRD
117 corejnsofar as th&S excursiorthrough this intervalvaspreviousdy defined by

only sixsamples
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4.2. Material and methods

New samples were collected at -3Lmeter intervaln the GDR117 coreby
Prof. Alan Jay Kaufman during 2015 field work in Brazil through the 2.5 Ga Batatal
Formation (Zhelezinskaia et al., 2014he Batatal Formatiois part of the upper
Car aca @e bioas Supdrgroup in Brazithe minimum age of the Batatal
Formation is currently constrained by aPb detrital zircon age of 2.58aGn the
underlying but conformable Moeda Formatidta(tmann et al., 2006and aPb-Pb
carbonate age of 2.42a6f the overlying Gandarela Formati@@abinski et al., 1995).

Batatal strata, consisting of three distinct membersluding lower shale, a
middle siliceous carbonate, and an upper interval of mixed shale, carbonategrnd ch
—were intersectelly the GDR117 coreat depths between 1210 and 1390 meféhs.
grey silicified stromatolitic and laminated dolomite member6¥ m thickand is
brecciated, heavily silicified, and karstified at its t(fhelezinskaia et al., 2014)
Sampledor this projectvere chosen between 1320 and 1290 reefeshallow marine
carbonatenterval based othepresence of visible pyrite grains. Samples were cut and
polishedto better obser and drill macroscopipyrite grains In all, nneteennew
pyrite powders were produced fronsible pyrite grains or lamirieons >1mm in
thicknesdor sulfurisotopeanalyses.

Sulfur isotope compositions of drilled pyrites were measured by combustion
with a Eurovector elemental analyzedliime with the continous flow Isoprime system
at the University of Maryland, College Park. Around 10§ of pyrite powders were
weighed in tin cups together with NB27 and N2l st andar dmg.lof 200

these analyses, ~1000g of V20s was added to the tin cups with thergdes and
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standards as an additional oxidant. The tin cups were sequentially dropped with a

pulsed Q purge of 12 ml into a catalytic combustion of a Eurovector elemental

analyzer
high purity reduced copper wire for quantitative oxidation anaeSorption. Water
was removed from the combustion products with ecrhOmagnesium perchlorate
column, and the SOwvas separated from other gases with an0.BTFE GC column
packed with Porapak 58 0

analysis (EA) was introduced in a flow of He {820 mL/min) to the Elementar

furnace

rgstedrqaattzireagion aube whsp&cked with T h e

me s h

heated to

115-

C.

The

Isoprime IRMS through a SGE splittealve that controls the variable open split.

Timed pulses of Sg¥eference gas (Air Products 99.9% puridg, nA) were introduced

at the beginning of the run using an injector connected to the IRMS with a fixed open

ratio split.
NBS-127 NZ-1(S1)

1 &3S &3S A%3S 5*%s %S A%3S
2 10.83 | 21.12 0.01 -0.04 -0.39 0.16
3 10.92 | 21.10 0.11 0.01 -0.40 0.22
4 10.99 | 21.07 0.19 0.04 -0.37 0.23
5 10.93 | 21.17 0.08 -0.22 -0.21 -0.11
6 10.77 | 21.11 -0.05 -0.12 -0.28 0.02
7 10.80 | 21.19 -0.05 -0.03 -0.14 0.04
8 10.72 | 20.99 -0.04

average 10.85 | 21.11 0.04 -0.06 -0.30 0.09
10 | £0. ] 0. +0.09 +0. 1 £+0. ] +£0.13

Table 4.1. Sulfur isotopic measurementé i n of &tandards between sample sessions after

drift correction and correction based on true standard isotopic compositions.

The isotope ratios of reference and sample peaks were determined by

monitoring ion beam intensities relative to background vallles cycle time for these

analyses was 210 seconds with reference gas injection aseg@@d pulse beginning

at 20 seconds. Sample Spulses begin at 110 seconds and return to baseline values
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between 150 and 180 seconds, depending on sample size and cohditions. Sulfur

isotope ratios were determined by comparing integrated peak areas of m/z 66 and 64

for the reference and sample Stblses, relative to the baseline that is approximately

1 xYA Dhe background height was established from thditaft of the sample

SGpeak. | sotopic results are expressed in t
from the Vienna Canyon Diablo Troilite (€DT) standard. Drift correction was

performed based on isotopic compositions of standards. Twel2Band two NZ1
standards were measured between each set o
each analytical session based on these standard analyses were determined to be better
than 0. ¥$,%S3& a ri°8 Sofope compositions (Tablel). Uncerainties

(20) for sampl e measurements were assigne

standar ds®S,0.02% %8p rfaord 603326 % f or A

4.3. Results andidcussion

4.3.1. Mechanisrs responsiblé o S \Ariations

My new study of BatataFormation CAP confirms the presence of @3S
excursionin the lower part of the carbonate intervahélezinskaia et gl2014), and
the higher resolution samplingdaces additionatonstraing on variations ofthe A*3S
signal in the interval between 1280d 1320neter depthin the GDR117 core (Table
4.2). In Fig.4.11 plot new data together with previous measurements of bulk and drilled
pyrite grairs in the interval between 1320 and 1280 meters in the(@hreezinskaia
et al., 2014)In this plot the-2%0 baseline is highlighted as a stippled line, and note a

peak inD*3S values (up tel.1% for a single bulk sample, but averaging arodr@%o
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for all measurements) around 1315 meters and a valley (dor8i on average) in

the interval between 1305 and 1310 meters, before returning to the baseline

composition at around 1295 meteds. the following, | first discuss possible
mechanisms demporalA33S variations in the Batatal carbonate interaat then use

this information to constrain the concentratiorcohtemporaneouseawater sulfate.

The standard model of the Archear ) A
@ Drilled py_this study
@ Zhelezinskaia2014
sulfurcycle Farquhar et al., 2000; Farquhar etal "] R
|
2001; Endo et al.,, 2016¥3uggestthat negative :.
A%3S signal was carried byhotolytic sulfate = IP
£ I
aerosols that rained down to the oceproviding g |®
Q.
. & 1300 1 '_‘_H ¢
the main flux to the Archean seawater sulfat H‘f‘
reservoir. Insofar as pyrites from the Batatal % '
1310 4 '_‘?v:(
carbonate have c3Bmrsignass e Ve
8 : }—0—4..
. : . . ®
and large magnitud¥s fractionations, it is clear =2 ®
1320 ,I
that they were sourced froseawater sulfatthat R AB';OO/ e

. . Figure 4.1. Profile of newl
was reduced to sulfide (and preserved as pyrite), nga lyzed an %fsyirp u

pyrites from the GDR-113 core over
by MSR (Fig. 4.2, Zhelezinkaia et al., 2014). depth. Uncertai

Foll owi ng t hi s 3Sdgyrite sulfurtaroughadépth lofithe @RIRG f

corerecordsvariability in the isotopic composition of seawater sulfate through time.

While Zhelezinskaia et a(2014 suggested thahenegatives h i f *S values was
due to a secular change in the isotopic composition of oceanatesglbme details

were missing in the original discussion that are clarified here.
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Because biological pr &°8wsatoast0 p2 % diurc e
pure culture experimentgohnston et al., 2007), themporalvariability within the
Batatal Formatiorcarbonatanight be interpreted to reflect variable contributions of
the two recognizednassindependentatmospheric sources generated by various
exchange processesverlain by masslependenteactions occurring in pyrierming
environments. Howevethe negativeand wide ranging>*S andnarrowly ranged\*3s
compositions of these grainsi§F4.2) suggest that elemental sulfur of an atmospheric

source was at most a minor contributor to the pyrite minerals.

Depth | 0 | 20 | v | 20 | oS | 240
1299.13) -1020| £ 0. | -1524| £ 0. | 232 | £ 0.
130251 982 | 0. | -1487| £0. | 213 | £ 0.
130331 952 | £+ 0. | -1353| £ 0. | 252 | £+ 0.
1304.1| -10.45| + 0. | 1570 0. | 233 | 0 .
1305.13] -9.92 | + 0. | -1381| 0. | 278 | 0.
1305.95] -10.41| + 0. | -1469| 0. | 282 | 0.
1306.4| -958 | + 0. | -1322| 0. | 275 | 0.
1306.91] -9.09 | £ 0. | -12.36| 0. | 270 | 0 .
1307.25) -1024 | + 0. | -1472| +0. | 263 | + 0 .
1308.31] -10.34| + 0. | -1459| 0. | 280 | 0 .
1308.88) -10.86 | £ 0. | -16.73| £ 0. | 221 | £ 0.
1309.1| 620 | 0. ] 651 | 0. | 284 | £0 .
1309.63) -1253| £ 0. | -1967| £ 0. | 234 | £ 0.
13109 731 | 0. | -1152| 0. | -1.36 | £ 0 .
1311.84) 711 | £+ 0. | -1060| £ 0. | -1.64 | £ 0.
13134 716 | 0. | -1096| £ 0. | -1.50 | £ 0 .
1314.12] -7.96 | £+ 0. | -1221| +0. | -1.65 | + 0.
1316.68) 218 | 0. | 032 | 0. | 234 | 0.
1317.39] 552 | 0. | 627 | 0. | 228 | 0.

Table 4.2. Sulfur isotopic measurements of drilled pyrites from the lower carbonate
interval of the Batatal Formation.

Temporal A®3S variatiors may also record changes in the magnitude and
c har act e*Sipredudedhby atmospheXic chemisByth experimental data and

geochemical models suggest that afemin the production ant#S abundance of
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photolytic HSQ: may be controlled by (i) the rate of volcanic outgassing of(©&Qo
et al., 2003, Claire et al., 2014), (ii) the balance of pid@he atmosphere (Domagal
Goldman et al., 20Q8alevy et al., 200), and (iii) variations of atmospheric Cthat
could induce changes in atmospheric chemistry alone (Halevy et al;, 26k et
al., 2012).Given the short temporal window in which tii¥#’S excursion occurand
the absence of anyariation in 3Corg values (Zhelezinskaia et al., 2014), it is
reasonable to assume that changehert>S abundancef atmospheric sulfate ave
caused by fluctuation ithe SO, outgassing ratéClaire et al., 201:40no et al., 2013

Endo et al., 2016)

— ARA
@ Drilled py this study
2 1 @ Drilled py (Zhele2014)
O Bulk py (Zhele2014)
1 4
=3
X
nof{————— — — - - -
& O
< | PaleoAR
44 o O barites
|
ls ® OO0 |
2 1 Cg) SpP |
e o/
_3 ’ |
-30 -20 -10 0 10
34
57'S, %o

Figure 4.2.Crossp | o t 33So fv¥3valués of carbonate associated pyrites of the Batatal
Formation from this study and from Zhelezinskaia et al., 2014. ARA Archean Reference
Array; positions of two end-member sulfur species o the ARA are depicted by blue circks.

Paleoarchean barite compositionsre from Roerdink et al. (2012 and references therein.

Thus, $8fromt-1.9t6-3 % b et weaadi302m8 df the GDR
117 core could be a temporal increasdha rate ofSO, degassingvera few tens of
thousandef years.This increasehowever, need not be global in scopecouldresult

fromlocal volcansm with the fractionated productspifotochemical reactiaeaving
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the plumeand being deposited locally within the depositional b&saller et al.,
2016).

Alternatively, b e *3Stemporal shift toward more negative values migstilt
from a brief geological interval of intense chemical weatherligs seems possible,
however, only if Paleoarchean sulfates with stromgly g a t**5 compositions were
exposed on the terrestrial surfaffeoerdink et al., 2012 and references therein)
Whatever theprocess involved in the sulfur isotope perturbation, the very low
concentration of seawater sulfate made it possible for the sulfur isetepé to be

preserved in the Batatal sedimentary arcliflelezinskaia et al., 2014).

4.3.2. Concentration of seawater sulfate in Nmoachean

Becausethe Modern concentration of seawater sulfate today is hitite
second most abundant anior28mM), its residence timef more than 10 million years
far outstrips themixing time of the ocean (Paytagt al, 2004). Thereforethe
concentration and isotopic composition of seawater sulfate today is homogeneous
throughout the ocearmasses In contrast, e Neoachean seawater sulfate
concentrations estimated to b&0.1% of the current day oceg@rowe et al., 2014
Zhelezinskaia et al., 2014Yhis difference can be understood in terms of sulfate
sources and sink3.oday; sulfate sources to the ocearge dominated by oxidative
weathering, while ancient sources were dominated by atmospheric rebnakgin
both intervals include the formation of pyritehich may have been more extensive in
the Neoarchean due to widespread water column anoxia amgledeabundance of
ferrous iron in the oceans. In contrast, there was little to no remosalfafe from the

Neoarchean oceatisrough the precipitation of gypsum or anhydrite as is common on
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evaporitic platforms todayl'o understand whether or not stéfavas a conservative
element in the Neoarchean oceamust firstestimate the residence time for this
critical anion.

Zhelezinskaia et a(2014) performedcalculatiors usingafirst-order rate law
equationto evaluateaheresidence timef Neoarchean sulfate by modeling the sulfur
isotope excursion preserved in the lower Batatal carbonate. This model, however, was
based on only six data points from bulk rock pyrite measuremdgtaew collection
through this interval provided an additadrl9 analyses of macroscopic pyrite, which
are combined with the earlier data in a new tseges mode(Fig. 4.1). Using the
observed magnitude of sulfur isotope shiftspnstructed a firsbrder kinetic modeto
calculatethe sulfate concentration afeawater. Gbonate accumulation ratesere
considered to be with the rangeof 40-150 m/16 yr based on estimation of
Neoarchean carbonate depositiates elsewhere in the woildltermann and\Nelson
1998. The slfur isotope concentration in oceahtime t wasthen calculated using
equation:

Axs® = Ruoilk - (Fuoilk — Axs®) xKe

WhereAxs® is a concentration of a sulfur isotopauged ratios of?’S£*S and
335P4S) at time t,Fyo is theflux of sulfur emitted from volcanoes that ends up in
sedimentgestimated a2 x.0'* mol/yr by Canfield, 2004) is arate constant equal to
1/tres (the residence time) that wasljusted to match observéds shifts (Fig.4.1),
andAxs is theinitial concentration of a sulfur isotope tine oceanic reservoiThe
initial composition of sulfate seawatt’'Swas seat-2 . 0 %o temipdraadjustments

basd on stratigraphic variations (Fi§3).
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150m/10yrs, residence time 14 000yrs ~ ====° First order box mode
o Zhelezinskaia2014
N @  This study
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®» 251
~x é
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DS T o Zhelezinskaia2014
15 4 10 'I\. e  This study
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Figure 43 . T i niS plet ef datacand firstorder best fitted box models with maximum

and minimum assumed sedimentation rates

With the combined data setsjo computemrmodels were rumisingdifferent

sedimentation rate one assumed a sedimentation raté@i/my (model 1) anthe

otherassumed 50m/m (model 2)Using these constraints, the stratigraphic interval of

interest occupied eithek8,750 (model ) or 5,000 (model 2years Model results,

which were adjusted using a minimum sum of squared resjduate also compared

against changes i3S composition ofinflux sulfatg which wasvaried between-4

a n d . Théswsolutiosto the modek arepresented dsest fitlines (Fig. 4.3) To assess

the uncertaintyof the residence time estimatésiseda Monte Carlo simulation with

1000 generated synthetic sets of data vatlgiven standard deviation for each

measurement
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The best fit for thegsidence time dfleoarcheaseawater sulfate was ~52,000
and ~14,000 years for mogdl and 2, respectively, whettee mean deviatiofrom the
datawas 0. 073x£0.072% and absol4B)tMonted@axloh at i on
simulationsindicated5 4 , 3 0 0 zy@absfor2ntbdel land 14, 300#56, 200 vye
model 2, which are consistent withe best fitmodek (Fig. 4.4). These simulations
produce closéo normal distributionl canthenuse the residence time equation

T = VI F,
to estimate the concentration of sulfate in the Neoarchean ocean, Wieerthe
residence timey is the size of reservoir, arkdis the fluxinto the systemAssuming
steady state conditiomd a flux of 2 x m6l/yr), thecalculatedsizeof theoceanic
sulfate reservoir rangebetweer2.7andl 0 . 3°mblés. Assuming the ancient ocean
had t he same ma?skg), the sulfateccaheentratiorin tBe™Neoharbhean
oceanwould be betwe@and7.fu mol / L. These esti mates are
model calculations based @modern low sulfate reservoir as an Archean analog
(Crowe et al., 2014). Sulfate concentyatin my modelscales witlsedimentation rate
andvolcanicsulfur flux into the Archean ocean. tlie volcanic outgassing rateas
much higher as suggested by Hollar(@009 at 1 x %> @ol/yr — then the oceanic
sulfate concentrationwvould increaseby afactor of five Likewise, f sedimentation
rates for Batatal carbonatesexe highere.g. 270m/my is observed in some modern
carbonateenvironmentsMo or e et al ., 2004) , stwldwat er s
with aresidence timen the order of thousandsf years (Crowe et al., 2014)nder

this conditionsulfatewould bea norconservative ion in the oceaG4dllagher et al.,
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2017)andthuswould notresult in theeemporal variation implied by th&bservational

data
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Figure 4.4. Results of simulations for residence time and concentration of seawater sulfate
using 1D kinetic box model. Yellow dot representbest fit model, and blue bars are histogram
for 1000 iterations usingthe Monte Carlo (MC) approach. Averages of MC simulations and

2 Wncertainties are included.

4.3.3. Isotopic composition of seawater sulfate in the Archean

Themodel described above is basedlmassumption that sulfate exititige
atmosphere and dissolved in Archean oceans caanegjativeA3S signature This
assumption is based on experimental observatioats attemptto matchmeasured
ArcheansamplegFarquhar et al., 200€@arquhar et al., 200Endo et al., 2016Pirect
measures of Archean seawater sulfate presible onlyif the few baritesthat are
preservedormed directly from seawater or precipitated from hydrothermal vents that
%' n d

had a seawater sourd@aleoarchean barites ha&&S valuesaround-1 . 5

of ~+5%0 (Roerdink et al., 201)2providing a first order constraint on seawater
129



composition; sulfate deposits are otherwise unknown from the Archean record. Given
the absence of bedded sulfatéeraptshave been made teasurehe abundance and
sulfur isotope composition aarbonateassociate sulfatg€AS) in Archearcarbonates
(DomagaiGoldman et al., 20Q&aris et al., 2014While micro-sampling of wel
characterized carbonate textures could minimize diagenetic overprints, it remains
untested whether the CAS in these samplesdarasedfrom primary seawater S{or
by theoxidation ofpre-existing pyrite with positive D**S from an initial elemental S
source

Batatal Formation CAP sampl@seserverelatively constant negativa®3S
values(Fig. 4.2), with the exception of the temporal shift in the lower part of the
carbonate succession. As mentioned above, this excuvgsnprobably due to
atmospheric perturbations durittge production of sulfate aerosolBurthermore, the
wide range of negatived®S values in the same CAP sampl&sg( 4.2) suggesthat
MSR was active in the sedimenBased ortheselarge magnitude®*S fractionatiors
(Zhelezinskaia et al., 2014) together with negafi¥iS signal,| suggest that seawater
sulfate caried anegative A**S compositioninherited from sulfate aerosols formed by
photochemical reactions in the low &mosphere (Farquhar et al., 2000). Taspled
geochemicalevidence challenges receetmpirical measurements of Neoarchean
seawater sulfate isotope compositigaris et al., 2014) ansome modelsof the
Archean sulfur cycle (Claire et al., 2QBabikov, 2017).

Thequestion remainss the consistency ofiegativeA®3Sin the BatataCAPs
is a depositional or diagenetic artifa@helezinskaia et al(2014 statedthat the

negativeA®3S values in Batatal pyrites throughdhie ~70m carbonate interval were
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d u e greater contributionsf sulfate sourced from the atmosphere (with negative
ABS)’and“ t his sul fate doodhélemantasulfur, andtbatsodrdess sour c
of sulfate from theoxidation of sedimentary sulfides with positi&*3S were
negl i Belowlfuetfier explore this critical issue.

In the standard model, shalgripe primarily preservethemixed contributions
of two atmospheric enthembergOno et al., 2003Zhelezinskaia et al., 2014)he
same is true for pyrite in some carbord@minated formationdrom Western
Australia and SouthAfrica (Chapter 3)Other formationshowever, like the Carawine
in Western Australigsee Chapter 2) have CAP sulfur isotaduessimilar to those
in theBatatalFormationthat do not appear to be the product of mixing of atmospheric
channelsin these carbonate examplé® telemental sulfur component appears to be
missing, and seek to understand why.

Based on sedimentological indicators, Begatal carbonates were deposited
in aproximalshallow marineenvironmentThe proximity of thecarbonate platform to
continenal sources o$ulfatemight explain the Batatal and Carawine dat#his flux
caried anegativeA*3S signal assuggested by measurementstoéhean soil sulfate
(Maynard et al., 2013)nsofar as widative weathering waattenuatedt the time of
Batatalcarbonate accumulation, the riveziflux would primarily transport this soluble
atmospheric sulfate to the oceans. The atmospheric elemental sulfur flux with a positive
D*3S signature, however, should have been deposited frommiosattere to both the
deep and shallow oceans, as well as to the exposed continents. Why might this largely
insoluble enemember composition show up in some Neoarchean CAPs and not others?

Onead hocexplanation might relate to the tendency for this stitearing particulate
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to attach to finggrained siliciclastics. Samples from the Batatal and Carawine are
almost pure carbonate wiliktle to no siliciclastic fractior(see Table 2.2 for Carawine
data) whereas other carbonates thétave studied have gater abundances of fine
grained siliciclastics. If correct, the isotopic differences might reflect the mineralogical
makeup ofpure chemical precipitates relative to those with mixed carbonate/silicate
mineralogies.

If the A®S of seawater sulfate in tHdeoarchean isinambiguousthe 3*S
compositionis less certainPrimary sulfate formed by photochemical reactions has
sulfur isotopic composition that lies on ARA (Fig2), which encompasses a wide
range ofd®*S valuesAfter atmospheric sulfate rains artland orin theoceanMSR
and pyrite burial sequesters ti8 isotopewhich leave®ceanicor pore watesulfate
enriched in**S. Such enrichments are recorded in Modecaanic sulfatgwith d/S
~ 2 1 %0) Pateomarthean barites (Roerdink et al., 20E8)lowing this logi¢ Ono et
al. (2003 basedheir estimate of thel**S composition oiNeoarcheaseawater sulfate
on eight pyrites measuremergteree samplesyom the Carawine Formatiomhich
rangebetwea +3 and 1 6 9y measurements of the Carawine (Chapters 2 and 3)
extend this rangeo include compositions betweed 6 t o , irdRe&indg the
presence of a maskependent overprint of reactant sulfate compositions through MSR,
so that the samples fallfaif the ARAand complicat my analysis

To provide some constraintsconsider that the minimutmit on seawater
sulfate&*S compositiorwould equathat ofatmospheric sulfatplottedon ARA (for
examplejf A%3S=-2 %thend*S~-3 %oseeFig.4.2). For thePaleoarchean baritiata

(Roerdink et al., 2012heminimum&*Swouldthenb e  + Bh&sraximum limitfor
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this endmember composition is unconstrained, but prabably less thatihe Modern
Svalue of ~+21% ( Whentakudingnavezaged s Valugsin 2 01 4 ) .
CarawineCAP samplesl obtaineda valueof ~ + 1 OwW&ich is close to thestimae
for Neoarchean seawater sulfate composipia@posed earligilOno et al., 2003Vieyer
et al. 2017).

Seawater sulfate in the Archean could vary in isotopic composition of both
A*3S and&*S signal through time because of its low concentration (Crowe et al.; 2014
Zhelezinskaia et al., 2014)ts composition depends othe flux and isotopic
composition ofatmospheric sourcethe magnitude diractionation produced hyISR
(or othermicrobial processeskandthe pyrite burial rateMeasurements of thigatatal
and Carawinearbonatesuggest that thaegativeA®S sulfate oceanic pool existed

for over millions of years.

4.4. Conclusions

The currently acceptedmodel of theArchean sulfur cycleis constantly
evolving as new data emerge and as new conceptual models are conbigietie:-
series measurements of pyrite fridme Batatal carbonate interval confirapreviously
recognizedA33S excursionthrougha ~20 meter interval of th&DR-117 core These
isotopic shifts are interpreted as the resulfiwftuationsin the isotopic conposition
of seawater sulfate nesnding to coincidenthanges irmtmospheric chemistry. The
mostlikely cause for these changes was iacreasein atmosphericsulfur gases
pressure due @ period of intenseolcanic eruptios. In this study| refinedmy earlier
onebox model, improvedfitted parameters tdhe model based oframework

constraintsand estimated uncertainties on the filly. first-order kinetic model shows
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thatobservedrariationsof seawater sulfatA33S was possible if its concentration was
between~2 and~8 ymo |l / L wi th short residence ti me
Multiple sulfur isotope datad®®S and3*S) of CAPsin the Batatal Formatiofurther

confirm the view that Neoarchean sulfate hadegativeA®*S composition, which is

consistent withthe currenty established modefor the Archean sulfur cycleMy

observation is important light of receny proposedohotolytic mechanismdor the

formation and fractionation of sulfur in species otttemnsulfate in the Neoarchean
atmosphere that could nonetheleagyanegativeA33S signal to surface environments

(Babikov et al., 201,Babikov, 2017)
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Chapter 5 Concl usi ons

This manuscript presemtssults othree studies related tioe sulfur cyclethat
operatedn NeoarcheamarineenvironmentsAll are being prepared for publication.
Measurements ohultiple sulfur isotopes iR.7—2.5 Gathattargetednostlycarbonate
andsomeshalefacies from Kaapvaal (Western Australia), Pilbg@auth Africa), and
Sa d¢rancsco (Brazi) cratons have beenperformedto improve our understanding of
sulfur transformations under a reducing atmosplar@ widespread anoxia in the
oceansHere | providea summary ofy findings.

Themodel of the Archan sulfur cyclehat has emerged over the pEsStyears
draws on a comparison of experimegit studies (that provided information about
processes responsible for M8 formation) and empiricabbservationsthat are
primarily based on shale measureme@@bonates, however, dominate the Archean
sedimentary archive, and may provide new insights to the workings of the ancient
sulfur cycle in shallow marine environmenidy interrogation of carbonate facies
reveal new insights into the Archean sulfur cycle thave not been previously
recognized from shale faciesome. This approach highlights the need to explore
diverse rock types armhalyticalmethodologiesn order to open a wider window into
early Earth processes.

This systematic dissertation thus focused onsilléur isotope measurements
of bulk carbonatesollected from scientific cordsom multiple Neoarchearocations
worldwide. In these studies$,discoveredthat carbonate facies record atmospheric
signals with diferent®S, 34S, and®®S distributions thain shak facies.While shales

typically preservea mixture of purely massindependentatmospheric signs|
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carbonates are more likelytecordsignificantmassdependenbiologicaloverprint of
theatmosphericsulfate signalPreservation othe isotopic signals ddiological sulfur
transformatios in carbonatesppeargossible due talower proportion of elemental
sulfur incorporagdinto shallow environmentsvhich may be due to the reactivity of
these insalble particles on fingrained siliciclatic grains that are swept out to sea and
rain out in deeper environmenksy calculations based on bulk sulfur analyses suggest
<35% of ans? fraction inbulk carbonatdacies

Focusing on macroscopic pyrite in the Kapvaal, Pilbara,S@nd-rancsco
Neoarchean carbonates, | found thatAP#S compositions were consistently negative
(with an average of2 %o)and the®'S abundancesighly fractionatecthrough MSR.
The sulfide prodiced by this microbial metabolismand incorporated into the
macroscopic pyrite graingas apparentlymixed with elemental sulfur endmember
forming triangular shape ofAP sulfur isotope compositions ithe A33S-3*S field.
Differences between macroscopiedamicroscopic pyrite in these samples suggest
temporal and/or spatial differences between growth phaseavenue that requires
future research

In two separate but related studies of the Batatal Formatioa)aw seawater
sulfate concentratian (< 1 @nal/L) were modelled based on published and
measurements of a significaBf>S excursion Furthermore, based on a systematic
comparison of contemporaneouarlmonateand shale facieshere appears to be a
decoupling ofisotopic signalspreservedduring peliods of atmospheric hazdhis
decouplingmostlikely reflectslocal contro$ on the expression dfie elemental sulfur

isotopic signalrather than global control on photolytic sulfaiaputs to the ocean

136



All three studiesemphasize thapyrite formedin shallow environments
providesindirect evidence that Neoarchean seawater sulfate carried g a t33Sve A
signalinheritedfrom atmospherisulfate aerosols. Theonclusiorsupportghecurrent
model of the Archean sulfur cyclerhich isimportant in light ofalternative viewshat
areemerging fromi.) measurements of CAS in NeoarcheambonategPariset al.,
2014)that suggest @ositive A*3S composition forseawater sulfatdi.) theoretical
models of photochemical reactions suggesti p o s> signalcarried bysulfate
(Ueno et al., 2009, Claire et al., 201i4)) non-photochemicamechanisms for MIFS
formation including recombination reactions of sulfalfotropesthat may carry

n e g a t*B5 compoditiongBabikov et al.2017, Babikov, 2017)
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