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Hydrogen sulfide (​n​H​2​S) and sulfur oxide (SO​n​; ​n​=1,2,3) gases in early Earth’s            

globally anoxic atmosphere were subjected to gas-phase chemical transformations by          

ultraviolet light. A principal photolysis pathway at that time produced elemental sulfur            

aerosols with mass-independently fractionated (MIF) isotopic values carrying variable         

minor isotope compositions (​33​S, ​36​S). These rained into the sulfate-deficient Archean           

(ca. 3.85-2.5 giga-annum [Ga], or billions of years ago) oceans to react with [Fe​2+​]​aq and               

form sedimentary sulfides. The MIF-bearing sulfides were incorporated into Archean          

sediments, including banded iron-formations (BIF). Such aerosols may also have fueled           

microbial sulfur metabolisms, and thus are traceable by the MIF sulfur isotopes. Yet,             

data show that before ~3.5 Ga ​mass-dependent ​34​S/​32​S values in Early Archean            

sediments tend to fall within a narrow (±0.1%) range even as they carry             

mass-independent values. By about 3.5 Ga, ​34​S/​32​S values show much greater changes            

(>1%) in range congruent with microbial metabolic processing. Here, I trace probable            

pathways of elemental sulfur aerosols into Archean sediments, and couple my study            

with analysis of the evolutionary relationships of enzymes involved in sulfur metabolism            

to explain the observed trends. The narrative proposed is that while an immediate 
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precursor to the enzyme required to metabolize S​0 was present prior to 3.5 Ga, at this                

point, sulfur reduction was e- donor limited due to high ratios of oxidized sulfur              

compounds to molecular hydrogen in volcanic vents. What distinguished the biosphere           

after 3.5 Ga was the advent of (and if not the rapid expansion of brought on by P                  

fertilization of the oceans) of photosynthesis which given the high ratio of sulfides to              

sulfate in hydrothermal vents, would have produced an excess of electron donors in the              

form of organic carbon. The removal of sulfate as barite in the periphery of the vent                

communities would induce a situation where sulfur reduction was electron acceptor           

limited thus driving contemporary organisms to utilize another form of sulfur (in this             

case, photolytically produced elemental sulfur aerosols). This model explains why          

elemental sulfur aerosols were apparently not utilized by the Eoarchean (pre-3.65 Ga)            

biosphere even though an immediate precursor to the required enzyme may have            

already been present.  
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Chapter 1. Introduction 

Earth’s biosphere is ancient, its origin evidently pre-dates the geologic record           

(Benner et al. 2020). Although the various lines of evidence for life’s antiquity are              

debated, the fixation of organic carbon by biological activity from the earliest times is              

tentatively attested by the presence of ​13​C-depleted carbonaceous matter captured          

within rocks of marine sedimentary origin dated to be about 3.8 giga annum (Ga; or               

billions of years ago); low ​13​C/​12​C carbonaceous matter is a characteristic isotopic            

feature of metabolic activity associated with carbon fixation (Schidlowski, 1988; Mojzsis           

et al. 1996; Rosing 1999; cf. Whitehouse et al. 2009). Other evidence, also strongly              

contested, for relatively sophisticated microbial communities before ca. 3.7 Ga include           

purported “stromatolite-like” macrofossil shapes from ca. 3.71 Ga rocks in the Isua            

supracrustal belt of West Greenland (Nutman et al. 2016; cf. Allwood et al. 2018;              

Zawaski et al. 2020) and alleged “microfossils'' found within hydrothermal jaspilites of            

the ca. 3.78 Ga Nuvvuagittuq locality in Canada (Dodd et al. 2015; cf. Greer et al.                

2020). Yet older and similarly strongly disputed hints of life are offered by ​12​C-enriched              

graphite within rocks from the Nulliak assemblage in Labrador, Canada, that are            

suspected to be as old as ca. 3.95 Ga (Tashiro et al. 2019; cf. Whitehouse et al. 2019).                  

Lastly, a few ca. 4.1 Ga zircons host inclusions of ​12​C-enriched amorphous carbon (as              

hexagonal psuedomorphs after graphite) that offer the tantalizing prospect of an           

emergent Hadean biome (Bell et al. 2015; cf. Alleon and Summons 2019). Beyond             

these uncertain fossil traces from a patchy geological record, however, we have little             

direct knowledge of the operative metabolic style(s) that were present in the biosphere’s             

first billion years. As it stands, there appears to have been a biosphere present on Earth  
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by about 4 billion years ago that had the ability to fix organic carbon from inorganic                

sources. What was the nature of this microbial biosphere, and how could it have              

manifested itself in other ways? 

1.1 Sulfur isotope geochemistry as a tracer of ancient environments and metabolisms 

The many geomicrobiological insights provided by sulfur ultimately emanate from          

variations in its 8 (-II to +VI) valence states (​Figure 1​). This is reflected in a rich                 

metal-sulfur chemistry and mineralogy, as well as the isotopic composition in           

sulfur-containing minerals found in sedimentary rocks. These variations reflect the          

different partitioning of its four stable isotopes into various compounds via certain            

biochemical reactions under different environmental regimes. Technically, such induced         

variation is termed “stable isotope fractionation”. Specific biochemical reactions         

associated with different microbial metabolic styles can thus produce compounds with           

characteristic sulfur isotopic ratios that are interpretable if the source isotopic           

composition and reaction pathways are known (or inferred). In this way, it becomes             

possible to use the isotopic compositions of sedimentary sulfur minerals to pinpoint            

metabolic styles in the geologic record. The approach to using sulfur isotopes in this              

way has a long history (e.g., Monster et al. 1979; Schidlowski et al. 1983; Strauss 1993,                

1997, 2003). As reviewed elsewhere (e.g., Mojzsis 2007) surface geochemical cycling           

of sulfur from the beginning of the continuous geologic record at ca. 3.85 Ga (Nutman et                

al. 1997) to the rise of atmospheric oxygen around 2.42 Ga (Papineau et al. 2007) is                

understood to have been dominated by atmospheric reactions under neutral and anoxic            

conditions (Farquhar et al. 2000, 2001; Pavlov and Kasting 2002). These UV-generated            

gas phase reactions (​Chapter 3.2.1​) produced sulfur compounds with anomalous  
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enrichments and depletions in the minor sulfur isotopes (​33​S, ​36​S) and can be preserved              

in the rock record (e.g., Farquhar and Wing 2003). 

 

Figure 1. Schematic diagram of the sedimentary sulfur cycle with reductive (blue line at left, downward                
arrows) and oxidative (red line at right, upward arrows) pathways illustrated with respect to valence state                
(II to þ VI). Dashed lines in the reductive regime (LEFT) represent microbial disproportionation reactions.               
In this representation, the sulfur cycle is powered either by degradation of organic matter via               
sulfate-reducers (heavy blue arrow), or sulfide oxidation (heavy red arrow), or intermediate pathways             
such as elemental sulfur (aerosol; S​8 reduction/oxidation). Sedimentation and burial of ferrous-sulfide            
minerals (mostly FeS​2​; but see Figure 3 that includes intermediate mackinawite and greigite) is the               
dominant sink for reduced sulfur in the marine sedimentary system (modified after Zopf et al. 2004). 

 

Long-term variations in these sulfur isotope signatures and the timing of their            

appearance (and ​disappearance​) from the geologic record are now routinely used to            

analyze atmospheric chemical changes over geologic timescales and, important for this           

work, the early evolution of the surface zone up to the Paleoproterozoic era (2.5-1.6 Ga;               

e.g., Kumar and Francisco 2017). In particular, the last two decades have focused on              

using this powerful multifarious sulfur isotopic tool (MDF/MIF) to determine the timing of  
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the irreversible oxygenation of the surface zone at the Great Oxidation Event at ca. 2.42               

Ga (Holland 2006; Papineau et al. 2007; Kaufman et al. 2007).  

A less-exploited component of the Earth’s early sulfur cycle is to study how             

observed changes in both the magnitude of anomalous minor isotope (​33​S) enrichments            

and depletions, along with changes in the absolute ranges of ​34​S/​32​S, relate to metabolic              

innovations that appeared at different times owing to changes in local as well as global               

selection pressures. The review by Thiemens and Lin (2019) provides the appropriate            

background information of this chemistry to begin to make sense of how we can trace               

the emergence of life with this interesting chemistry. 

Here, I direct my attention to the multiple sulfur isotope geochemistry for which             

data exist for the world’s oldest sediments – mostly comprised of the BIFs – followed by                

an overview of the isotopic fractionation processes believed to be involved in the             

Archean biosphere. Furthermore, I explain how the sulfur isotopic signatures produced           

by these processes can be used as tracers of the pathways by which elemental sulfur               

reached the microbial biosphere and to follow its subsequent modifications. A peculiar            

trend that is observed in the geologic record is that during the Eoarchean period, δ​34​S               

values seldom deviate from the Archean reference array (ARA) by more than 5‰ while              

in the Paleoarchean, many sulfides have δ​34​S values less than 10‰ (most of which              

have greater than 0‰ Δ​33​S values) (Mojzsis, 2007). The implication of this is that              

during the Eoarchean, sulfur was not being metabolized in any detectable quantity while             

in the Paleoarchean, microbial sulfur reduction (MSR) was very abundant and the            

preferred source was elemental sulfur (Philippot et al 2007). The presence of Δ​33​S             

values greater than 0‰ prior to 3.5 indicates that, as in the Paleoarchean, UV  
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photolysis was producing elemental sulfur aerosols in the Eoarchean but the lack of             

deviation from the ARA indicates that said aerosols were not being used at the time.               

This begs a major question: what changed between the Eoarchean and Paleoarchean            

to cause the ancient biosphere to utilize elemental sulfur? Here, I use a combination of               

the evidence obtained from the geologic record along with comparative biochemistry of            

ancient metabolisms to make sense of the observed trends. 

1.2 Antiquity of Acetyl-CoA and its relationship to alkaline hydrothermal vents 

One of the metabolisms most frequently argued to have been present very early             

in the history of life is the reductive acetyl-coenzyme A (Acetyl-CoA), or            

Wood-Ljungdahl (W-L) pathway (e.g. Ragsdale and Pearce 2008; Braakman and Smith           

2012). The sutotrophic Acetyl-CoA pathway uses free hydrogen from the environment           

as an electron donor and carbon dioxide as an electron acceptor. The last universal              

common ancestors of all extant life (dubbed LUCA) are thought to have comprised a              

population that used this Wood–Ljungdahl pathway in a primordial H​2​-powered          

biosphere, perhaps associated with hydrogenous alkaline hydrothermal settings (e.g.,         

Weiss et al. 2016). I return to this setting later in my analysis. Meanwhile, it is important                 

to note that the LUCA organism(s) had already reached a level of complexity that places               

them far from the origin of life, perhaps in the late Hadean. Further, going beyond the                

debate over whether or not life actually originated in hydrothermal vents on the seafloor              

or, alternatively, in shallow settings on dry land, evidence from molecular phylogenies            

points to hydrothermal vents as at least a waystation in early life’s history from its               

origins to the crystallization of the genome that preceded Bacteria, Archaea and            

Eukarya (Pace 2006).  
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Still, a strong argument for at least a ​syn- or perhaps even ​pre-​biotic origin of the                

Acetyl-CoA pathway comes from experiments that show native transition metals (Fe​0​,           

Ni​0​, Co​0​) can, under natural conditions, selectively reduce CO​2 to CH​3​CO​2​- and C​3​H​4​O​3             

(acetate and pyruvate, respectively; Varma et al. 2018). More recently, Preiner et al.             

(2020) showed that acetate and pyruvate are also formed under alkaline hydrothermal            

conditions from H​2 and CO​2 – as in the biological pathway – using only mixed-valence               

Fe(±Ni)-oxides in water as the catalyst. Analysis also suggests that these ancient            

intermediates and end-product compounds of W-L pre-date LUCA (e.g., Goldford et al.            

2019).  

Native metals and alloys (e.g., Ni​2,3​Fe; awaruite) are well known as mineralogical            

products of serpentinized peridotite within hydrothermal systems (Sousa et al. 2018).           

Furthermore, certain minerals of the Osmiridium-group (Os-Ir-Ru-Pt alloys) occur in          

serpentinized ultramafic rocks and their weathering detritus (e.g., Hattori and Cabri           

1992). Briefly, serpentinization is the hydration of (peridotitic) olivine (Mg,Fe)​2​SiO​4 ​and           

orthopyroxene (Mg,Fe,Ca) (Mg,Fe,Al) (Si,Al)​2​O​6​. A general form of the serpentinization          

reaction involves the hydration reaction of olivine to form serpentine, magnetite and free             

hydrogen: 

6[(Mg​1.5​ Fe​0.5​)SiO​4​] + 7H​2​O ​↔​ 3[(Mg​3​Si​2​O​5​(OH)​4​)] + Fe​3​O​4​ + H​2 . [1] 

Significantly, these reactions exist wherever hot ultramafic rocks are in contact with            

water; they provide a reducing environment with high H​2 concentrations where native            

metals catalyze hydrocarbon production with H​2 as the electron donor (e.g.,           

Proskurowski et al. 2008).  I view this as a compelling natural chemical reactor space  
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that provides a prebiotic route to the origin of the W-L pathway and comports with the                

logical arguments provided in Russell and Martin (2004). 

Aside from serving as a cradle for the early biosphere, widespread hydrothermal            

emanations from the extensive hot Archean seafloor crust dictated to no small degree             

the composition of early Earth’s seawater. For example, rare earth element studies            

show that the plentiful Fe​2+ present in the Archean (3.85 to 2.5 Ga) originated primarily               

from expulsion of metalliferous hydrothermal vent fluids (Jacobsen and Pimentel-Close          

1988).  

Taken together, it is unmistakable that the widespread hydrothermal         

environments on the primordial Earth provided a ready supply of native metals, simple             

organic molecules, and free hydrogen to power one of the stepping stones in the history               

of early life from its origin (someplace) to ultimate colonization of the global ocean. We               

posit that – at the least – an intermediate stage of life must have included residence                

around hydrothermal vents, that the vents were the primary sources of reactive iron (II)              

to account for the deposition of the ubiquitous banded iron-formations (e.g., Posth et al.              

2013; ​Chapter 3.3.1​), and that the combined geochemistry of the sulfur isotopes in the              

oldest known sediments and phlyo-metabolic data is a testimony to this history.  

Apart from carbon isotope studies of the oldest rock of sedimentary origins cited             

above, fractionations in the relative isotopic abundances of the other principal biophilic            

elements (Fe, N, and S; e.g., Thomazo et al. 2009 ​and references therein​) are widely               

used to imply that a globally active biosphere was present in the first billion years.               

Among these, the stable isotopes of sulfur (​32​S, ​33​S, ​34​S, ​36​S) stand out as a versatile  
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tool for the elucidation of oxidation modes and the metabolic styles of microbial             

communities in deep time (e.g., Johnston 2011). 

1.3  ​Enzymes involved in dissimilatory sulfur metabolism 

In the contemporary oceans MSR is responsible for ~50% of the remineralization            

of all organic matter (Grein et al. 2013). In this pathway (​Chapter. 3.2.1​), sulfate is               

taken up and reacts with ATP via sulfate adenylate transferase (​Sat​) to form APS              

(​Figure 2​). Then, an andenlyl-sulfate reductase (​Apr) enzyme cleaves the bond           

between the phosphate and sulfate group to form sulfite. This is then reduced to sulfide               

via a dissimilatory sulfite reductase (​Dsr​) located at the end of an electron transport              

chain; the electrons either being derived from an organic molecule or hydrogen (Grein             

et al. 2013). The enzymes that carry out the reactions are homologs, even if there are                

many alternative pathways oxidation usually takes (Weissgerber et al. 2014). Other           

forms of sulfur can also be utilized.  

Elemental sulfur (S​0​), thiosulfate (S​2​O​3​2-​), and tetrathionate (S​4​O​6​2-​) can ultimately          

be reduced to sulfide via polysulfide/sulfur (​Psr/Sre​), thiosulfate (​Phs​) and tetrathionate           

(​Ttr​) reductases in sulfur reducing microbes (Laska et al. 2003). ​Phs reduces            

Thiosulfate to sulfite which is then reduced to sulfide via Dsr and tetrathionate is              

reduced to thiosulfate by Ttr which is then metabolized by Phs in the manner described.               

Meanwhile, Psr reduces polysulfides by reducing a sulfur atom at the end of a              

polysulfide to a monosulfide (Rabus et al. 2013). These enzymes are closely relate to              

one another belonging to the molybdopterin oxidoreductase enzyme family (Duval et al.            

2008).  
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While the sulfur oxidation and fermentation pathways are distinct metabolic          

pathways, there are some enzymes shared between the processes. Specifically, the           

Dsr​, ​Apr and ​Sat enzymes are used to oxidize sulfide to sulfate (although unlike in sulfur                

reduction, there is an elemental sulfur intermediate). In contrast, elemental sulfur,           

thiosulfate and tetrathionate are oxidized to sulfate using ​Sox enzymes which belong in             

the cytochrome oxidase gene families (​Figure 2​). Furthermore, sulfides can be           

oxidized to elemental sulfur in sulfur oxidizers via sulfide quinone reductases           

(Gregersen et al. 2011). Finally, elemental sulfur and thiosulfate can be           

disproportionated (fermented) to produce sulfate and sulfide via sulfur oxidoreductases          

(Thamdrup et al. 1993).  

 

Figure 2. The major dissimilatory sulfur reduction pathways (modified from Rabus et al. 2013). 
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Chapter 2.  Data acquisition and analysis 
2.1  Data Acquisition 

The data presented here is a multiple sulfur isotope meta analysis.  Such studies 

investigating the nature of the Archean Biosphere have used similar approaches before 

(Thomazo et al. 2009; Havig et al. 2017; Mojzsis et al. 2007).  Here, multiple 

publications were collected and the data were obtained and put into excel 

spreadsheets.  The data included in the spreadsheet were the age of the sample, the 

source location, the source mineral, and the method by which the sulfur isotope was 

measured.  The samples were then organized by age in 100 mega annum (Ma) 

intervals spanning the course of the Archean Eon.  To synthesize the data used for 

Figure 3, all of the points for which Δ​33​S and δ​34​S values were available from each of the 

four eras of the Archean (Eo, Paleo, Meso, and Neo) was catenated and plotted with 

the mass independent fractionation on the Y-axis and the mass dependent fractionation 

on the X-axis.  To obtain a better understanding of the patterns of UV photolysis that 

occurred over the course of the Archean, samples for which the Δ​33​S and Δ​36​S values 

were available had the hypotenuse of the mass independent fractionation (Δ​33​S and 

Δ​36​S) calculated as well as the array slope to serve as proxies for the degree of mass 

independent fractionation and the wavelength the sample was subjected to respectively 

(for more information, see ​Chapter 3.2.3​).  To visually represent the data, the age was 

represented by the X-axis, the angle by the Y-axis, and the degree of mass independent 

fractionation as the ‘Z-axis’ in the form of a color bar.  A similar, albeit more simplified, 

approach was used for the phosphorus record throughout the Archean.  Phosphorus 

percent weight data from carbonates over the course of the Archean were obtained  
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along with information about the age and the location of the sample, all of which were 

entered in an excel sheet. For both sulfur isotope and phosphorus constituency data, 

sources for each data point were numbered and the corresponding number was stored 

in a separate document.  A link to the github is at the bottom of this document.  

2.2  Source Data Geologic Setting 

Although the data from samples spanning across the Archean were reported in 

this data set, given that the main focus of this dissertation was the difference observed 

between the Paleoarchean and Eoarchean, most of the samples came from one of 

three sites.  The oldest is the Isua formation (dating from the Eoarchean) in 

southwestern Greenland and a few surrounding locations (Polat et al. 2003).  The 

second oldest is the Dresser Formation in northwestern Australia (dated from the early 

to mid-Paleoarchean); it is in these rocks that the widespread utilization of S​0​ by sulfur 

reducing microbes is attested (Van Kranendock et al. 2008).  The third area is the 

Barberton formation of southern Africa where most formations are dated from the late 

Paleoarchean even though some sites date to prior to the Dresser formation (Gutzmer 

et al. 2006). 

The Canadian shield has yielded the most ancient rocks on the contemporary 

Earth such as the 4 Ga “Acasta Gneiss” (Stern et al. 1998).  On the shores of the North 

Atlantic and Arctic oceans, the remains of the oldest attested habitats can be found in 

the Isua, Akilia (Greenland), and Nuuvutuq (Canada) formations (O’Neil et al. 2012). 

The most extensively studied of these formations is Isua, an ancient greenstone belt 

dated to between 3742 and 3710 Ma (Polat et al. 2003).  This formation is primarily 

composed of gneiss with intermittent banded iron formations (but these are primarily  
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composed of magnetite and are of the algoma-type variety while the more famous ones 

from the Neoarchean are composed primarily of hematite and are of the “superior” 

variety) and amphibolites.  These belts are of the “metasedimentary” and 

“metavolcanic”, or partially metamorphosed sedimentary and volcanic rocks respectively 

(Bolhar et al. 2005).  Another, somewhat older site from southwestern Greenland is the 

Akilia site dated from 3883 Ma but this site has been subjected to a greater degree of 

diagenesis (Lepland and Whitehouse, 2011).  The third major ancient formation from 

the Canadian Shield is Nuvvuaittuq.  Like Isua and Akilia, this formation is composed 

primarily of greenstone but the date is unresolved with some estimates giving an age of 

3750 Ma and another dating it back to the Hadean (4338 Ma) (O’neil et al. 2012).  Given 

the age of formation, the Isua, Akilia and Nuvvuagittuq sites can give invaluable insight 

into the environments present on the Earth less than 1 Ga after the moon forming 

impact (Bottke et al. 2015). 

The Dresser Formation is part of the Warrawoona group located in the Pilbara 

Craton (Van Kranendock et al. 2008).  A nearby site that has also yielded evidence of 

early biological activity is the Stelley pool formation and the maximum age estimate for 

these formations is approximately 3490 Ma (Van Kranendock et al. 2008).  These 

formations consist primarily of basaltic greenstones with intermittent cherts(Van 

Kranendock et al. 2008).  A series of silica veins occurring between faults appear to 

have been of hydrothermal origin and have also contributed to the sedimentary 

environment(Van Kranendock et al. 2008).  Within the chert layers and veins, 

intermittent barite deposits with pyrite nodules are present (Van Kranendock et al. 

2008).  
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The third major location that has yielded many samples for this meta-analysis is 

the Barberton Greenstone Belt.  While most of the rocks within this belt are of igneous 

origin, there is still a plentiful supply of Paleoarchean sedimentary deposits (Van 

Kranendock et al. 2009).  This belt was laid down over a period of around 500 Ma with 

the Theespruit formation being the oldest at 3548 Ma (Van Kranendock et al. 2009). 

Another formation within the Barberton supergroup is known as the “Buck Reef Chert” 

that has been dated to 3416 Ma.  This formation is composed of carbonaceous and 

ferruginous cherts overlaying a slightly older layer of volcaniclastic rocks (Ledevin et al. 

2019).  Due to the similarity in age between the Buck Reef Chert and the 

aforementioned Dresser Formation, comparing these two sites can provide insight into 

how “global” perturbations to the biosphere and sulfur cycle 3.5 Ga were.  One of the 

more prominent formations in the Barberton Greenstone Belt is the Mapepe Formation 

dated to between 3259 and 3226 Ma (Gutzmer et al. 2006).  This layer is composed 

primarily of terrigenous sedimentary rocks interbedded with volcaniclastic rocks 

(Gutzmer et al. 2006). 

2.3  Source S-Isotope Measurements 

In order to determine the sulfur isotope composition of the Archean sediments, a 

number of techniques were employed.  The most preferred method is known as 

Inductively Coupled Plasma Ion Mass Spectrometry (Craddock et al. 2008).  This 

analysis method uses an electrically charged gas to ionize the atoms in a sample 

(Craddock et al. 2008).  These ions are then accelerated and passed through a 

magnetic field (Craddock et al. 2008).  Due to the lower mass to charge ratio of the 

lighter isotopes, such atoms will undergo a greater degree of trajectory alteration and 
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will thus flow into different collection chambers than the heavier isotopes, allowing for 

the isotopic composition of a given sample to be determined  (Craddock et al. 2008). 

Other methods include gas source mass spectrometry that, in the case of these 

samples, involved “burning” the sulfur into SO​2​, ionizing it, and measuring the deflection. 

A problem with this approach is the variable weight of oxygen isotopes that can make a 

sulfur dioxide molecule heavier than most isotopologues while containing the most 

abundant mass sulfur (​32​S) atom (Ueda and Krouse, 1986).  One method which uses a 

similar approach is known as “sulfur hexafluoride mass spectrometry” where the sulfur 

in a given sample is subjected to fluorine gas to get the sulfur into a gaseous phase as 

SF​6​ (Rumble et al. 1993).  This method is usually more accurate than using SO​2​ due to 

the fact that fluorine has only one stable isotope (​9​F), so any variation in the mass of an 

SF​6​ isotopologue will be due to which sulfur isotope has been incorporated into the 

molecule (Rumble et al. 1993).  The third method widely used by the source 

publications was Secondary Ion Microprobe Spectrometry (SIMS, also known as an “ion 

microprobe”;Mojzsis 2003).  Here, a beam of ions (usually Cs​+​) is used to ionize the 

sulfur in a sample to be put through a mass spectrometer (Mojzsis 2003).  
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Chapter 3. Reporting multiple sulfur isotope heterogeneities in the geologic 

record 

I now review the theoretical considerations in reporting multiple sulfur isotope           

data. This section provides – in brief – the basis of isotopic geochemistry arguments              

(see Thiemens and Line 2019) for tracing the emergence of microbial sulfur            

metabolisms using data reported from the geologic record, and relate these changes to             

broader-scale transformations to the geosphere. 

3.1 Conventional notations for the multiple sulfur isotopes 

The four stable isotopes of sulfur (​32​S, ​33​S, ​34​S, ​36​S) have the approximate             

terrestrial abundances of 95.03%, 0.7487%, 4.197%, and 0.01459%, respectively (Ding          

et al. 2001). These specific isotopic abundances were determined prior to the formation             

of our solar system via nucleosynthesis reactions in stars before they became            

incorporated into the building blocks of the planets (Mojzsis 2007). In reporting the             

chemistry of mass-dependent fractionation of multiple isotopes such as sulfur          

(Domagal-Goldman et al. 2011), we let ​a and ​b label the specific S isotopes, ​a​S and ​b​S,                 

with ​a or ​b = [32, 33, 34, 36] as shown above, and ​a ​≠ ​b​. In the hypothetical isotopic                     

substitution reaction: ​a​SA + ​b​SB ​↔​ ​b​SA + ​a​SB the equilibrium constant is expressed as: 

 .xp  Kab
eq = exp e −( kT

∆Eab)  =  
[ SA] [ SB]a

eq
b

eq

[ SA] [ SB]b
eq

a
eq [2] 

Here, is the free energy difference between E ( SA) E( SB) E( SA) E( SB)∆ ab = E b +  a −  a −  b        

reactant and product. From zero-point-energy arguments, it can be shown that           

. Since ​32​S is the lightest and most abundant isotope, we take itE ∝(1/  /  ∆ ab √ma + 1 √m )b  
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as the reference, so that ​a = 32. When comparing three isotopes (e.g. ​32​S, ​33​S, ​34​S) and                 

because the mass differences of the isotopes are small, an approximation can be made: 

  .E /∆E ≈(1/m /m )/(1/m /m )∆ ab ac a − 1 b a − 1 c = λeq  [3] 

To report differences in the ratios of two isotopes (usually the most abundant,             

here ​32​S and ​34​S), the conventional delta (δ) notation is used for mass-dependent             

isotopic fractionations. The mass-dependent sulfur isotopic compositions are expressed         

as part-per-thousand (0.1%; 1/1000; per mille; ‰) variations relative to a reference            

standard, as follows:  

S 1000  δb =  [ ( SA  / SA)  b 32
sample

( SA  / SA)  b 32
standard

− 1]× [4] 

Where [Equation 4] ​b may refer to 33, 34, or 36, and δ​b​S is reported in units of ‰. The                    

standard reference, which by definition is 0.00‰, is Vienna Cañon Diablo Troilite            

(VCDT). The VCDT standard is presently defined relative to a Ag-sulfide reference            

IAEA-S-1 with an agreed δ​34​S​VCDT​ value of -0.3‰. 

Mass-dependent fractionation (MDF) represents the majority of processes within 

the sulfur isotope system. In MDF the isotopic ratios – (​34​S/​32​S), (​33​S/​32​S), (​36​S/​32​S) – 

show systematic variability in proportion to the mass differences between the isotopes 

(Urey 1947; Hulston and Thode 1965). Hence, variations in (​33​S/​32​S) of a 

sulfur-containing sample will be slightly more than half that of (​34​S/​32​S) for the same 

sample. This is because the mass difference between ​33​S and ​34​S is the nucleon 

mass/energy difference between a neutron and a proton (M​p​ = 0.99862349M​n​). The 

resulting linear fractionation trends, commonly termed the terrestrial mass fractionation 

lines (TMFL), emerge from this mass difference with a slope of slightly more than 0.5.  
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S .515 × δ Sδ33 = 0 34   [5.1] 

S .91 × δ Sδ36 = 1 34 [5.2] 

Before the work of Farquhar et al. (2001), almost all sulfur isotope studies             

measured only (​34​S/​32​S) because it was not expected that deviations in (​34​S/​32​S) vs/             

(​33​S/​32​S) would occur in the rock record (cf. Thode et al. 1949; Riciputi et al. 1998). It is                  

now widely understood that isotopic compositions that deviate significantly from the           

TMFL are preserved even in the oldest BIFs (e.g., Mojzsis et al. 2003). The deviations               

reflect mass-independent fractionation (MIF) processes of the S isotopes, and the           

Capital Delta (Δ) values are used to document this phenomenon. The definition for this              

phenomenon requires a second reference isotope, taken to be ​34​S. The general form is:  

,S δ S (1 S) ]∆b =  b − [ + δ34  λb eq − 1   [6] 

Where . We know,  [Eqn. 3], and with theλ b eq =  (1/m /m )32 − 1 b / (1/m /m )32 − 1 34  λ λ b eq =  eq  

appropriate reference isotopes, ​a​ = 32 and ​c​ =34; the mass differences lead to a slope 

value ​33​λ​eq​ = 0.515.  

As with δ values, MIF is expressed in the conventional notation on terms of Δ​33​S               

and Δ​36​S in parts-per-thousand (‰) deviations from the standard ​33​λ​eq​ slope, as: 

S δ S 000 ×  ∆33 =  33 − 1 1[( − δ S34

1000)
0.515

− 1]  [7.1] 

S δ S 000 ×  ∆36 =  36 − 1 1[( − δ S34

1000)
1.91

− 1] [7.2] 
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Somewhat like the δ-notation, ​positive values (+Δ​33​S and +Δ​36​S) indicate that a     S∆b         

compound is anomalously enriched in that minor isotope, whereas a negative value            

points to depletion. The processes of MIF were so important on Earth prior to the Great                

Oxygenation Event (GOE) that it is misleading to term them as anomalous; these are              

reviewed below. Furthermore, although it seems that the sulfur MDF connotes           S∆b
eq = 0

, we know that small differences in can exist with different MDF processes or      λ b eq         

different standards (including VCDT) and different types of fractionations both abiotic           

and biotic (e.g., Farquhar et al. 2003). The inorganic reference materials show a narrow              

range in Δ​33​S of ±0.1‰ (2σ) about 0‰. For example, Papineau et al. (2005) explained               

that this natural scatter in the standards statistically exceeds the internal analytical            

precision of the measurements. They proposed that these reflect additional sources of            

error, or the scatter may reflect real heterogeneity resulting from different modes of             

mass-dependent fractionation among the standards (Young et al. 2002). Values that fall            

more than 3σ beyond a band in the TMFL about ±0.1‰ from Δ​33​S = 0‰ are interpreted                 

as a signal of MIF. 

3.2 MDF and MIF fractionation processes documented in the Archean sulfur cycle 

Different modes of isotopic fractionation produce sulfur compounds with diverse          

isotopic compositions, the combination of measured multiple isotopes (δ, Δ) described           

in ​Chapter 3.1 can be used to identify the activity of these processes in deep time.                

Here, we turn our attention to some fractionation processes understood to have existed             

in the Archean surface sulfur cycle, the different isotopic signatures produced by those             

processes and how they can be understood in relation to the evolution of microbial              

metabolisms that utilize sulfur (either in reduced, or oxidized form). While other  
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fractionation processes are thought to have been active in Archean time, our discussion             

concerns those that are most relevant to understanding the early evolution of elemental             

sulfur utilization by life.  

3.2.1 Atmospheric photochemistry and multiple sulfur isotopes 

Laboratory control experiments have shown that MIF sulfur isotopic signatures          

are produced by photolysis reactions with SO and SO​2 gas under ultraviolet lamps with              

wavelengths in the broadband 185-220 nm wavelengths under strictly anoxic          

atmospheres (Farquhar et al. 2000, 2001; Farquhar and Wing 2003). Modeling studies            

have sought to understand better the underlying mechanisms of this photochemistry in            

the Archean (Lyons 2009; Claire et al. 2014). These processes include           

photo-dissociation and/or photoexcitation (Lyons 2009). Authigenic sedimentary sulfur        

minerals (sulfides and sulfates) typically show characteristic non-zero Δ​33​S and Δ​36​S           

values, where Δ​36​S/Δ​33​S ≈ -0.90, and Δ​33​S/δ​34​S ≈+0.73 ± 0.15 (Farquhar et al. 2001;                         

Farquhar and Wing 2003; Thomassot et al. 2015); these slopes are referred to as the                             

Archean Reference Arrays (ARA; ​Figure 3​). It should be noted, however, that although                 

the ARAs are commonly viewed as reliable MIF sulfur signals, other studies continue to              

investigate non-atmospheric causes for this phenomenon including reaction in aqueous          

solution or organic + aqueous mixtures (e.g., Lasaga et al. 2008; Watanabe et al. 2009;               

Whitehall and Ono 2012; Kumar and Francisco 2016). 
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Figure 3. The multiple sulfur isotope record of different stages of the Archean. Here, we assess the                 
relative influence of the different mass-independent fractionation trends via the ​δ​34​S vs. ​Δ​33​S relationship.              
The data are binned by age (a–d); generally, most mass-dependent Eoarchean data plot with δ​34​S near                
zero (inset, a), whereas ever increasing spreads in range of mass-dependent fractionation values as              
shown in the inset histograms characterize the Paleoarchean/Mesoarchean (similar) and Neoarchean           
records. a: δ​34​S vs. ​Δ​33​S data for Eoarchean [3650–3830 Ma], b: Paleoarchean [3200–3650 Ma], c:               
Mesoarchean [2800–3200 Ma], d: Neoarchean/early Paleoproterozoic [2400–2800 Ma]). Sulfur         
mass-dependent fractionation is expressed as δ​34​S V DCT on the x-axis, whereas mass-independent             
fractionation is reported in D33S on the y-axis. Also shown are the various documented mechanisms of                
atmospheric MIF sulfur production (see ‘Atmospheric photochemistry and multiple sulfur isotopes’           
section). Labeled here are: ARA 1⁄4 Archean reference array; (i) photo-dissociation with self-shielding in a               
SO​2​–N​2 gas; (ii) photo-excitation; (iiia) photo-excitation of self-shielded SO​2 molecules in the 240–350 nm              
range from Whitehill and Ono (2012) and (iiib) from Ono et al. (2013). 

 

Other mechanisms of atmospheric MIF sulfur production – besides the          

broadband ~200 nm UV array – have been explored to explain the records found in  
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ancient rocks (Lyons 2009). Beyond the ARA mentioned above, further experimental           

and numerical mechanisms for the various Δ​33​S/δ​34​S slope trends labeled in ​Figure 3             

that can be identified over the course of the Archean eon can be summarized as follows                

(Claire et al., 2014; Thomassot et al. 2015):  

(i) photo-dissociation with self-shielding in a SO​2​-N​2 gas [Δ​33​S/δ​34​S = +0.086 ±           

0.035 (Ono et al. 2013)] 

(ii) photo-excitation [Δ​33​S/δ​34​S ≈ +0.5 (​Hattori et al. 2013)] 

(iii) photo-excitation of self-shielded SO​2 molecules in the 240- to 350 nm range            

[Δ​33​S/δ​34​S from​∼​+1 (Whitehill and Ono 2005) to +3 (Ono et al. 2013)]. 

Corroborating evidence for a gas phase origin of these anomalous signatures           

also come from the observation of similar values in modern atmospheric sulfate            

aerosols and in sulfate from volcanogenic SO​n from Antarctic ice; in some cases these              

are correlated to historical volcanic eruptions that deliver sulfur gases to the            

stratosphere (Romero and Thiemens 2003; Savarino et al. 2003; Baroni et al. 2007).             

Owing to this body of evidence, photochemical transformations of SO​n are widely            

accepted as the cause of Archean MIF sulfur signatures even if other media are              

possible (cf. Kumar and Francisco 2016). The analyzed products – reduced and            

oxidized sulfur aerosols – of this UV induced photochemistry giving MIF S provide             

isotopic mass balance. The oxidized aerosol in this case, sulfate (SO​4​2-​), partitions sulfur             

isotopes such that it carries ​negative Δ​33​S and ​positive Δ​36​S values. Contrariwise,            

elemental sulfur aerosols (S​0​, S​n​+1​, cyclic S​8​, polymeric S; Steudel 2003) carry ​positive             

Δ​33​S and ​negative Δ​36​S. We refer the reader to Claire et al. 2014 and Thomassot et al.                 

2015 for more about these phenomena. 

21 



 

3.2.2 Archean MIF sulfur aerosols, atmosphere transparency, low pO​2​, and scattering 

As mentioned previously, controlled experiments show that low intrinsic oxygen          

concentrations and specific UV wavelengths that penetrate deep into the atmosphere           

are required to produce and preserve widespread MIF sulfur signatures in the geologic             

record. Ozone and oxygen are the primary absorbers of UV at wavelengths less than              

300 nm, including those wavelengths involved in the photochemical reactions described           

in the previous section.  

To account for the observed pervasive MIF sulfur in the pre-GOE geological            

record and its continuum from the end of the Hadean to the Paleoproterozoic (with the               

possible exception of the Mesoarchean; Thomassot et al. 2015), Mojzsis (2007) argued            

that Earth’s atmosphere must have had the following properties: (i) transparent to short             

wavelength UV radiation and not so dense (e.g. <<0.5 bar CO​2​) that            

Einstein-Smoluchowski scattering attenuates UV photons and prevent them from         

penetrating deep into the atmosphere and (ii) low in atmospheric ​p​O​2 to mitigate             

formation of an ozone screen, as well as to prevent production of significant marine              

sulfate to dilute a MIF sulfur signal. Pavlov and Kasting (2002) calculated that the              

effective transfer of MIF via reduced sulfur species (S​0 ​to polymeric S​n​+1​) ​from the              

atmosphere to the oceans requires that the early atmosphere had ​p​O​2 values <<10​-5             

present atmospheric levels (Lyons et al. 2014). 

The undoubtedly abundant MIF S​n​+1 aerosols in the Archean serve as excellent            

tracers of the early evolution of the biogeochemical sulfur cycle, and I use this fact to                

explain Δ​33​S/δ​34​S data in the context of the emergence of different styles of metabolic  
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cycling of sulfur. I now direct our attention in this work to elemental sulfur aerosols that                

carry ​positive Δ​33​S and for which the most MIF S data are available; I therefore limit                

further discussion to the Δ​33​S/δ​34​S system. At the present time, the Δ​36​S systematics are              

still limited as long as relatively fewer data are available for ​36​S/​32​S for ancient rocks.  

3.2.3 ​Using polar coordinates to interpret multiple S-isotope data 

Conventionally, sulfur isotope data over the course of the Archean has used 

Δ​33​S as a proxy for the quantity of UV photolysis that has occurred over time (​Figure 3 

A) (Mojzsis, 2007).  While straightforward, this method has potential 

Shortcomings due to the fact that the 193nm photolysis array induces a stronger 

fractionation of Δ​33​S while the broadband 190-220 nm array has a stronger impact on 

Δ​36​S (Farquhar et al. 2001; Ono et al 2013). As such, using Δ​33​S as a proxy will make 

samples subjected to 193 nm wavelengths appear to have undergone more photolysis 

than they have relative to the broadband wavelength. Therefore, one possible method 

to correct for this is to use the “hypotenuse” of the Δ​33​S and Δ​36​S values to indicate the 

relative quantity of photolytic fractionation to which the sample was subjected to. This 

information can be combined with the angle of the slope of each data point from the 

origin (Δ​33​S and Δ​36​S = 0) (Farquhar et al. 2001) to indicate which wavelengths were 

inducing photolysis. Although the convention has been to use the slope, when 

representing the totality of the data, individual points near the origin can have very high 

absolute values, collapsing the resolution between 1 and -1. Instead, a polar coordinate 

system can be used where the distance from the origin represents to what quantity of 

photolysis the sample has been subjected to and the angle of the slope is used to 

determine which wavelengths it was subjected to. Using the angle will result 
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in all data points falling between 90° and -90°, minimizing distortion and allowing the 

nature and intensity of UV photolysis to be illustrated across large periods of time.  The 

following equations describe the quantity to which a sample has been subjected to MIF 

where X describes an element (such as S) and i and j represent the atomic mass of 

specific isotopes (33 and 36 in this case).  

                                                   Δ​r​X = (Δ​i​X​2 ​+ Δ​j​X​2​)​.5​                                              [8.1] 

                                                    Δ​r​S = (Δ​33​S​2 ​+ Δ​36​S​2​)​.5​                                          [8.2] 

 

The following equations describe how the angle of the array the sample is on.  

                                                   Δ​θ​X = tan​-1​(Δ​j​X/Δ​i​X)                                              [9.1] 

                                                    Δ​θ​S = tan​-1​(Δ​36​S/Δ​33​S)                                          [9.2] 

 

When looking at the Δ​33​S values of the early Archean period, the MIF intensity 

of the Paleoarchean seems somewhat higher than the Eoarchean (​Figure 3a​).  This 

could lead one to conclude that the sudden utilization of elemental sulfur in the 

Paleoarchean may result from an increase in the production of photolytically produced 

elemental sulfur.  However when multiple isotope data are used, a somewhat different 

pattern emerges. The Δ​r​S of the Eoarchean sulfides is similar to those of the 

Paleoarchean with the Paleoarchean values clustering around the 193 nm angle while 

those in the Eoarchean are between the 193 nm and 190-220 nm angle. This again 

suggests that high array angles reduced the MIF signal of the Eoarchean. It also 

suggests most of the UV spectrum was acting on volcanic sulfur dioxide in the 

Eoarchean yet virtually all wavelengths except the 193 nm were filtered in the 
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Paleoarchean (Mueller et al. 2016).  Such a similar trend has been observed when 

looking at Δ​33​S along with δ​34​S values and one explanation put forth is that carbonyl 

sulfide in the atmosphere shielded the broadband wavelengths (Mueller et al. 2016). 

This then raises the question, why did the OCS levels increase in the atmosphere at this 

time? One explanation may be related to the rise of methanogens near the end of the 

Eoarchean (Ueno et al. 2006). Methane can undergo photooxidation to form carbon 

monoxide (Schwieterman 2019) that will then react with sulfur dioxide to form OCS 

(Mueller et al. 2016). 

 

Figure 4: Polar coordinate plot of Eo-Mesoarchean MIF sulfur isotope record (Neoarchean omitted to              
increase resolution of the data points of the time in question). The two horizontal lines indicate the                 
positions of the 193nm and 202nm or “broadband” photolysis arrays. 
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3.3 Archean sulfur metabolisms 

Of the various microbial sulfur metabolisms proposed to have been active in the             

Archean eon (e.g., Shen et al. 2001, 2009; Wacey et al. 2010; Guy et al. 2012;                

Eickmann et al. 2018), I direct our analysis to the ​sulfur reducers​, ​oxidizers and              

disproportionators ​(​elemental sulfur fermenters​). I refer the reader to recent reviews           

(e.g., Maier 2015) for more details about the nature of the sulfur biogeochemical cycles,              

to Rabus et al. (2013) for sulfur metabolisms and to Dahl (2017) for a comprehensive               

analysis of phototrophic sulfur metabolism. 

3.3.1 Mineralogical aspects of microbial “sulfate reduction” 

“Sulfate-reducing” microbes actually metabolize SO​4​2- transformed to SO​3​2- by         

ATP activation, or formation of sulfite (and bisulfite; HSO​3​-​) by reaction of SO​2 in water,               

to produce product sulfide- and polysulfide (S​n​2-​) that in turn reacts in water to form               

metal sulfide (​Figure 3​: ​Chapter 2.3.1​) This subsequently goes on to become            

incorporated into sediments. The general exergonic part of sulfate reduction is sulfite            

reduction (or sulfur reduction) to H​2​S. In the geobiological literature, this reaction is             

commonly expressed as: 

2CH​2​O + SO​4​2-​ ​↔​ H​2​S + 2HCO​3​- [10] 

where CH​2​O is taken as generic “organic matter” (Berner 1985) and the implication is              

that SO​2 forms SO​3​2-​, which can also be used in lieu of SO​4​2-​. Microbes that perform                

microbial sulfate reduction (MSR) preferentially metabolize ​32​S-compounds relative to         

34​S-compounds, which leads to mass-dependent depletions in ​34​S vs. ​32​S and           

consequently negative fractionations in the δ​34​S of the product sulfide (Thode et al.             

1951; Jones and Starkey 1957; Harrison and Thode 1958). Analysis of modern  
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sedimentary environments show that these isotopic fractionations can be up to ~50‰            

(Goldhaber and Kaplan 1975; Canfield 2001).  

 

 

 

Figure 5. Schematic diagram of inorganic sulfur redox reactions in the marine system related to source 
and valence state (see Figure 1). The central role of elemental sulfur/polysulfide (aerosol) in controlling 
intermediate sulfur species transitions as well as Fe-sulfide mineralization is emphasized in this 
conceptual framework (modified from Kafantaris and Druschel 2020). 

Sulfide minerals can be produced by the reaction of MSR-produced H​2​S [Eqn. 8]             

with Fe(II)​aq to form precursor amorphous [FeS]​aq and thence to intermediates such as             

mackinawite ((Fe,Ni)​1 + x​S (where x = 0 to 0.11)) which transforms at low temperature               

diagenesis to greigite ((Fe​2+​Fe​3+​)​2​S​4​), and the orthorhombic polymorph marcasite (FeS​2​)          

to the cubic mineral (FeS​2​) pyrite (e.g., Schoonen and Barnes 1991; Avetisyan et al.              

2019). Sulfur metabolically processed in MSR means that these minerals preserve a            

memory of the biological involvement by carrying strongly ​negative δ​34​S (Berner 1970,            

1984). I return to this later (​Chapter 3.3.2​), but it is well established that sediments               

deposited in Archean environments preserve δ​34​S fractionations that are typically <20‰                

(Sim et al. 2019), and for Eoarchean rocks of sedimentary protolith like BIFs, they are 
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much less than that (≤10‰). This overall trend in mass-dependent sulfur isotopes is                         

interpreted to mean that SO​4​2- concentrations in the Archean oceans were very low, and                  

that MSR was unable to operate in the general absence of reactive sulfate (e.g., Fike et                

al. 2014).  

The exception to sulfate-absent Archean oceans is the localized stabilization of           

SO​4​2- ​by fluids interacting with, for example, silicic magma chambers with associated            

caldera collapse and seawater incursions. These partially isolated environments will          

locally evolve highly oxidized (Scaillet et al. 1998) and volatile-rich saline fluids (Newton             

and Manning 2005) and the expulsion of these oxidized fluids stabilize SO​2​. Confined to              

a regional volcano-sedimentary environment the SO​2 hydrolysis reaction (Hattori and          

Cameron 1986): 

4H​2​O + 4SO​2​ ↔ H​2​S + 3H​+​ + 3HSO​4​- [11] 

yields sulfate even without free oxygen in the system, which then converts to (bi)sulfite              

(viz. Eqn 8). Other products in this reaction are hydrogen sulfide and free hydrogen. For               

instance, microscopic sulfide (pyrite) grains co-exist with sulfates in the ca. 3.49 Ga             

barite (barium sulfate; BaSO​4​) beds from the Dresser Formation, Warrawoona Group at            

North Pole in Western Australia (Philippot et al. 2007). These rocks formed at a time               

when there should have been no sulfate in ambient seawater. Underscoring how            

unusual these rocks are, sedimentary sulfates do not appear again in the rock record              

until about a billion years later in the Neoarchean (e.g., Zhelezinskaia et al. 2014). 

Fractionations by MSR of the minor isotope ​33​S have been recorded to yield             

relatively higher ​33​S/​32​S in product sulfide (e.g., Johnston et al. 2005; Ono et al. 2006).  
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This process also, interestingly, results in small positive Δ​33​S values. It is worth noting              

that this same process discriminates against ​36​S, and thus to negative Δ​36​S in the sulfide               

product relative to the starting values of the sulfate reactant. Johnston et al. (2007 and               

references therein) also reported Δ​36​S/Δ​33​S of ~ -6.9, with the magnitude of the changes              

in Δ​33​S and Δ​36​S observed to scale with degree of mass dependent fractionation in δ​34​S.  

3.3.2 Mineralogical aspects of microbial sulfur disproportionation 

Microbial sulfur disproportionation (MSD) is a form of fermentative metabolism          

that uses sulfur in a series of redox reactions to generate ΔG°. Organisms metabolize              

sulfur intermediate compounds such as elemental sulfur (S​0 and sulfur polymers) and            

sulfite (SO​3​2-​) to produce sulfide and sulfate as products (Bak and Pfennig 1987;             

Canfield and Thamdrup 1994; Thamdrup et al. 1994; Canfield and Teske 1996; Finster             

et al. 1998; Cypionka et al. 1998; Habicht et al. 1998; Rabus et al. 2013). The                

disproportionation of inorganic sulfur intermediates can be done with or without free            

hydrogen present in the system. The general forms of these reactions are: 

      4S​0​ + 4H​2​O ​↔​ 3H​2​S + SO​4​2-​ + 2H​+   ​[12.1] 

4SO​3​2-​ + 2H​+​ ​↔​ H​2​S + 3SO​4​2-                                                    ​ [12.2] 

    S​2​O​3​2-​ + H​2​O ​↔​ H​2​S + SO​4​2-​                                 [12.3] 

Culture studies have shown that elemental sulfur disproportionation [Eqn. 12.1] typically           

concentrates ​32​S in the sulfide product that in turn leads to mass-dependently            

fractionated negative δ​34​S values between 5.5 – 11.3 ‰ (Canfield et al. 1998). In              

another culture study by Johnston et al. (2005) it was shown that the opposite sign can                

also occur, with positive fractionations in δ​34​S up to ~ 4 ‰.  Analyses of sulfite  
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disproportionation reactions (displayed in the aforementioned equations) also show that          

the product sulfide is depleted in ​34​S and the sulfate product is enriched in ​34​S (Habicht                

et al. 1998). Authenticated fractionations in sulfide δ​34​S are between +20 and +45 ‰,              

and the sulfate shows δ​34​S negative fractionation of -7 to -12 ‰ (Johnston et al. 2005).                

Very few data are currently available to allow us to confidently evaluate how Δ​33​S values               

change in the sulfite disproportionation process; what does exist indicates that values of             

both products show ​increases ​in​ ​33​S relative to the reactant SO​3​2-​.  

3.3.3 Post-depositional abiotic sulfur isotope fractionation processes 

Thermochemical sulfate reduction (TSR) is thought to have been an active           

process within the Archean sulfur cycle even as it requires the presence of reactive              

sulfate (e.g. Jamieson et al. 2013). The TSR process may refer to either abiotic              

reduction of sulfate where Fe​2+ acts as an electron donor (hereafter, TSR​1​), or reduction              

of sulfate by organic carbon (TSR​2​). These reactions happen at higher temperatures            

than MSR (​Chapter 3.2.1​), which has an optimal temperature range between           

~20°-40°C (Jørgensen et al. 1990; Sageman et al. 1998; Canfield 2001). The two forms              

of TSR described above have been invoked to explain some features of the Archean              

sulfur cycle. 

The TSR​1 process uses Fe​2+ and free hydrogen H​+ (​Chapter 3.3​) ​and occurs at              

temperatures of ~200°-350°C (Trudinger et al. 1985), via: 

8Fe​2​+​ + 10H​+​ + SO​4​2-​ ​↔​ 8Fe​3+​ + H​2​S + 4H​2​O [13] 

Isotope fractionation models (Janecky and Shanks 1988) show that the reaction 

leads to product sulfide concentrated in ​34​S with positive fractionations of δ​34​S ≥ 5‰. It  
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is still unknown how this process [Equation 13] affects fractionation in the minor 

isotopes, if at all. In the geologic record, TSR​1​ is usually recognized where sulfides that 

host negative Δ​33​S values requiring the reduction of MIF sulfate to sulfide preserving the 

mass-independent signal, occurs within high temperature chemical environments in the 

crust such as the volcanogenic massive sulfide (VMS) deposits (e.g., Jamieson et al. 

2006, 2013; Bekker et al. 2009). 

The TSR​2 involving organic matter – which itself is abundant in hydrogen –             

commonly takes place at temperatures of ~100°-140°C and up to about 180°C (Machel             

1998; Claypool and Mancini 1989) in a mechanism resembling that in [Eqns. 9, 12.2].              

Experiments have verified that the TSR​2 mechanism concentrates ​32​S in the product            

sulfide and produces negative δ​34​S fractionations between ~0 and 10‰ (Kiyosu 1980).            

Intriguingly, Watanabe et al. (2009) also showed that the product Δ​33​S values are ~0.1 –               

2.1‰ higher than that of the reactant sulfate.  

Now that I have reviewed the general manner of microbial and abiotic sulfur             

isotopic fractionations, they can be placed in the context of the early evolution of the               

sulfur cycle and its bearing on the record of microbial metabolic evolution in the Archean               

marine reservoirs. 

3.4 Microbial sulfur reduction in the Archean marine system 

Sulfur reservoirs in the marine system can be divided into three main            

components: Marine sediments, seafloor hydrothermal environments and seawater        

(aqueous) sulfate. Sulfide minerals can be found in rocks from each of these             

components in the geological record. Such sulfides carry ​positive​ Δ​33​S values and  
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relatively large ​positive ​or ​negative δ​34​S; where these values deviate from the ARA in              

Δ​33​S/δ​34​S space (​Chapter 3.2.1​), they are typically ascribed to the action of MSD in the               

Archean (e.g., Wacey et al. 2010). This relationship in Δ​33​S/δ​34​S space is illustrated in              

Figure 3b ​for the Paleoarchean sulfides with a noticeably wider range in δ​34​S (inset)              

than in the preceding Eoarchean.  

3.4.1 Authigenic sulfide mineral formation in Archean banded iron-formations 

Banded iron-formations are characteristically laminated Fe-rich (~20 to 40 wt.%          

Fe) siliceous (~40 to 50 wt.% SiO​2​) sedimentary rocks that formed extensively in the              

oceans throughout the first 2 billion years of Earth history (James 1954). The formation              

of BIF was perhaps modulated by life (Kappler et al. 2005), which would qualify the rock                

type as a biomarker. At time of sedimentation, the primary Fe-mineralogy of the BIFs              

included hydrated ferric oxy-hydroxides (Fe​3+​O (OH) · ​n ​H​2​O), the serpentine-group          

mineral greenalite (Fe​2+​,Fe​3+​)​2-3 ​Si​2​O​5​(OH)​4​), and the ferrous-carbonate mineral siderite         

(Fe​2+​CO​3​2-​) (Han 1966). Subordinate primary minerals included sulfide, (basic calcium)          

phosphate, and organic matter (Klein 2005). It is also probable that the oceans at that               

time were enriched in dissolved silica (Konhauser et al. 2007) and under such             

conditions the precipitation of amorphous silica can take place directly on the sea floor              

out of solution. Consequently, this would add silica to the list of primary minerals in BIFs                

(Krapež et al. 2003). Depending on the degree of metamorphism, the most common             

sulfide minerals present in BIF are pyrite (FeS​2​; ​Figures 1, 5​) and its high-temperature              

(metamorphic) polymorph pyrrhotite (Fe​1−x​S [where, ​x ​ = 0 to 0.2]).  

As previously discussed (​Chapter. 3.2.2​) ​characteristic ​positive Δ​33​S and         

negative ​Δ​36​S values of Archean sulfides are indicative of the reduced, MIF elemental  
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sulfur aerosols that were transported to the oceans, converted to sulfide and            

subsequently preserved in sediment (e.g. Izon et al. 2015).  

My focus is mainly on the geological record of BIFs, because they are the most               

abundant (preserved) of all Eo- to Paleoarchean sediments (Klein 2005). Yet, how were             

the MIF elemental sulfur aerosols converted to sulfide and incorporated into sulfide            

minerals? The possible mechanism depends on whether it was biologically modulated           

or not.  

A plausible path for this process is via H​2​S production from S​0 in MSD [Eqn. 8.1],                

followed by what has been proposed as a direct reaction of product sulfide with              

abundant [Fe​2+​]​aq​ in the Archean oceans (Holland 1973, 1984), as in: 

Fe​2+​ + S​2​2-​ ​↔​ FeS​2 [14] 

Note that Schoonen and Barnes (1991), Canfield and Thamdrup (1996), and Pyzik and             

Sommer (1981) provide important caveats about sulfide saturation in the simple           

scenario [Eqn. 11]. 

Alternatively, elemental sulfur aerosols (S​0​, S​n​+1​, cyclic S​8​, polymeric S​x​2-​) can           

react ​directly with ferro-ferric oxy-hydroxides; these were abundant in solution in the            

Archean oceans (e.g., Arrhenius et al. 1993). The relevant reaction is: 

5S​0​ + Fe​3​(OH)​8​ ​↔​ 3FeS + 2SO​4​2-​ + 8H​+​. [15] 

Here, the reactivity of aqueous Fe​3​(OH)​8 with elemental sulfur produces hydrogen. The            

compound Fe​3​(OH)​8 is a mixed-valence iron oxy-hydroxide dubbed ferrosic hydroxide          

(Arden, 1950); it is an unstable precursor to magnetite in ferruginous sediments.            

Ferrosic hydroxide belongs to a mineralogical family of mixed valence compounds  
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termed ​Green Rusts that have general compositions varying from Fe​2​(OH)​5 (Trolard et            

al. 1997) to (Fe​2+​
(1-​x​) ​Fe​3+​

x - (OH)​2​)​x​+ (​x​/​n​A​n- ​m​/​n​H2O)​x- (Genin et al. 1998), where A can                

be substituted by the anions OH​-​, Cl​-​, CO​3​2-​, or SO​4​2-​. Several studies have implicated              

the ​Green Rust precursor minerals as the feed stocks of the magnetite found in the               

Archean BIFs (Kuma et al. 1989; Arrhenius 2003; Halevy et al. 2017). 

A further pyrite-forming pathway to consider is the polysulfide reaction wherein           

pentasulfide (S​5​2−​) reacts with FeS to give FeS​2 and S​8 (Rickard and Luther, 2007;              

Kafantaris and Druschel 2020). Polysulfides (S​x​2−​; x = 2 to 8 in natural systems;             

Kamyshny et al. 2004) in my case come into play via the abundant S​0 aerosols known                

to exist and traced by MIF from atmospheric reactions on the early Earth (​Chapter              

3.2.1​). Intriguingly, chain-length distribution of the S​0 aerosols in aqueous systems is            

determined by disproportionation reactions, principally: 

S​4​2-​ + ¼ H​2​O ↔ ¾ S​5​2-​ + ¼ OH​-​ + ¼ HS​- [16] 

Whereupon the pentasulfide reacts to form pyrite.  

3.4.2 Secular δ​34​S trends in Eoarchean-Paleoarchean sulfides 

Notably for my work, the geological record of δ​34​S fractionations for Eoarchean            

sediments in ​Figure 3a (see inset) shows that this mass-dependent process was            

subdued; Eoarchean sulfur isotopes preserve small δ​34​S fractionation values ascribable          

either to abiotic processes (​Chapter 3.2.3​) or perhaps to a simple form of elemental              

sulfur reduction (Kaplan and Rittenberg 1962). The earliest evidence for MSD as            

reported in Philippot et al. (2007) and Mojzsis (2007), takes the form of pyrite with               

positive​ Δ​33​S values and where these values begin to significantly deviate from the ARA  
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in Δ​33​S/δ​34​S space is in the Paleoarchean record and afterwards (​Figures 3b-c;            

insets​). By Neoarchean time (​Figure 3d​, inset) the sulfur isotopes are strongly            

mass-dependently fractionated. 

Eoarchean sulfides are characterized by a very narrow range of δ​34​S values 

(inset, ​Figure 3a​) that points to minimal fractionation between sulfate and sulfide 

(​Figure 5​) with the important caveat that no data are thus far available from the paired 

sulfate-sulfide samples necessary to constrain this fractionation (Fike and Grotzinger 

2008; Fike et al. 2006, 2014; Gill et al. 2011). Geochemical studies and laboratory 

microbial culture work to explore the impact of sulfate concentration on fractionation 

during microbial sulfate reduction, show that such reduced δ​34​S fractionations in 

sedimentary sulfur minerals is evidence for sulfate abundances sufficiently low (<200 

μM) to inhibit any fractionation during that time (Habicht et al. 2002). Other results 

(Crowe et al. 2014; Zhelezinskaia et al. 2014) suggest even lower ambient sulfate levels 

(<10 μM) in the early Archean (​Chapter 3.3.1​).  

Furthermore, high-resolution spatial analysis by secondary ion mass        

spectrometry (SIMS; ion microprobe) of Archean pyrites documents higher         

fractionations than are apparent from bulk δ​34​S pyrites (Mojzsis et al. 2003; Kamber and              

Whitehouse 2007). These preserved micrometer-scale δ​34​S differences occur in pyrites          

that also preserve mass-independent signatures. These data confirm that the variable           

fractionations in δ​34​S/Δ​33​S within Eoarchean to Paleoarchean sedimentary pyrites are          

primary and not the result of later-stage overprinting (Watson et al. 2009).  
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Chapter 4. Evolution of biological sulfur cycling on the Eoarchean to 

Paleoarchean Earth 

Next, I explore how the genes involved in sulfur metabolism may have evolved             

on the Eoarchean to Paleoarchean/Mesoarchean Earth to account for the observed           

trends in the multiple sulfur isotope data. 

4.1 Eoarchean alkaline hydrothermal vents as a waystation for early life 

The microbial community that composed LUCA may have included a          

hydrogenotrophic acetogen with a primordial metabolism utilizing the Wood-Ljungdahl         

pathway (Russell and Martin 2004, Weiss et al. 2016). To better understand the nature              

of this early biosphere, modern analogue environments conventionally serve as a guide.            

Enzymes involved in the W-L pathway have many cofactors that resemble minerals            

involved in the abiotic synthesis of organic molecules in alkaline hydrothermal systems            

(Russell et al. 2013). Here I propose that these chemically dynamic environments as a              

salle d'attente​ for emergent life and a gateway for the colonization of the oceans. 

I have reiterated the case that at least at some transitional stage Earth’s             

Eoarchean-Paleoarchean biosphere included a biome that primarily resided in alkaline          

hydrothermal vent systems. The deepest-rooted forms of metabolism have a similar           

series of reactions that are identified to occur in mafic (alkaline) hydrothermal vents,             

whether on the seafloor or the shallow subsurface and comparative biochemistry has            

indicated that LUCA possessed a metabolism similar to those present in organisms that             

inhabit alkaline vents (Weiss et al. 2016). It is interesting to note that even on the                

contemporary Earth, a combination of biotic and abiotic carbon fixation reactions can 
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take place within these environments (e.g., Martin and Russell 2006). Further, the            

presumed biogenic carbonaceous materials measured in sediments from such         

environments have a δ​13​C range of -28.9‰ to -21.5‰, whereas postulated abiogenic            

carbon varies from -15‰ to -9‰ (Proskurowski et al. 2008); this range is similar to that                

observed in Eoarchean rocks ascribable to evidence of past biological activity           

(Papineau et al. 2010; Havig et al. 2017). As I argue later, by approximately              

Paleoarchean time, data from the rock record seem to indicate that life went from              

exclusive hydrogenotrophic carbonate reduction to a variety of metabolisms including          

methanogenesis (e.g., Ueno et al. 2006), photosynthesis (e.g., Olson 2006) and           

respiration (e.g., Bontognali et al. 2012). This evolution towards metabolic complexity is            

the natural consequence of life’s dependence on non-equilibrium electron transfers          

(Falkowski, 2006). 

If alkaline hydrothermal vents were a stepping stone for early life (see Martin             

2016 for a summary), we may inquire what happened as more metabolic pathways             

emerged in this environment? Biosynthetic pathways that would have produced          

materials needed for metabolism (such as nucleic acids and enzyme cofactors) were at             

first synthesized via abiotic processes (e.g., in the serpentinization environment) and           

inherited by the earliest organisms (Wang et al. 2014). Such early emergent            

biosynthetic pathways ought to include those involved in ever more sophisticated amino            

and nucleic acid biosynthesis, which would lead to an ever greater chemical distinction             

between the portions of the hydrothermal crucible where biogenic and abiogenic carbon            

reduction took place (e.g., Martin and Russel 2006). Once hydrogenotrophic          

acetogenesis [Equation 17.1] was firmly established by this nascent biome (see, for  
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example, Fig. 1 of Martin 2016), it set the stage for diversification into methanogenesis              

[Equation 17.2]; this increased the total energy obtained from carbonate reduction.           

Furthermore, the origin of fermentative heterotrophs would have allowed organisms to           

derive energy from previously reduced carbon by converting said compounds into the            

most thermodynamically favorable configuration (Schönheit et al. 2016) [Equation 17.3]. 

4H​2​ + 2CO​2​ ​↔CH​3​CO​2​H + 2H​2​O                                   [17.1] 

4H​2​ + CO​2​ ​↔CH​4​ + 2H​2​O                                         [17.2] 

2C​n​H​2n​O​n​ ​↔​ nCH​4​ + nCO​2​                                        [17.3] 

 The evolution of biosynthetic pathways would have allowed life to survive           

throughout an alkaline vent, I argue that it would still be limited to near-vent niches for                

reliable access to the mineral precursors of the functional groups used to catalyze             

metabolism. Only after gaining the ability to synthesize these cofactors from more and             

more simple starting materials, could organisms venture forth beyond the hydrothermal           

cradle into the surrounding marine habitats. That is, if the required raw materials,             

hydrogen and inorganic carbon, were present for a relocation (Holliday et al. 2007). 

4.2 Environmental availability of free hydrogen 

A number of natural mechanisms are available to provide crustal H​2 to the             

environment (e.g., Morita 2000) [Equation 1], but an important caveat to these various             

sources is that the hydrogen must be at least at the minimum abundance levels              

required for H​2​-dependent growth (Schink 1997; Thauer et al. 2008). This is a challenge              

because hydrogen gas in the environment is ephemeral with very fast diffusion times.             

Free hydrogen can be formed in relatively low oxygen fugacity (dissolved-gaseous  
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equilibrium) reactions between dissolved gases in the system C-H-O-S in magmas,           

especially in those with basaltic affinities that continuously form and sustain           

hydrothermal vents; by thermal decomposition of organic matter and CH​4 to C​0 and H​2              

at temperatures around 600°C; via reaction between CO​2​, H​2​O, and CH​4 at elevated             

temperatures in the vapor phase; from radiolysis of water by U and Th, and their               

radioactive (intermediate) daughters, and potassium-40; catalysis of silicates under         

stress in the presence of water; hydrolysis of ferrous minerals in ultramafic rocks             

(peridotite, komatiite); and, mantle exhalations via volcanic or passive crustal          

out-gassing. These various sources of hydrogen are frequently misconstrued to mean           

that there is no strong limitation to free hydrogen availability for metabolism. Of the              

endogenous sources, H​2 from vents and the serpentinization process is the most            

important. Methanogens and acetogens and H​2​-dependent microbes in general need on           

the order of 1-10 Pa H​2 for the metabolic reaction to be exergonic. It is for this reason                  

they grow near serpentinizing systems, or occur together with H​2​-producing fermenters.           

To underscore this point, it is not enough that free hydrogen can be made at the                

crust-hydrosphere interface, it must be at adequate abundance to be useful (e.g., Orsi             

et al. 2020). 

Once a dependable capacity to produce the organic and inorganic molecules           

could be found to sustain cellular metabolism away from a reliable source of H​2 and               

mineral precursors at alkaline hydrothermal vents, later microbial life was no longer            

confined to these environments. Yet, an interesting challenge for early life arises: sulfur             

oxides (SO​n​; ​n ​=1,2,3) released by volcanic and passive outgassing in active 
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hydrothermal regions quickly react with water to form bisulfite (HSO​3​-​) and thence sulfite             

(SO​3​2-​) as in: 

SO​2​ + H​2​O ↔ HSO​3​-​ + H​+ [18.1] 

HSO​3​-​ ​↔​ SO​3​2-​ + H​+​. [18.2] 

The product [Eqn. 18.2] can be oxidized further to form sulfate (SO​4​2−​), or sulfuric acid               

(H​2​SO​4​) depending on the pH (e.g. Ranjan et al. 2018). In the absence of available               

oxygen to deep Eoarchean-Paleoarchean hydrothermal environments, the bulk of the          

sulfur (Rimmer and Shorttle 2019) will be in the form of bisulfite (HSO​3​−​) and hydrogen               

sulfide (HS​−​). Sulfite is highly reactive and requires detoxification by microbes (​Chapter            

4.4.1​) 

4.3 Selective pressures on the early biochemical evolution of sulfur metabolism 

The ability to metabolize elemental sulfur would not have emerged ​de novo​; it             

must have evolved from an existing enzyme that was already integrated into a             

metabolic system (Duval et al. 2008). To understand why it was delayed until the              

Paleoarchean, we must understand what metabolic systems and what environmental          

conditions were present to account for this delay. While data indicate that ESR was              

operative by 3.5 Ga (Philippot et al. 2007), molecular evidence are at odds with this               

being the oldest form of sulfur metabolism; other forms of sulfur metabolism were there              

first (Duval et al. 2008). Phylogenetic evidence shows that some of the genes involved              

in respiratory sulfur metabolism were present in the LUCA microbial community           

(Heinzinger et al. 1995).  
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I now examine the sulfur metabolic processes in methanogens and acetogens to            

understand this further, and explore how early life was forced to cope with toxic sulfite.               

4.4.1 Sulfite detoxification 

In methanogens that inhabit sulfur rich hydrothermal environments (e.g., Takai et           

al. 2004), a class of enzymes are present that closely resemble ​Dsr (​Chapter 3.1​)              

which are used to detoxify sulfite by reducing it to sulfide. The first ​Dsr-LP to evolve was                 

cytoplasmic and obtained electrons from intracellular Fe-S clusters which themselves          

would have obtained electrons from an unknown carrier (Susanti and Mukhopadhyay           

2012). A later variety integrated the Fe-S clusters within the enzyme, allowing the             

Dsr-LP to obtain electrons directly from it and facilitating greater reaction rates (Susanti             

and Mukhopadhyay 2012). After a duplication (forming the A and B subunits; Dhillon et              

al. 2005), molecular analysis shows that the ​DsrM complex, which links the ​DsrAB to              

the electron transport chain, is homologous to the hetero-disulfide reductase enzymes           

(E subunit) of methanogens (Grien et al. 2013). This is also involved in the electron               

transport chain, which implies that the binding of the ancestral ​DsrAB complex to an              

HdrE linked it to the central energy metabolism and allowed it to act as an electron                

acceptor in the earliest form of respiration (Grein et al. 2013). A variety of ​Dsr-LP known                

as ​Fsr appears to have been convergently coupled with the ​F420-H2 Dehydrogenase            

enzyme (Susanti and Mukhopadhyay 2012). A variety of the derivation of ​Dsr from an              

enzyme utilized by methanogens to detoxify sulfite suggests that sulfur metabolism may            

have started out at hydrothermal vents perhaps evolved from a carbonate-reducing           

metabolism. 
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Figure 6. Position of the DsrA and DsrB subunits within the phylogeny of Dsr-like proteins in                
methanogens and the corresponding gene annotations. Black bands represent Arg/Lys binding sites            
(numbered C to N) while gray bands represent iron-sulfur clusters. F, A, D and E represent the insertion                  
(+) or deletion (-) of an iron–sulfur cluster, Arg/Lys binding site, gene duplication or coupling of an ETC                  
associated enzyme (adapted from Susanti and Mukhopadhyay 2012; Grein et al. 2013). 

Abundant sulfite in the environment provided at least a mild selective pressure on             

methanogens to detoxify it. Initially, early ​Dsr-LP would have had low reaction rates but              

with the incorporation of sirohemes, electron transfer efficiency increased, allowing it to            

reduce sulfite at an increased rate (Susanti and Mukhopadhyay 2012) and inhabit            

deeper parts of the hydrothermal vent system with greater concentrations of H​2 present             

(McCollum 2007). As the organisms colonized microhabitats with ever higher          

concentrations of sulfite, the selective pressure to detoxify it may have driven the             

coupling of the ​Dsr-LP to the central energy metabolism, and thus to respiration (Grein              

et al. 2013).  

Among the many forms of sulfur respiration, sulfite reduction has some inherent            

limitations due to the toxicity of the substrate (Simon and Kroneck 2013). By allowing for               

greater metabolic rates (Widdell et al. 2013), this would have favored the evolution of              

sulfur respiration systems that could reduce other less-toxic oxidized sulfur compounds.  
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Although organisms that had evolved the capacity to reduce other sulfur sources would             

still have inhabited an environment where sulfite was present, the uptake of sulfite into              

the cytoplasm where it would do the most harm would no longer be required to carry out                 

respiration (Dudley and Frost 1994). While sulfate was present at trace amounts,            

hydrolysis reactions between sulfur dioxide and calcium oxide and the reactions           

discussed above could also have produced sulfate in Hadean-Archean volcanic vents           

(Arndt and Nisbet 2012) and, when alkaline conditions are present, sulfides readily react             

with water to form thiosulfate (Gartman and Luther 2013). For more about reactions             

that yield sulfate in the pre-GOE Earth, see ​Chapter 3.3.1. ​The competing            

back-reactions to elemental sulfur can occur with oxidation of hydrogen sulfide (Luther            

et al. 2011) and the acid dissociation of thiosulfate (Xu et al. 1998) and polysulfide               

(Luther, 1990). 

4.4.2 Rise of sulfate, thiosulfate, tetrathionate, and elemental sulfur metabolisms 

After the first form of sulfur respiration evolved, other styles would follow suit             

including the ability to utilize sulfate, thiosulfate, tetrathionate and elemental          

sulfur/polysulfides (e.g., Duval et al. 2008). The latter three of these sulfur species are              

reduced by enzymes in the molybdopterin superfamily (Duval et al. 2008). Of the genes              

in this family likely evolved from an arsenite oxidase (​Aro​) enzyme present since before              

the community of LUCA (Lebrun et al. 2003). Of the sulfur species metabolized by              

genes in this family, the molecular structure of thiosulfate most closely resembles            

arsenate. Consequently, one likely scenario for the incorporation of it in sulfur            

metabolism is that an ancient ​Aro enzyme became attached to the end of the electron               

transfer chain causing it to reduce the substrate as opposed to oxidizing it and reversing  

43 



 

the reaction (Heinzinger et al. 1995) and bound thiosulfate to the active site. The              

modern ​Phs is capable of reducing compounds with a similar molecular structure to             

thiosulfate such as perchlorate and may be able to reduce arsenate itself (Duval et al.               

2008). Due to high sequence similarity, ​Phs and ​Psr​/​Sre are often not distinguished             

from one another on phylogenies, but Melton et al. (2016) showed that when             

differentiated it appears that ​Psr was monophyletic while ​Phs was paraphyletic. This            

reinforces the notion that ​Phs represents the primitive character state of the sulfur             

metabolizing enzymes in the molybdopterin family. Furthermore, the ​Phs​/16srDNA         

phylogenies are congruent across archaea and bacteria indicating that this gene was            

also present at LUCA (Duval et al. 2008). Presently, sulfate is most widely used in               

sulfur-based respiration owing to its abundance in seawater (Grein et al. 2013). Yet, the              

utilization of sulfate required the evolution of two other enzymes: sulfate           

adenylyltransferase (​Sat​) and adenylylsulfate reductase (​Apr​) (Grien et al. 2013). The           

Sat enzyme is a transferase related to kinases (Segel et al. 1987) whereas ​Apr is a                

reductase enzyme distantly related to other flavoproteins with a high structural but low             

sequence similarity (Grein et al. 2013). The phylogeny of ​Apr has a root in between               

sulfur reducing Archaea and group I sulfur oxidizing bacteria with sulfur oxidizing group             

II branching off from the sulfate reducers (Meyer and Kuever 2007). When sulfur             

oxidizing and sulfur reducing ​Dsr genes are placed on a phylogeny, the branches by the               

root are comprised of sulfur reducers with sulfur oxidizing bacteria branching off later             

(Müller et al. 2015). The combined ​Dsr and ​Apr gene phylogeny indicates that shortly              

after the ability to reduce sulfate had evolved in a stem group Archaeon, stem group 
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Bacteria acquired ​Sat and ​Apr via horizontal gene transfer where the pathway was             

reversed (Hipp et al. 1998).  

 

 

Figure 7. A proposed scenario for the evolution of the ​Phs and ​Psr/Sre enzymes. Horizontal arrows                
indicate the direction in which the reaction occurs whereas subscript letters by the atoms in each                
molecule show where a homologous site in each enzyme would interact with the products and reactants                
(modified from Duval et al. 2008). 

4.4.3 Arrival of photothiotrophy 

A proposed mechanism for this reversal is when a photon struck a heme group in               

the electron transport chain provided an excess of energy (a product), that reversed the              

direction of the reaction. If this interpretation is correct, the heme group served as the               

precursor of the first photosynthetic pigments (bacteriochlorophyll utilized by         

photothiotrophs is structurally intermediate between tetrapyrroles and chlorophyll) while         

the protein in which it resides served as the ancestral photosystem (Martin et al. 2018).               

The advent of photosynthesis forever altered the stoichiometry of the global biosphere            

(e.g., Falkowski and Raven 2007); this newly emergent pathway would have swamped            

the environment with an ​abundant electron acceptor​, organic carbon.  
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Chapter 5.  Discussion 

Elemental sulfur reduction has been shown to be the oldest form of sulfur             

respiration for which isotopic evidence exists, yet the molecular evidence is at odds with              

this being the first sulfur metabolic style. Given that ​Phs occupies the branches at the               

root of the ​Psr/Phs gene tree (Melton et al. 2016) and has a substrate with greater                

similarity to that of ​Aro (Duval et al. 2008), thiosulfate reduction likely preceded it.              

Furthermore, ​Phs produces sulfite as a product (Rabus et al. 2013) which would have              

quickly built up to toxic levels in the cell if ​Dsr had not been present (Simon and                 

Kroneck 2013) indicating that sulfite reduction in all probability preceded thiosulfate           

reduction. While the incorporation of the ​Phs into dissimilatory sulfur metabolism gave            

early respiratory organisms the precursor of the enzyme used to metabolize elemental            

sulfur, it was likely the incorporation of the ​Sat and ​Apr enzyme (more specifically, the               

pathway reversal that followed; Hipp et al. 1998) that provided the ultimate evolutionary             

incentive to utilize it. 

5.1 Straying from the alkaline vent  

Primary productivity in contemporary serpentinization hydrothermal vents is        

usually carbon (electron acceptor) limited (Proskurowski et al. 2008), which means that            

early life forms would have competed for this resource (McCollum 2007). It is             

interesting to note that high temperature ultra-magnesian systems – where H​2 is most             

abundant – tend to have low oxygen fugacity and consequently relatively higher            

H​2​S/SO​2 values (Hoshyaripour et al. 2012). Arguments have been presented that such            

vent chemistries were relatively commonplace on the Hadean-Eoarchean Earth (Arndt          

and Nisbet, 2012). Any adaptation that allowed the first organisms to synthesize the  
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enzyme cofactors used in primary production (that catalyzed the pre-biotic synthesis of            

organic carbon) from more simple starting materials gave them the new ability to carry              

out carbon reduction in a wider array of microhabitats in the marine realm (Sojo et al.                

2016). Once this threshold was breached, colonization of the water column became            

possible. 

With a lower organic carbon to carbonate ratio than the modern biosphere (1:9             

as opposed to 1:5), the Eoarchean biosphere was both puny and less productive             

(Schidlowski et al. 1975; Schidlowski 1982). While it has been speculated that this was              

due to a lower supply of nutrients (e.g., Sleep and Bird 2007), estimates of productivity               

have indicated that the ancient biosphere was more specifically limited by the supply of              

electron donors (Ward et al. 2019). In ultramafic hydrothermal systems such as Lost             

City (Kelley et al. 2001), primary productivity is ​electron acceptor limited​. At the             

periphery of the vent, however, life encountered an ocean rich in bicarbonate yet             

relatively poor in free hydrogen. This reverses the selective pressures on an Eoarchean             

biosphere that strayed from the hydrothermal vents to one that goes from electron             

acceptor-limited to donor-limited (Ward et al. 2019). The evolution of heterotrophic           

processes and methanogenesis (Martin and Sousa 2016) would have also allowed           

those organisms to re-mineralize organic carbon produced within and around the vent to             

methane and carbon dioxide (Whiticar and Faber 1986). 

5.2 Sulfur and the dawn of photothiotrophy 

The most abundant form of dissimilatory sulfur reduction utilizes sulfate as the            

electron acceptor and accomplishes this via the Sat, Apr and Dsr pathway. Of these              

enzymes, ​Dsr​ homologs are utilized by methanogens to detoxify sulfite suggesting that  
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this was the first form of S-metabolism to evolve. Furthermore, the presence of the              

sulfur oxidizing branch of the ​Dsr phylogeny as a clade within reducing lineages (Dahl et               

al. 2005) coupled with the first division of the ​Apr phylogeny being between homologs of               

the gene used in oxidation versus reduction (Meyer & Kuever, 2007) suggests that             

sulfur metabolism began with reduction while the ability to oxidize sulfides came about             

shortly after sulfate was used as an electron​-​ acceptor. 

If sulfur oxidation originated as a result of a reversal in the sulfur respiration              

pathway (Hipp et al. 1997), such a switch is unlikely to have occurred when ​Dsr was the                 

only enzyme present due to the production of toxic sulfite (Simon and Kroneck 2013).  

Before photosynthesis, MSR near volcanic vents would have been limited primarily by            

the supply of electron donors in the system due to the high ratio of sulfur dioxide                

derivatives to molecular hydrogen (e.g., Nakamura and Takai 2014), except in the            

cases of the hottest, most magnesian and H​2​-rich hydrothermal centers (​Chapter 5.1​).            

This would have held true especially in the cooler, more oxidized periphery of the vent               

community because the concentration of oxidized sulfur species exceeds that of           

hydrogen (free or bound to a carbon) and any external source of carbon would have               

been fermented by methanogenesis (King 1984; Ueno et al. 2006). While most volcanic             

vents have a greater concentration of sulfate and sulfite than hydrogen, sulfides still             

dominate (Nakamura and Takai 2014). This will result in sulfur oxidation outpacing            

respiration if we assume that both are only using sulfur electron donors/acceptors that             

are derived from the vents (McCollum 2000).  

I propose that the increased abundance of organic carbon as an electron donor             

provided an electron donor for elemental sulfur reduction to account for its  
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utilization by about 3.5 Ga based on the data shown in ​Figure 3, ​which shows a marked                 

increase in mass-dependent fractionation. Due to the high sequence similarity between           

the ​Psr and ​Phs genes, relatively few mutations would have had to occur to allow the                

gene to reduce elemental sulfur (Duval et al. 2008), indicating that this transition could              

have taken place rapidly should selective pressures arise to motivate it. While the             

abundance of electron donors may explain why elemental sulfur was used as an             

electron acceptor, it should not be forgotten that elemental sulfur is in an intermediate              

oxidation state (Gregersen et al. 2013).  

5.3 Elemental sulfur reduction appears in the Paleoarchean as opposed to other            

S​0​ pathways 

The isotopic evidence in ​Figure 3 ​hints that biological S​0 reduction began in the              

Paleoarchean, but are other forms of sulfur metabolism not observed at or before this              

time in the geochemical record? Sulfur disproportionating organisms use sulfur          

oxidoreductase enzymes to metabolize elemental sulfur and it is not known how this             

enzyme is related to others (Urich et al. 2004). This makes it difficult to understand the                

circumstances under which it evolved but it is known that the disproportionation of             

elemental sulfur must be coupled with the reduction of ferric iron to be exergonic              

(Thamdrup 1993). The magnetite in the oldest banded iron-formations is diagenetic           

from ​Green Rust (​Chapter 3.3.1​), which means that the supply of ferric iron would be               

limited by solubility, thus removing the evolutionary pressure to metabolize elemental           

sulfur.  

It is documented (Franz et al. 2007) that some contemporary photothiotroph           

strains such as ​Allochromatium vinosum ​use elemental sulfur, indeed all sulfur oxidizing  
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microbes use elemental sulfur as an intermediate in sulfur oxidation (Gregersen et al.             

2011). Yet, as shown in ​Chapter 3.3.2, ​the lack of isotopic evidence for elemental sulfur               

oxidation to sulfate until the Neoarchean, as indicated by the presence of sulfates with              

positive Δ​33​S values (Paris et al. 2014), suggests that the ability to oxidize elemental              

sulfur had not evolved until that time even if the genes were present. With the exception                

of a ​Psr​-like gene used to oxidize sulfate to sulfite in one operational taxonomic unit               

(OTU) of purple sulfur bacteria, utilizing the ​Dsr​, ​Apr, and ​Sat genes while lacking the               

Phs ​and ​Psr enzymes, makes it seem likely that the latter two were not present in the                 

first sulfur oxidizing microbes if the pathway ended up becoming reversed (Hipp et al.              

1998). 

Contemporary sulfur oxidizers use the ​Sox multi-enzyme complex that is in the            

cytochrome oxidoreductase gene family, implying that unlike sulfur reducers, early          

sulfur oxidizers did not have an enzyme already used in sulfur metabolism that could be               

converted into one that oxidized elemental sulfur (Ghosh et al. 2019). Furthermore,            

while sulfur reducers can use sulfate bound in barite (albeit at an attenuated rate;              

Karanchuk et al. 2002), sulfur oxidizers cannot do the same with sulfide bound in pyrite               

(Rawlings et al. 1999).  

Sulfur reducers living in the periphery of a volcanic vent would face electron             

acceptor limitation over a wide range while photothiotrophs would have a narrow band             

of limitation around the periphery before being subjected to complete inhibition           

(Rawlings et al. 1999), restricting how many photosynthetic organisms faced electron           

donor limitation. The first photosynthetic organisms may not have used another sulfur  
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source as an electron donor, or they used a different element entirely (Martin et al.               

2018). 

5.4 The phosphorus connection and an age-old question of evolutionary biology 

The case presented here is that what drove the widespread appearance of            

elemental sulfur reduction in the Paleoarchean was the widespread abundance of           

electron acceptors relative to donors by the beginning of photosynthesis. But this raises             

an interesting question: why did photosynthesis began (or at least become prevalent            

enough to be attestable with the evidence available in the geologic record) 3.5 Ga              

(Olson, 2006)? Was it just because a precursor metabolism (the respiratory electron            

transport chain) (Martin et al. 2017) existed prior to this time or was it influenced by                

global events? 

In the Archean as now, primary productivity can be limited by a number of factors               

(Kharecha et al. 2005). Today, it is usually nutrient (N, P, or Fe) limited (Cullen et al.                 

1992) but in the Archean eon, it has been argued that it was instead electron acceptor                

limited (Ward and Rasmussen, 2019). If the narrative that, at least up to the              

Paleoarchean, life was tied to what materials could be provided by hydrothermal vents,             

the stoichiometry of vent fluids can provide some insights. In volcanic vents, where the              

chemistry is influenced by the contact water has with magma, H​2 ​/ CO​2 and H​2 / (SO​4​-2 +                  

SO​3​-2​) are low enough that hydrogen would be the limiting factor behind primary             

productivity (<1:2 for acetogens, <1:4 for methanogens and SRMs; Kelly 2012;           

Nakamura and Takai 2014). Once photosynthesis began, H​2​S would act as the electron             

donor with CO​2 ​as the acceptor. Given the abundance of CO​2 in the Archean              

atmosphere and oceans, it would be intuitive to think the H​2​S would limit rates of  
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photosynthesis (Domagal-Goldman et al. 2008). However, a more detailed look at the            

chemistry of volcanic vents does not support this proposal. Assuming that the first             

phototrophs had stoichiometric nutrient requirements similar to the Redfield Ratio          

(C:N:P = 106:16:1) and would require 1 H​2​S for every 2 carbon atoms fixed, the S:P                

ratio would be 53 and H​2​S:P ratios are usually greater than 53 in volcanic vents (Kelly                

2012; Cleveland and Liptzin 2007; Rogers et al. 2007). 

The aforementioned information would suggest that, depending on where         

photosynthesis began, it may very well have been P-limited as opposed to electron             

donor limited. This would, of course, depend on the environment, but if there was no               

external source of P outside the periphery of the volcanic vent, the rate of productivity               

would be limited by the concentration of phosphorus species in the vent fluids (Hao et               

al. 2020). ​Figure 8 depicts P-percent weight ratios in Archean carbonate sediments            

over time and, while levels remain somewhat low, there is a large spike in the maximum                

concentrations around 3.5 Ga. Hf isotope (​Guitreau et al. 2012) and Eu rare earth              

element (REE) anomalies (Liou et al. 2019) also indicate that major crust forming             

events occurred during this time that would have brought large quantities of phosphorus             

to the surface. The phosphorus laden igneous rocks would then be weathered, washing             

large quantities of phosphorus into the ocean (Horton, 2015) thus fertilizing it and             

possibly driving the sudden “appearance” of photosynthesis ~3.5 Ga (Olson et al. 2006).             

A similar crust forming event indicated by Hf isotope systematics and Eu REE             

anomalies circa 3 Ga also correspond with an abrupt increase in carbonate phosphorus             

levels (Guitreau et al. 2012; Liou et al. 2019).  
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Figure 8. Concentrations of phosphorus by percent weight from Archean carbonate sediments (data             
obtained from other studies; link to data sheet and references in the link at the bottom). 

While conclusive evidence of photosynthesis prior to 3.5 Ga remains elusive           

(Olson et al. 2006), the realization that the oceans became “fertilized” at this time raises               

the possibility that phototrophy was active pre-3.5 Ga but at levels too low to be               

observed due to P-limitation. If an answer to this ponderance can be identified, it may               

provide insight into how an age-old discussion applies to the early evolution and             

expansion of the planetary biosphere: gradualism versus punctuated equilibrium         

(Rhodes 1983). If photosynthesis appeared shortly after the Paleoarchean         

P-fertilization of the ocean took place, it would indicate that the expansion of the              

biosphere was driven by evolutionary innovations building upon one another          

(“gradualism”).  Conversely, if photosynthesis began before the Paleoarchean crust  
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forming event, then it would suggest that the expansion of the biosphere was driven by               

sudden perturbations in the surrounding environment (“punctuated equilibrium”). 

5.5 A Mesoarchean “iron age” of metabolism 

While there was an abrupt increase in S-MDF fractionation in the Paleoarchean,            

there is also a relative decrease in the Mesoarchean (​Figure 3​). Although microbial             

S-metabolism does not drop to levels comparable to the Eoarchean, the degree of             

S-MIF goes below what was observed pre 3.5 Ga (​Figure 3​). If we are to ask “why was                  

sulfur metabolism suddenly used in the Paleoarchean”, it should also be asked “why did              

the utilization of sulfur decrease in the Mesoarchean”. A possible explanation may be             

found in the limitations photoautotrophs faced post 3.5 Ga and the redox potential scale. 

Photothiotrophs living on the periphery of a volcanic hydrothermal vent would           

have faced electron acceptor limitation with decreasing concentrations of H​2​S in the            

primarily ferruginous Archean oceans (Crowe et al. 2014). While the zone of inhibition             

versus exclusion may not have been as wide for sulfate reducing microbes (discussed             

in ​Chapter 5.3​), there would still have been selective pressures to utilize alternate             

sources of electron donors. One possible source was the supply of Fe​2+ in the archean               

oceans itself. Today, a variety of green sulfur bacteria uses Fe​2+ as the electron donor               

in photosynthesis in a process known as “photoferrotrophy” (Crowe et al. 2008).            

Analysis of a quaternary anoxic marine basin has indicated that photoferrotrophy (the            

presence of which has been indicated by green sulfur bacteria microfossils) produces            

hematite-rich algoma-type BIFs (Fru et al. 2013). While these are not similar to the              

magnetite BIFs of the Eoarchean (Nutman et al. 2017) or the superior type of the               

Neoarchean (which were most likely produced by reactions between O​2​ and Fe​2+​;  
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Zhang et al. 2012), there is a strong resemblance to the BIFs found in the Mesoarchean                

(Dai et al. 2014), suggesting biogenicity.  

Although photoferrotrophy exists today, molecular analysis has indicated that the          

ability to utilize Fe​2+ as an electron donor was accomplished by “coupling” an iron              

oxidase (​Iro​) gene utilized by Fe​2+ oxidizing chemolithotrophs to the photosynthetic           

metabolism of the host green sulfur bacteria (Emerson et al 2013). This would suggest              

that if photoferrotrophy was occurring in the Mesoarchean, the modern ability to            

photo-oxidize Fe​2+ had evolved convergently. One explanation put forth by William           

Martin as to how this metabolism evolved is that the Fe​2+ was oxidized directly in the                

photosystem of the first photoferrotrophs. Some of these organisms later began to            

utilize Mn​2+ that served as the precursor for the CaMn​4​O​8 cluster (the “Oxygen Evolving              

Complex” or OEC) used in oxygenic photosynthesis today (Martin et al. 2017; ​Figure             

9​). When Mn​2+ is incorporated into the photosystem as the OEC, it is photo-oxidized to               

Mn(III) and Mn(IV) (Vinyard et al. 2019).  
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Figure 9. Possible phylogeny of the photosystems used in photosynthesis and the reaction each              
catalyzes with an asterisk by an electron or proton indicating that it is in a high energy state. PSA:                   
ancestral photosystem, PSII: photosystem II, PSI: photosystem I, PSP: purple sulfur bacteria            
photosystem, PSGs: greens sulfur bacteria (sulfur-oxidizing) photosystem, PSGFe: greens sulfur bacteria           
(iron-oxidizing) photosystem, PSFe: iron-oxidizing photosystem, PSMn: manganese-oxidizing       
photosystem (modified from Xiong 2007; Martin et al. 2018). 

Given the prevalence of Fe​2+ in the Archean oceans (Crowe et al. 2008),             

photoferrotrophy could become far more abundant than photothiotrophy and it may also            

explain why S-MIF also decreased during the Mesoarchean (​Figure 3​). One often            

proposed explanation is the formation of UV-shielding organic hazes over the ocean but             

modeling of the mixing ratios indicated that appropriate CH​4​/CO​2​ ratios would have  
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resulted in major glaciations (Domagal-Goldman et al. 2008). In the contemporary           

oceans, planktonic algae produce a wide variety of small volatile organic molecules that             

diffuse from the oceans into the atmosphere. In the phanerozoic, high O​2            

concentrations result in these compounds being oxidized (Halsey et al. 2017) but in the              

hypoxic conditions of the Mesoarchean, said volatile compounds would build up in the             

atmosphere and photochemical reactions with UV light could then produce a UV            

shielding “tholin haze” (Gudipati et al. 2013). As soon as oxygenic photosynthesis            

became widespread in the Neoarchean, the tholins would be oxidized allowing UV light             

to penetrate the atmosphere prior to the formation of an ozone layer resulting in greater               

rates of S-MIF (​Figure 3​). 

If photoferrotrophy became abundant throughout the Archean oceans around 3.2          

Ga, why would this result in the decreased utilization of sulfur as an electron acceptor               

(​Figure 3​). The presence of photoferrotrophy would provide an abundant supply of            

ferric iron that, like oxidized sulfur species, could be used as an electron acceptor in               

respiration. In fact, because the reduction of Fe​3+ to Fe​2+ (“Dissimilatory Iron Reduction”             

or “DIR”) has a greater reduction potential than H​2​S to SO​4​-2​, in systems where electron               

acceptors for both forms of respiration are present, DIR will outcompete MSR (Herndon             

et al. 2018). C-isotope analysis of Mesoarchean BIFs have suggested that DIR was             

present during this time (Smith et al. 2013). If these signatures are indeed indicative of               

DIR, it could provide an explanation for the decrease in MSR (along with the decrease               

in the photolytic production of S​0 and SO​4​-2​) in the Mesoarchean. If oxygen production              

became widespread in the Neoarchean (Fakhraea et al. 2018), the four eras of the              

Archean can be labelled by which element acted as the main electron  
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donor in primary productivity; the Eoarchean would represent the “hydrogen age”, the            

Paleoarchean the “sulfur age”, the Mesoarchean the “iron age” and the Neoarchean the             

“oxygen age”. 
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6. Conclusions 

Here I have demonstrated that the expansion of microbial control of the sulfur             

cycle from the earliest vestiges of the geologic record can be traced by sulfur isotope               

geochemistry (e.g., Thiemens and Lin 2019). Prior to the evolution of the contemporary             

array of sophisticated sulfur metabolic styles, Earth’s earliest biosphere was meager,           

perhaps powered mostly by the reduction of carbonates using hydrogen as the electron             

donor where it was locally over-abundant (e.g., Sleep and Bird 2007; Martin et al. 2016).               

I hypothesize that a way station for the early biosphere was in hydrogen-rich alkaline              

hydrothermal vents followed by inorganic carbon rich basaltic volcanic vents. 

I further propose that the springboard to novel sulfur-based metabolisms at the            

Eoarchean to Paleoarchean transition (i.e., from ca. 3.85 Ga to 3.5 Ga) came about              

from sulfur reducing genes of a precursor variety used to detoxify sulfite associated with              

dissimilatory carbon metabolism. This would place the timing of the colonization of the             

volcanic vent environments to the end of the Eoarchean given that the Dsr enzyme              

likely existed around this time (Weiss et al. 2016, Muller et al. 2005). This idea               

comports well with the notion of a primordial microbial biosphere powered at some             

stage primarily by the reduction and fermentation of carbon (Weiss et al. 2016;             

Schönheit et al. 2016). This evolutionary innovation was then followed by the ability to              

utilize thiosulfate (Duval et al. 2008) and sulfate (Meyer and Kuever 2007) as electron              

acceptors. Although one question that is raised is that if the systems that the first sulfur  
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reducing microbes inhabited were electron donor limited, then what selective pressures           

drove these organisms to evolve the ability to utilize other sulfur sources? The             

penultimate reason that early Archean microorganisms developed the ​Dsr enzymes was           

because of the harmful nature of sulfite. The tendency of sulfite to break down              

biomolecules will still be a concern for microorganisms even if it is used as an electron                

acceptor. If early sulfur reducers could utilize other sources of sulfur then the quantity              

of sulfite uptake required to sustain respiratory processes would decrease, thus giving            

these organisms an advantage (Widdel and Pfennig 1981). After ​Phs had evolved from             

an ​Aro​, the earliest sulfur reducers possessed a gene that with few modifications could              

use elemental sulfur as an electron acceptor (Duval et al. 2008). To induce this jump,               

an evolutionary pressure would likely have to be present to support the sequence of              

alterations to the gene required to metabolize an alternative substrate.  

As part of this narrative, the excitation of electrons contained in tetrapyrrole            

groups of the electron transport chains by photons in the sulfate reduction pathway             

yielded excess energy and reversed the pathway, giving rise to the first form of              

photosynthesis. Others have surmised that the first forms of photosynthesis used the            

Sqr genes to oxidize sulfides to elemental sulfur (Martin et al. 2018) but the shared               

presence of the ​Sat​, ​Apr, and ​Dsr genes in the metabolism ancestral to sulfur oxidation               

suggests that sulfur oxidation began with sulfate as the end product (Hipp et al. 1998).  

Whereas microbial sulfur reduction within the confines of volcanic vents may           

have been electron donor limited (depending on vent temperature and fugacity), with            

the advent of the first photosynthetic organisms this situation on the periphery would             

have reversed this situation. Sulfur reducers in the periphery of the vent system could  
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use biogenic sulfate as an electron acceptor to re-mineralize organic matter (Bontognali            

et al. 2012), while further away from the vent, sulfate would be dropped out of the water                 

column as insoluble barium sulfate (barite). Sulfur reducers can use sulfates bound in             

barites, but this happens at reduced rates compared to other sulfate sources            

(Karanchuk et al. 2002) resulting in MSR becoming e​- acceptor limited. This selective             

pressure was placed on sulfur reducers, driving the use an alternative form of sulfur              

(elemental sulfur) to carry out remineralization; MIF sulfur isotopes show that this was             

provided by atmospheric aerosols but only metabolization of this substrate began to            

manifest itself after the Eoarchean time (​Figure 3​). 

Low temperature volcanic vents produce far more reduced sulfur than oxidized           

species (Nakamura and Takai 2014), which means that when utilizing volcanogenic           

chemicals, sulfur oxidation will outpace reduction (McCollum 2000). I hypothesize that           

this would result in most of the organic carbon produced by photosynthesis being             

emitted into the surrounding waters as opposed to being re-mineralized in the periphery             

of the vent accounting for the observed preference for elemental sulfur over sulfate by              

sulfur reducers in the multiple sulfur isotope data for the Archean. 

In the ferruginous Archean oceans, lacking the ability to oxidize sulfides bound in             

pyrite would have contracted the threshold between limitation and complete inhibition in            

sulfur oxidizers, resulting in less electron donor limited primary production. This, along            

with the lack of precursor enzyme that could be readily adapted to metabolize elemental              

sulfur means that sulfur oxidizers required a greater quantity of changes while having             

less selective pressure than sulfur reducers to utilize elemental sulfur.  
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This narrative is merely one explanation for the multiple sulfur isotope patterns            

observed in Eo- to Paleoarchean rocks; there are many unknowns. Future work might             

consider a number of questions that can provide valuable insight into the expansion of              

the early planetary biosphere.  These questions include  

-What are the ​13​C/​12​C values of organic carbon from a hydrogenotrophic           

organism that uses the W-L pathway and an element other than a carbon compound as               

the electron acceptor (Schauder et al. 1988)? Usually, the carbon that is most depleted              

in ​13​C fixed by methanogens and acetogens is discharged as methane or acetate             

because in order to meet their metabolic requirements, a greater quantity of organic             

carbon has to be metabolized than could possibly be assimilated. In the case of a               

sulfate reducer that utilized the WL-pathway, energy metabolism would be met by the             

sulfur-based oxidation of hydrogen so virtually all of the carbon metabolized by the WL              

pathway would be assimilated. Answering this question could help identify the isotopic            

signature of a pre photosynthetic sulfur reduction pathway. 

-What changes would have to take place in the thiosulfate reductase enzyme to             

utilize elemental sulfur? The high sequence similarity between ​Psr and ​Phs suggest that             

few changes would be required (Duval et al. 2008) to occur but a detailed analysis of                

the active sites would be required to indicate how many amino acid substitutions had to               

take place (Galic et al. 2017). Although if one mutation could completely alter the gene               

to utilize elemental sulfur as a substrate as effectively as modern sulfur reducing             

organisms do, then the importance of having a selective pressure to “push” the enzyme              

through the incremental changes needed for an alternative substrate is attenuated and            

would undermine the proposed narrative. 
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Do sulfur reducers use any biochemical tools to metabolize barium sulfate           

(barite)? Many microbes use chelating factors to metabolize solid state materials           

(Thamdrup et al. 2000) for electron donors and acceptors. If sulfur reducers can obtain              

mineral-bound sulfate from barite, it would raise the possibility that such an adaptation             

had yet to evolve in the Paleoarchean.  

- Did the biochemistry of iron metabolism evolve from sulfur metabolism, or the            

other way around? As comparative molecular information has indicated that sulfur           

metabolism evolved from methanogenesis (Grein et al. 2013; Susanti and          

Mukhopadhyay 2012), such approaches may be used to understand the origins of iron             

metabolism. 

Attention ought to be directed at the timing of the appearance of photothiotrophy 

that I predict will be seen within the relatively under-represented geologic record from 

3.75-3.5 Ga Eoarchean-Paleoarchean rocks. Specifically, a target for more detailed 

sampling should include sulfides of the Theespruit Formation in the Barberton 

Greenstone belt. It is between 3553 and 3547 Ma (Kröner et al. 1996) and composed 

mainly of volcanic ash with intermittent metamorphosed mudstone such as felsic 

schists.  If rates of photosynthesis are very low because it was occurring in a 

phosphorus limited environment, a very real possibility is that the isotopic signal could 

be “drowned out” in the pool of abiogenic sulfur (Ono et al. 2007).  If this is the case 

other methods would have to be utilized to determine if photosynthesis was indeed 

occurring.  Because photooxidation will induce a disequilibrium between the reduced 

and oxidized pools of various elements, one possible approach would look for  
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inconsistencies between the redox state as measured by isotope fractionation (Wille et 

al. 2013) and the expected stoichiometry of the system.  

Progress toward answering these questions would help enhance our         

understanding of how the early evolution of microbial metabolic systems, not just            

sulfur-based, can be reconciled with the Eoarchean to Paleoarchean geological record.           

It can also give a far better understanding as to whether the evolution and expansion of                

the early biosphere followed a pattern of “gradualism” with incremental evolutionary           

innovations building on one another or “punctuated equilibrium” where major expansion           

events were driven by perturbations in the global planetary geochemistry. The           

applications of such research go beyond the Earth as it can be used as a template to                 

understand how life can evolve and diversify on extrasolar habitable planets as well             

(Nna-Mvondo and Martinez-Frias 2007). 

Here, I have elucidated a major transition in the global biosphere as well as              

provided insight into how the method by which the majority of primary productivity             

(photosynthesis) on the current Earth operates began or at the very least came to              

prominence. In terms of developing approaches to understand the ancient biosphere           

for which clues are few and far between, I have illustrated how geological data,              

biological analysis, and information about modern analog environments can be          

combined to give a picture of how the biosphere evolved and expanded. Although             

volcanic “black smoker” vents have been replaced by serpentinizing habitats as the            

prime candidate for the origin of life (as environments in which the first forms of               

respiration and photosynthesis began), should the narrative proposed in this thesis hld            

out to be true, “black smoker” habitats will nonetheless hold a key position in the early  
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evolution of life on Earth. Overall, the content of this thesis provides a more              

comprehensive picture of how the ancient biosphere evolved at a metabolic level.  
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