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A B S T R A C T   

The Archean era (4 to 2.5 billion years ago, Ga) yielded rocks that include the oldest conclusive traces of life as 
well as many controversial occurrences. Carbonaceous matter is found in rocks as old as 3.95 Ga, but the oldest 
(graphitic) forms may be abiogenic. Due to the metamorphism that altered the molecular composition of all 
Archean organic matter, non-biological carbonaceous compounds such as those that could have formed in 
seafloor hydrothermal systems are difficult to rule out. Benthic microbial mats as old as 3.47 Ga are supported by 
the record of organic laminae in stromatolitic (layered) carbonates, in some stromatolitic siliceous sinters, and in 
some siliciclastic sediments. In these deposits, organic matter rarely preserved fossil cellular structures (e.g., cell 
walls) or ultrastructures (e.g., external sheaths) and its simple textures are difficult to attribute to either mi
crofossils or coatings of cell-mimicking mineral templates. This distinction will require future nanoscale studies. 
Filamentous-sheath microfossils occur in 2.52 Ga rocks, and may have altered counterparts as old as 3.47 Ga. 
Surprisingly large spheres and complex organic lenses occur in rocks as old as 3.22 Ga and ~ 3.4 Ga, respec
tively, and represent the best candidates for the oldest microfossils. Titaniferous microtubes in volcanic or 
volcanoclastic rocks inferred as microbial trace fossils have been reevaluated as metamorphic or magmatic 
textures. Microbially-induced mineralization is supported by CaCO3 nanostructures in 2.72 Ga stromatolites. 
Sulfides 3.48 Ga and younger bear S-isotope ratios indicative of microbial sulfate reduction. Ferruginous con
ditions may have fueled primary production via anoxygenic photosynthesis–as suggested by Fe-isotope ra
tios–possibly as early as 3.77 Ga. Microbial methanogenesis and (likely anaerobic) methane oxidation are in
dicated by C-isotope ratios as early as 3.0 Ga and ~ 2.72 Ga, respectively. Photosynthetic production of O2 most 
likely started between 3.2 and 2.8 Ga, i.e. well before the Great Oxidation Event (2.45–2.31 Ga), as indicated by 
various inorganic tracers of oxidation reactions and consistent with morphology of benthic deposits and evi
dence for aerobic N metabolism in N-isotope ratios at ~ 2.7 Ga. 

This picture of a wide diversification of the microbial biosphere during the Archean has largely been derived 
of bulk-rock geochemistry and petrography, supported by a recent increase in studied sample numbers and in 
constraints on their environments of deposition. Use of high-resolution microscopy and micro- to nanoscale 
analyses opens avenues to (re)assess and decipher the most ancient traces of life.   

1. Introduction – Co-evolution of life and environments during the 
Archean 

The evolution of life is intimately linked to the modifications of 
environments, which were driven by a combination of biological and 
geodynamic processes (e.g., Lowe and Tice, 2007; Kump and Barley, 
2007; Arndt and Nisbet, 2012). Continental, oceanic and atmospheric 
chemistries were largely controlled by magmatic activity through hy
drothermal fluid and volcanic emissions and their transformation pro
ducts, as well as the alteration of the early crust (or proto-crust) before 
and during the Archean (Huston and Logan, 2004; Kump and Barley, 
2007; Arndt and Nisbet, 2012; Kasting, 2019; Catling and Zahnle, 
2020). Major changes in geodynamics occurred during the Archean that 

would have impacted the evolution of the surface chemistry and in 
turn, the evolution of life. Indeed, the Archean saw the growth of the 
juvenile continental crust with an increase in andesitic and felsic 
components in an ultramafic/mafic “protocrust” (Smit and Mezger, 
2017; Hoffmann et al., 2019). It also likely saw the onset of plate tec
tonics (van Hunen and Moyen, 2012; Korenaga, 2013). Large subaerial 
igneous provinces appeared toward the end of the Archean whereas 
subaqueous lavas dominated this eon (Kump and Barley, 2007). Large 
asteroid impacts are indicated by spherule beds until the end of the 
Archean (Krull Davatzes et al., 2019). In spite of a fainter young sun, 
the Archean climate was mostly temperate to hot (Catling and Zahnle, 
2020). The atmosphere, and also likely the surface, saw an intense ul
traviolet flux as an ozone screen could not form from an anoxic 
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atmosphere; although this would not have prevented the emergence of 
life (Cockell and Raven, 2007), it could have favored photochemical 
reactions (Kasting, 2019). In this context, the atmosphere would have 
displayed concentrations in CO2, CH4 and H2 much higher than those of 
today (possibly by multiple orders of magnitude), and may have al
lowed high-altitude abiotic formation of trace O2 (Kasting, 2019;  
Catling and Zahnle, 2020). The Archean was dominated by mildly re
ducing, anoxic conditions (Fig. 1; Lyons et al., 2014, and references 
therein) as indicated by the mass-independent fractionations of sulfur 
isotopes imparted by photochemical reactions (Farquhar and Wing, 
2003) and the preservation of oxidation-sensitive minerals in river- 
transported sands (Rasmussen and Buick, 1999). Oxygen was likely 
produced by photosynthesis as early as the Mesoarchean, but did not 

rise in the atmosphere until the end of the Archean (Fig. 1; see Section 
2.4). This distinct Archean atmospheric composition, combined with 
evolving rock and sediment compositions (Hazen et al., 2008;  
Hoffmann et al., 2019) and UV photochemistry, would likely have led 
to a chemistry of soils and water bodies that would have been drasti
cally distinct from that of the Phanerozoic, and strongly evolving 
during the Archean. This, in turn, could have paved the way for the 
evolution and diversification of microbial metabolisms, as discussed 
below. Moreover, in this geodynamic and geochemical context, the 
basic building blocks of life–that is pre-biotic organic molecules acting 
as precursor to biological systems, could have been brought to the 
surface of early Earth by meteorites (Sephton, 2002), by comets (Fray 
et al., 2016), and could have formed by abiotic reactions occurring in 

<

Fig. 1. Co-evolution of life and environments. (A) Evolution of atmospheric O2 partial pressure (pO2) relative to present atmospheric level (PAL), redrawn and 
adapted after Lyons et al. (2014). This model includes putative short-lived “whiffs” of O2 release into the atmosphere, the Great Oxidation Event (GOE), uncertainties 
(question marks and multiple arrows) regarding the magnitude of the oxygen level increase, of the subsequent oxygen level decrease, and on the timing. A range 
consistent with geochemical proxies is given for Proterozoic atmospheric oxygen levels. Also indicated is the Neoproterozoic Oxygenation Event (NOE). (B) Model of 
early evolution of life, drawn and adapted from the present review and reviews in Johnston et al. (2009) and Javaux and Lepot (2018). Dashed lines: uncertainties. 
(C) Tentative reconstruction of the evolution of seawater chemistry (constructed from review figures and data in: Canfield et al., 2008; Lyons and Gill, 2010;  
Rasmussen et al., 2012; Canfield et al., 2013; Lyons et al., 2014; Sperling et al., 2014; Ostrander et al., 2019). Current models imply a ferruginous (that is anoxic with 
Fe2+, green in C) ocean during almost all the Archean. Surface waters progressively oxygenated during O2 “whiffs” (blue dashes in C) and during and after the GOE. 
Euxinic (i.e., anoxic-sulfidic, orange in C) conditions formed at ocean margins from bacterial reduction of sulfate formed by oxidative weathering of sulfide minerals. 
The deep ocean remained ferruginous or euxinic for most of the Proterozoic until the Neoproterozoic Oxygenation Event (NOE), although local and/or temporary 
deep-water oxygenation may already have existed during this Eon. Highly uncertain water chemistries in various intervals are represented by question marks and 
pink boxes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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hydrothermal systems (Sherwood Lollar et al., 2002; McCollom and 
Seewald, 2006; Ménez et al., 2018) or by spark-discharge reactions in 
gas phase (Miller-Urey experiment, see McCollom, 2013). 

2. Geochemical biosignatures recorded in minerals 

2.1. Geochemical evidence for anoxygenic photosynthesis during the 
Paleoarchean 

Anoxygenic photosynthesis could have been an important pathway 
for the primary production of organic matter. It could have been 

Fig. 2. Metabolisms discussed within this review. Microorganisms are schematized by spheres/ellipses. Products and substrates are shown in the lower and upper half 
of each schematic, respectively. Carbon-involving reactions are indicated with black lines through the cells and associated with fractionation values for C isotopes (ε 
notation: deviation relative to consumed substrate, δ notation: deviation relative to VPDB reference material). DIC: dissolved inorganic carbon. OM: organic matter. 
Other metabolic reactions using inorganic species are indicated with various colors. (A) Oxygenic photosynthesis and anoxygenic photosynthesis using iron or sulfur. 
Chemotrophic microbial metabolisms using photosynthetic O2 are also shown in the lower left (blue arrows). Values of ε from Pearson (2010). (B) Example of a 
fermentation reaction (Penning and Conrad, 2006; Pearson, 2010; Conrad et al., 2014). (CeF) Hydrogenotrophic chemiolithoautotrophic metabolisms (Gelwicks 
et al., 1989; Preuß et al., 1989; Botz et al., 1996; House et al., 2003; Zegeye et al., 2005; Roh et al., 2006; Londry et al., 2008; Liu et al., 2011; Blaser et al., 2013;  
Etique et al., 2016; Freude and Blaser, 2016). (G-I) Heterotrophic metabolisms: (G-H) anaerobic respirations of sulfate and Fe3+, respectively (Lovley, 1991; Londry 
and Des Marais, 2003; Goevert and Conrad, 2008). (I) Aceticlastic methanogenesis (Valentine et al., 2004; Penning et al., 2006; Londry et al., 2008; Goevert and 
Conrad, 2009). (J) Aerobic methanotrophy (Summons et al., 1994; Templeton et al., 2006). (K-L) Anaerobic methanotrophy pathways. In (K), anaerobic methane- 
oxidizing archaea (ANME) operate in consortia with bacteria that reduce sulfate, iron, or manganese (Orphan et al., 2002; Treude et al., 2007; Beal et al., 2009;  
Knittel and Boetius, 2009). In (L), ANME archaea reduce sulfate themselves and are associated with sulfur-disproportionating bacteria (Milucka et al., 2012). Adapted 
from Geochimica et Cosmochimica Acta, 244, Kevin Lepot, Kenneth H. Williford, Pascal Philippot, Christophe Thomazo, Takayuki Ushikubo, Kouki Kitajima, Smaïl 
Mostefaoui, and John W. Valley, Extreme 13C-depletions and organic sulfur content argue for S-fueled anaerobic methane oxidation in 2.72 Ga old stromatolites, 
pages 522–547, Copyright (2019), with permission from Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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performed through oxidation of iron and/or sulfur (Fig. 2A, Kappler 
et al., 2005). In particular, Fe2+ was fed into seawater by hydrothermal 
vents and basaltic eruptions, and probably more so than H2S (Foriel 
et al., 2004; Kump and Seyfried, 2005), so that ferruginous water likely 
dominated the Archean (Fig. 1C). Irrespective of the oxidation me
chanism, the oxidation to Fe3+, which unlike Fe2+ is highly insoluble 
at pH  >  2, could have allowed the deposition of sedimentary iron 
minerals. Anoxygenic photosynthesis using Fe2+ (photoferrotrophy) 
thus can explain the deposition of banded iron formations in anoxic 
environments (Kappler et al., 2005; Konhauser et al., 2017), in parti
cular during the Paleoarchean. Iron isotope ratios recorded in the 
3.2 Ga Mapepe Formation (South Africa; Busigny et al., 2017), in the 
3.46 Ga Marble Bar Chert (Australia; Li et al., 2013) and in the 3.77 Ga 
Isua Supracrustal Belt (Greenland; Czaja et al., 2013) indeed show that 
this element deposited through oxidation into Fe3+ in an anoxic re
servoir that remained vastly dominated by the soluble form Fe2+. Iron 
photo-oxidation reactions may produce similar isotope fractionations as 
reported in some of these Paleoarchean banded iron formations (Nie 
et al., 2017). These photo-oxidation reactions have, however, been 
deemed difficult to reconcile with the chemistry of the Archean Ocean 
(Konhauser et al., 2007). Thus, Paleoarchean banded iron formations 
could have formed through biological oxidation, likely via anoxygenic 
photosynthesis, possibly as early as 3.77 Ga (Czaja et al., 2013). 

2.2. Geochemical evidence for microbial sulfur metabolism during the 
Paleoarchean 

The sulfur cycle of the Archean differed considerably from that of 
the later Precambrian and of the Phanerozoic. Indeed, in absence of 
atmospheric O2, the photolysis of magmatic SO2 could produce ele
mental sulfur and sulfate aerosols (Farquhar and Wing, 2003; Johnston, 
2011). Sulfate ions could be used by chemolithoautotrophic metabo
lisms such as hydrogenotrophic microbial sulfate reduction (Fig. 2D;  
Londry and Des Marais, 2003). Sulfate ions may also have been used to 
oxidize organic compounds through anaerobic respiration (Fig. 2G;  
Londry and Des Marais, 2003). Elemental sulfur could have been me
tabolized via microbial disproportionation into sulfate and sulfide ions 
(metabolism at the right of Fig. 2L; Böttcher et al., 2001). In addition, 
sulfate ions could have been used by consortia of methanotrophic Ar
chaea and sulfate-reducing bacteria (Fig. 2K; Orphan et al., 2001) and/ 
or consortia of methanotrophic and sulfate-reducing Archaea with S- 
disproportionating bacteria (Fig. 2L; Milucka et al., 2012). Both mi
crobial sulfate reduction (Habicht et al., 2002; Shen and Buick, 2004) 
and abiotic SO2 photolysis reactions (Philippot et al., 2012) may pro
duce large fractionations in 34S relative to 32S. Hence, ratios of 34S and  
32S isotopes alone cannot demonstrate sulfur metabolism during the 
Archean. 

However, the isotope fractionation patterns recorded in the abun
dance of the four stable isotopes of sulfur in pyrites of the Dresser 
Formation (3.48 Ga) can only be explained by microbial sulfate re
duction (Philippot et al., 2007; Ueno et al., 2008; Shen et al., 2009). 
Although the relationships between the fractionations of the four stable 
sulfur isotopes can be explained by mixing models in hydrothermal 
systems, the observation that they are associated with high depletions 
in 34S requires microbial sulfate reduction metabolism (Roerdink et al., 
2016). Microbial sulfate reduction best explains the four S isotope 
patterns recorded in the 3.48 Ga Dresser Formation, 3.52 Ga rocks of 
the Theespruit Formation (Roerdink et al., 2016), 3.2 Ga rocks of the 
Sargur Group (Muller et al., 2017), 3.26–3.23 Ga rocks of the Mapepe 
Formation (Roerdink et al., 2013), and 2.97 Ga stromatolites of the 
Nsuze group (Eickmann et al., 2018). These isotopic fractionations can 
be considered as the oldest geochemical record of life. Although ther
mochemical sulfate reduction reactions have been considered as an 
alternative pathway to produce mass-dependent and mass-independent 
S isotope fractionations (Watanabe et al., 2009; Johnston, 2011), they 
cannot explain the complete four isotope fractionation pattern recorded 

in the Dresser Formation (Oduro et al., 2011). Other studies have 
shown significant depletion of 34S in Paleoarchean rocks that strongly 
suggest microbial sulfur metabolism (Bontognali et al., 2012;  
McLoughlin et al., 2012; Nabhan et al., 2020). However, deconvolution 
of abiotic signals associated with atmospheric (Philippot et al., 2012;  
van Zuilen et al., 2014) and hydrothermal processes (Roerdink et al., 
2016) using measurements of 36S abundances are required to fully 
support S metabolism in these cases. 

Paleoarchean microbial sulfate reduction could have been che
moautotrophic (Fig. 2D, K-L) or heterotrophic (Fig. 2G). Signatures of 
microbial sulfur cycling have generally been recorded on microscopic 
pyrites (e.g. Fig. 14E), but not in the bulk of Paleoarchean sulfides 
(Shen and Buick, 2004; Philippot et al., 2007; Ueno et al., 2008; Shen 
et al., 2009; Montinaro et al., 2015). Thicker sulfide deposits with 
layered structures that could represent stromatolites (see Fig. 14D with  
Section 9.5, and Philippot et al., 2007) and/or pyritized microbial mats 
(Wacey et al., 2015) did not display diagnostic signatures of microbial 
sulfate reduction. This suggests that microbial sulfate reduction likely 
took place locally, in an environment that was otherwise likely depleted 
in sulfate. Indeed, 34S depletions are otherwise highly muted in bulk 
rocks until ca. 2.97 Ga (Eickmann et al., 2018) and more commonly, 
2.7 Ga (Grassineau et al., 2001; Johnston, 2011; Thomazo et al., 2013;  
Marin-Carbonne et al., 2018). Thus, although microbial sulfate reduc
tion was present between 3.5 and 2.7 Ga, it rarely left traces in bulk- 
rock S isotope compositions because microbes and/or abiotic reactions 
likely reduced the scarce sulfates–produced from weathering with O2 or 
in anaerobic atmospheric reactions–in a quantitative fashion without 
isotopic discrimination (Habicht et al., 2002; Crowe et al., 2014). In 
addition, mixture of hydrothermal sulfides (e.g., Philippot et al., 2007), 
clastic sulfides (Nabhan et al., 2020), or atmospheric sulfur (Farquhar 
et al., 2013) with sulfides fractionated by microbial sulfate reduction 
may also explain the scarcity of bulk-rock S isotope signatures for this 
metabolism before 2.97 Ga. 

2.3. Geochemical evidence for biotic redox cycling of nitrogen 

The metabolism driving the fixation of N2 into NH4
+, which can in 

turn be assimilated into biomass (reaction 1) is indicated as early as 
3.2 Ga by nitrogen isotope ratio values of ~0‰ (δ15N) measured on 
bulk rocks, including organic N and NH4

+ stored in clays (Stüeken 
et al., 2015a). 

+ + + +N e H NH organic NH groups6 8 ( )2 4 2 (1)  

Large depletions in 15N have been measured in kerogens (insoluble 
organic matter) of Eoarchean to Mesoarchean cherts that could re
present the use of NH4

+ by chemolithotrophic microorganisms as well 
as the abiotic imprint of mantle-derived fluids or of metabasalt sources 
(Beaumont and Robert, 1999; Pinti and Hashizume, 2001; Pinti et al., 
2009; van Zuilen et al., 2005). 

Aerobic N metabolisms (reactions 2 and 3) are indicated between ~ 
2.7 and ~ 2.5 Ga by 15N enrichments of bulk sediments (Garvin et al., 
2009; Godfrey and Falkowski, 2009; Thomazo et al., 2011; Busigny 
et al., 2013). 

+ + ++ +NH O NO H H O0.5 24 2 2 2 (2)  

+NO O NO0.52 2 3 (3)  

The product nitrate could then have been fixed into organic N by 
aerobic microorganisms (Stüeken et al., 2016), provided O2 was not 
completely used by reactions (2–3) and/or other aerobic metabolisms 
such as Fe-oxidation. Denitrification (reduction of nitrite and/or ni
trate) can also proceed by anaerobic metabolisms (reviewed in Stüeken 
et al., 2016). Moreover, in Archean ferruginous environments, the re
duction of nitrite/nitrate coupled to the oxidation of Fe2+ could have 
been an important process (Miot et al., 2009; Klueglein et al., 2014). 
Microbial denitrification is consistent with the N isotope ratios recorded 
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between ~ 2.7 and ~ 2.5 Ga (Garvin et al., 2009; Godfrey and 
Falkowski, 2009; Thomazo et al., 2011; Busigny et al., 2013). Relative 
enrichments in 15N observed in terrestrial sandstones compared to 
nearby marine sediments of the 3.22 Ga Moodies Group have been used 
to infer denitrification on land, and to suggest an atmospheric source of 
nitrate (Fig. 8D; Homann et al., 2018). 

In order to explain the record of N-isotope ratios in 2.5 Ga banded 
iron formations, the alternative anaerobic ammonium oxidation meta
bolism using Fe3+-oxides (reaction 4, FeAmmox, e.g. Huang and Jaffé, 
2018) has been proposed (Busigny et al., 2013). 

+ + + ++ + +NH Fe OH H NO Fe H O6 ( ) 10 6 164 3 2
2

2 (4)  

This could have been followed by the metabolism that coupled ni
trite reduction to Fe-reduction, consistent with the N-isotope record 
(Busigny et al., 2013). However, FeAmmox (4) operation during the 
Archean has been challenged on the basis of calculated thermodynamic 
infeasibility at pH 6–8 and the difficulty to reconcile this process with 
the global-scale N-isotope record (Stüeken et al., 2016). Nevertheless, 
recent studies have shown that FeAmmox proceeded in sediments at pH 
of ~ 7.5 (Guan et al., 2018), raising again the possibility that this 
metabolism existed during the Archean. 

2.4. Geochemical evidence for oxygenic photosynthesis 

Oxygenic photosynthesis is inferred to have appeared in the 
Archean on the basis of changes in the geochemical behavior of a 
number of elements of sedimentary rocks. Oxygen production may have 
started as early as 3.8 Ga, as suggested by the record of Cr isotope ratios 
(Frei et al., 2009, 2016; Crowe et al., 2013; Wei et al., 2020). Uranium 
enrichments and positive δ53Cr values in the 2.95 Ga Ijzermyn iron 
formation have been interpreted as the result of oxidative weathering 
with oxygen (Crowe et al., 2013), but Albut et al. (2018) have shown 
that these signatures resulted of modern oxidative weathering. Simi
larly, uranium enrichments and positive δ53Cr in the ~3.77 Ga Isua 
Greenstone Belt have been used to argue for small amounts of reactive 
oxygen species (O2, H2O2) of either photosynthetic or atmospheric 
origin (Frei et al., 2016). Negative δ53Cr values in the ~ 3.0 Ga Nsuze 
paleosol have been used to support oxidative weathering (Crowe et al., 
2013), whereas non-redox processes have been proposed for such iso
tope fractionations (Albut et al., 2018). Coupled U abundances and Fe- 
isotope ratios have been used to suggest O2 production during deposi
tion of shallow-water banded iron formations 3.2 Ga ago (Satkoski 
et al., 2015). This inference is supported by the U-Th-Pb geochronology 
demonstrating the antiquity of the U proxy (Satkoski et al., 2015). In 
contrast, this geochronology method has been used to show the Pha
nerozoic oxidation of the ~ 3.4 Ga Apex Basalt (Li et al., 2012). Mo
lybdenum isotope ratios indicate oxygen production as early as 2.95 Ga 
(Planavsky et al., 2014; Kendall et al., 2017). Negative Ce-abundance 
anomalies support O2 production during formation of shallow-water 
limestones ~ 2.8 Ga ago (Riding et al., 2014), but late alteration is 
difficult to rule out for such anomalies (Planavsky et al., 2020). Changes 
in the amplitude and structure of the mass-independent fractionations 
of the four stable isotopes of sulfur have been interpreted as the result 
of the production of oxygen between 2.7 Ga (Zerkle et al., 2012;  
Kurzweil et al., 2013; Izon et al., 2015) and 2.5 Ga (Kaufman et al., 
2007), or of increased SO2 emission (Halevy et al., 2010, but see dis
cussions in previous references). The concentrations of Molybdenum 
and Rhenium correlated with a ReeOs age of 2495  ±  14 Ma (Anbar 
et al., 2007; Kendall et al., 2015), also indicate production of oxygen at 
the very end of the Archean. Aerobic Nitrogen isotope cycling is in
dicated between 2.7 and 2.5 Ga (see Section 2.3). Selenium isotope 
ratios are also consistent with oxygen production at 2.5 Ga (Stüeken 
et al., 2015b). 

However, it is widely accepted that oxygen levels remained ex
tremely low in the atmosphere and the ocean until ca. 2.5 Ga (Anbar 
et al., 2007; Lyons et al., 2014; Catling and Zahnle, 2020). This could 

have been caused by the buffering of O2 through its reactions with 
volcanic gasses (Catling and Zahnle, 2020), with H2 and/or CH4 gen
erated through serpentinization of ultramafic rocks (Smit and Mezger, 
2017), with the abundant reduced metals such as Fe2+ and Mn2+, as 
well as metabolisms using O2 (e.g., Fig. 2A, J, reactions 2–3). Geo
chemical modelling suggests that under an O2-free atmosphere, oceanic 
oases with 1–10 μM O2 could have persisted and allowed aerobic me
tabolisms during the Archean (Olson et al., 2013). In addition, non- 
photosynthetic biotic and abiotic pathways have been proposed to 
allow the formation of small amounts of oxygen during the Archean 
(review in Fischer et al., 2016). In this context, it has been proposed 
that oxygenic photosynthesis may not have evolved until the earliest 
stages of the Great Oxidation Event (Kopp et al., 2005; Fischer et al., 
2016) that is, between 2.45 and 2.31 Ga ago (Guo et al., 2009; Luo 
et al., 2016; Philippot et al., 2018). Doubt has been raised by some 
authors on the validity of the redox proxies discussed above and the 
antiquity of the processes they indicate (review in Fischer et al., 2016). 
However, microbial mats in shallow-water siliciclastic deposits (see  
Section 8), stromatolites (Section 9) and associated C-isotope fractio
nations (Section 3.3.1), and some microfossils (Section 6.2) further 
support this widely accepted geochemical record of Archean oxygenic 
photosynthesis. 

3. Archean kerogen and the carbon isotope record 

3.1. Preservation of the C-isotope record 

The record of C isotope ratios in organic matter and carbonates 
provide constraints on ancient metabolisms. Indeed, isotopic fractio
nations imparted by heterotrophic metabolisms are relatively small 
(Fig. 2B, G and associated references). Thus, recycling by heterotrophs 
is only expected to produce small shifts in the isotopic composition of 
the bulk organic matter relative to the primary biomass produced by 
various autotrophs (Pearson, 2010). Biosynthetic and heterotrophic 
processes are, however, fractionating C isotopes differently among 
various classes of organic molecules (Hayes, 2001; Galimov, 2006). 
Selective preservation of different classes of molecules may shift sig
nificantly the total organic carbon isotope record (e.g., Sinninghe 
Damsté et al., 1998). Similarly, C isotope ratio heterogeneities occur 
within Proterozoic microfossils of the same species where different ul
trastructures (i.e., likely of distinct initial molecular composition) are 
variably preserved (Williford et al., 2013). In addition, the bulk-rock 
record of C isotope ratios may be biased by the presence of pyrobitumen 
(possibly of exogenous origin) in Archean rocks (Rasmussen and Buick, 
2000; Rasmussen et al., 2008; Williford et al., 2016; Lepot et al., 2019). 
Petrography coupled with secondary ion mass spectrometry (SIMS) can 
help distinguish bitumen from kerogen and suggested that the isotopic 
composition of bitumen has been modified by radiolytic alteration in 
some Neoarchean rocks (Williford et al., 2016; Lepot et al., 2019). 
Carbon isotope fractionation effects during catagenesis and meta
morphism are also usually considered small when the kerogen is ana
lyzed in bulk, imparting no more than ~3‰ shifts in greenschist- and 
lower-temperature facies; these shifts, moreover, appear to correlate 
with the decrease in H/C and can thus be estimated using measure
ments of the latter (Hayes et al., 1983; Des Marais, 2001). Larger shifts 
may, however, be associated with hydrothermal alteration through 
isotopic exchange between organic matter and CO2 (van Zuilen et al., 
2007). Partial re-equilibration of the isotopic compositions between 
kerogen and carbonate minerals starts at temperatures of ca. 300 °C and 
may reach completion at temperatures above 650 °C (Valley, 2001). To 
the best of my knowledge, these hydrothermal and metamorphic pro
cesses remain poorly constrained at the microscale where original 
molecular heterogeneities, fluid pathways and carbonate grain dis
tributions may have variously affected the preservation of the C isotope 
compositions. 
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3.2. Biotic versus abiotic kerogen in hydrothermally-influenced 
Paleoarchean settings 

In anaerobic environments of the Archean, several non-photo
synthetic metabolisms could have been responsible for the primary 
production of organic matter. These include chemolithoautotrophic 
metabolisms that could, for example, use H2 to reduce CO2 to methane 
(Fig. 2C) or to acetate (Fig. 2F), or to reduce sulfate (Fig. 2D). The 
source of H2 could be fermentation of organic matter (Fig. 2B), al
though in this case it would require another source of organic matter to 
ferment. Alternatively, H2 could possibly be sourced in the atmosphere 
(Tian, 2005), although its abundance was probably highly limited due 
to high rates of hydrogen escape to space (Catling, 2006). The H2 

molecule can also be generated during hydrothermal reactions such as 
serpentinization of peridotites (Mével, 2003; Konn et al., 2015). Carbon 
isotope ratios recorded in CH4 and CO2 hosted in fluid inclusions of the 
3.48 Ga Dresser Formation have been interpreted as possible signatures 
of microbial methanogenesis through either H2-oxidation (Fig. 2F) or 
acetate fermentation (Fig. 2I) (Ueno et al., 2006a; Ueno et al., 2006b). 
Indeed, the Paleoarchean hydrothermal dyke systems, which include 
these CH4- and CO2-bearing fluids, are associated with basalts and thus 
form an environment that could have been replete with hydrothermal 
H2. This hydrogen, however, could also have led to the abiotic reduc
tion of CO2 to CH4 and organic molecules through Sabatier or Fischer- 
Tropsch-type (FTT) reactions (Konn et al., 2015). Condensed organic 
molecules have been produced during experimental serpentinization of 
olivine at 300 °C (Berndt et al., 1996) and during hydrothermal dis
solution of siderite at 200 °C and 300 °C (Milesi et al., 2015). These 
abiotic hydrothermal carbonaceous condensates may represent pre
cursors to kerogen/pyrobitumen (Marshall et al., 2007), as further 
discussed in Section 5. Thus, abiotic reactions could explain the isotopic 
compositions (Lollar and McCollom, 2006; McCollom and Seewald, 
2006; McCollom, 2016) recorded in methane (Ueno et al., 2006a) as 
well as those recorded in the kerogens of the Dresser Formation (Ueno 
et al., 2004) and the ~ 3.4 Ga Strelley Pool Formation (Lindsay et al., 
2005), both associated with hydrothermal systems in mafic/ultramafic 
settings. Recently, texture-correlated C-isotope ratio heterogeneities 
among various microfossils and disseminated kerogen structures of the 
~ 3.4 Ga Strelley Pool Formation and ~ 3 Ga Farrel Quartzite (see  
Section 6.5; House et al., 2013; Lepot et al., 2013; Oehler et al., 2017) 
have been used to argue against abiogenic organic matter. Hetero
geneities in organic C isotope compositions among various carbonac
eous microstructures (clots, stylolites, laminae, veins) in the Dresser 
Formation have similarly been used to argue against an abiotic hy
drothermal origin (Morag et al., 2016). 

3.3. Kerogen C-isotope ratios in non-hydrothermal settings 

In many Archean settings, however, serpentinization reactions 
leading to the formation of abiotic H2, CH4, and/or organics can be 
ruled out because the necessary peridotites (e.g., in seafloor basaltic 
systems, Mével, 2003) or komatiites (McCollom and Seewald, 2013) 
would have been absent. These include thick siliciclastic deposits 
(Homann et al., 2016) and widespread organic-rich shale deposits 
(Buick, 2008) as old as ~ 3.2 Ga. These also include organic-poor se
quences of carbonates, shales, silts and sands deposited onto magmatic 
rocks of more intermediate composition, which are abundant after 
2.8 Ga, such as the Tumbiana Formation (see Section 9.2). In these 
contexts, organic carbon isotope ratio can be considered robust sig
natures of life. 

3.3.1. Primary photoautotrophic production 
Organic carbon isotope ratios with δ13Corg values higher than ca. 

−36‰, however, remain difficult to attribute to specific metabolisms 
(Fig. 2). The ratios of carbon isotopes in organic matter displaying 
δ13Corg values ranging between ca. −10‰ and ca. −36‰ (Thomazo 

et al., 2009a) are consistent with oxygenic photosynthesis using the 
Calvin cycle (Schidlowski, 2001; Kaufman and Xiao, 2003), although 
other autotrophic processes could form similar values (Fig. 2C-F). The 
lower δ13Corg values down to ca. −36‰ could have been overprinted 
by biodegradation processes such as respiration and/or methanogenesis 
(Fig. 2F-I) or could have resulted more directly from photosynthesis in 
CO2-rich conditions (Kaufman and Xiao, 2003). Organic-C isotope ra
tios measured in various stromatolite facies of the 2.72 Ga Tumbiana 
Formation revealed that conical-laminated stromatolites displayed 
δ13Corg values of ca. −16‰, hence combining morphological and iso
tope ratio signatures that are best explained by photosynthesis (Coffey 
et al., 2013). In the distribution of δ13Corg values in the Tumbiana 
Formation, a peak at ca. −34‰ was interpreted as the signature of 
kerogens rich in photosynthesis-derived biomass (Thomazo et al., 
2009a; Williford et al., 2016), whereas lower values are discussed 
below. 

3.3.2. Methane production, methanotrophy and acetogenesis 
In contrast, δ13Corg values lower than −36‰ recorded in 

Neoarchean kerogens have been interpreted to reflect a contribution by 
hydrogenotrophic methanogenesis (Fig. 2F), heterotrophic methano
genesis (Fig. 2I), and/or acetogenesis (Fig. 2C) to the biomass (Stüeken 
and Buick, 2018). Methanotrophy can also drive δ13Corg to values lower 
than −36‰ (Fig. 2J-L). Values of δ13Corg lower than −50‰ have been 
considered to reflect aerobic (Hayes, 1994) or anaerobic (Hinrichs, 
2002) methanotrophy (Fig. 2J-L), or hydrogenotrophic acetogenesis 
(Fig. 2C; Slotznick and Fischer, 2016). Interestingly, these δ13Corg va
lues lower than −50‰ are mostly restricted to the interval between 2.8 
and 2.6 Ga (Thomazo et al., 2009a; Flannery et al., 2016), suggesting 
that concentrations of the chemical species that could be used to oxidize 
methane (O2, nitrate, sulfate, Fe3+, Mn4+) progressively increased in 
the environment (Stüeken and Buick, 2018). The wide range of S-iso
tope fractionations in pyrites of lacustrine stromatolites of the 2.72 Ga 
Tumbiana Formation is consistent with microbial reduction of sulfate 
(Marin-Carbonne et al., 2018). Microbial reduction of sulfate is ex
pected to outcompete acetogenesis for H2 (Hoehler et al., 1998;  
Madigan et al., 2009; see discussion in Lepot et al., 2019), hence lim
iting the potential for this latter metabolism. The source of sulfate could 
have been anoxygenic photosynthesis (Overmann, 2006) and/or sulfur 
aerosols (e.g., Zerkle et al., 2012). In addition, microanalyses revealing 
the association of organic sulfur enrichments and δ13Corg values lower 
than −50‰ argue for sulfate-fueled (anaerobic) methanotrophy 
(Fig. 2K) in lacustrine stromatolites of the Tumbiana Formation (Lepot 
et al., 2019). The importance of methanogenesis in 3.0 to 2.8 Ga rocks 
is indicated by δ13Corg values ranging between −30 and − 38‰, a 
signature that is predominant in lacustrine compared to marine settings 
(Stüeken and Buick, 2018). As discussed above, methanogenesis may 
have operated as early as 3.48 Ga in hydrothermally-influenced settings 
(Ueno et al., 2004; Ueno et al., 2006a). Interestingly, methanogenesis 
may be carried by cyanobacteria in aerobic conditions (Bižić et al., 
2020) in addition to anaerobic pathways (Fig. 2F, I). Furthermore, 
δ13Corg values as low as −45‰ suggest that methanotrophy operated in 
marine stromatolites (Flannery et al., 2018) ~3.4 Ga ago, possibly also 
in conjunction with microbial sulfate reduction (Bontognali et al., 
2012). 

3.3.3. Microbial respiration 
Anaerobic microbial respiration metabolism (Figs. 2G-H) is sup

ported by the coupling of Fe- and S-isotope fractionations in 2.7 Ga 
rocks (Archer and Vance, 2006). The correlation of 13C-depletion and  
56Fe-depletion in Fe-rich carbonates also argues for remineralization of 
organic matter by Fe-respiration during the Archean (Johnson et al., 
2008), possibly as early as 3.77 Ga (Craddock and Dauphas, 2011). 
However, the δ13Ccarb of the 3.77 Ga carbonates (from Isua, Greenland) 
can also be interpreted as inherited from metamorphic fluids (van 
Zuilen et al., 2003), and the high metamorphic grade of these rock has 
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been deemed to make the interpretation of the carbonate Fe-isotope 
composition problematic (Marin-Carbonne et al., 2020). Depletions in  
56Fe are found in pyrites as old as 3.4 Ga in the Barberton Greenstone 
Belt that could be the result of dissimilatory iron reduction metabolism 
(Yoshiya et al., 2015). However, abiotic precipitation of pyrite may 
form a wide range of Fe-isotope fractionations (Guilbaud et al., 2011;  
Mansor and Fantle, 2019), and only the most extreme 56Fe-depletions 
(δ56Fe  <  −3.1‰) recorded at ca. 2.7 Ga may be considered diagnostic 
of microbial reduction metabolisms (Yoshiya et al., 2012). Interest
ingly, the association of large 13C-depletions in organic matter with 
large 56Fe-depletions in pyrites in ca. 2.6 to 2.72 Ga rocks has been 
proposed in support of the hypothesis that microbial reduction of Fe3+ 

could have been coupled to anaerobic methanotrophy (Fig. 2K) instead 
of organic-matter respiration (Czaja et al., 2010; Yoshiya et al., 2012). 
The intimate association of kerogen with δ13Corg values lower than 
−50.6‰ with Fe-rich chlorite and its prevalence in pyrite-rich layer is 
also consistent with the operation of Fe3+-mediated methanotrophy in 
the Tumbiana Formation stromatolites (Lepot et al., 2019). Depletions 
in 13C recorded in Archean carbonates (Thomazo et al., 2009a) may 
thus record conversion of organic matter to CO2 by respiration but also 
by methanogenesis followed by methanotrophy. Furthermore, a large 
range of Fe-isotope ratios displaying a bimodal distribution and intra- 
pyrite zonations provided evidence for microbial iron reduction in ca. 
3.27 Ga cherts of the Mendon Formation of the Barberton Greenstone 
Belt, South Africa (Marin-Carbonne et al., 2020). These Fe-isotopes 
signatures are associated with δ13Corg values higher than −32.1‰, 
which suggests that this Fe-metabolism was performed through re
spiration of organic matter (Fig. 2H, Marin-Carbonne et al., 2020) ra
ther than anaerobic methanotrophy (Fig. 2K). 

3.4. Eoarchean (and Hadean) graphite 

Graphite occurs in rocks of the ca. 3.77 Ga Isua supracrustal belt 
(Schidlowski, 2001, and references therein), in > 3.83 Ga rocks of the 
Akilia Island in Greenland (Mojzsis et al., 1996), in > 3.75 Ga rocks of 
the Nuvvuagittuq supracrustal belt in Canada (Papineau et al., 2011), 
and in ca. 3.95 rocks of the Saglek block of Canada (Tashiro et al., 
2017). Importantly, metamorphism and metasomatism rendered diffi
cult the distinction of sedimentary against magmatic protoliths for 
many Eoarchean rocks (van Zuilen, 2019). Most Paleo- to Neoarchean 
formations discussed in Sections 3.1–3.3 were submitted to greenschist- 
to sub-greenschist facies metamorphism. In contrast, these mentioned 
Eoarchean rocks underwent amphibolite- to granulite-facies meta
morphism (van Zuilen, 2019), which allows extensive re-equilibration 
of the isotopic compositions of carbonates and/or metamorphic fluids 
(i.e., CO2) with those of graphite (Chacko et al., 2001). In addition, 
graphite can form through thermal decomposition of carbonate mi
nerals in such metamorphic facies (van Zuilen et al., 2002, 2003; Galvez 
et al., 2013; Milesi et al., 2015). None of the δ13C  >  −15‰ values 
recorded in graphite from Isua allow the distinction of re-equilibrated 
biogenic graphite and graphite from carbonate decomposition (Ueno 
et al., 2002). Subsequent microscale C-isotope ratio analyses of 
Eoarchean graphite, however, revealed δ13C values as low as ca. -37‰ 
that cannot be readily explained by carbonate decomposition reactions 
(Mojzsis et al., 1996; Rosing, 1999; Ueno et al., 2002; McKeegan et al., 
2007; Papineau et al., 2010a; Tashiro et al., 2017). 

Step-combustion experiments revealed that non-graphitic carbo
naceous matter exists in Isua rocks that could explain the low 13Corg 

compositions recorded in some bulk-rock analyses of graphite-poor 
samples (van Zuilen et al., 2002), consistent with microscopic ob
servation of recent microbes in Isua rocks (Westall and Folk, 2003). 
However, δ13Corg values lower than −20‰ have been found at the 
microscale in graphite inclusions as well as in bulk rocks of the Saglek 
block displaying values as high as 0.6 wt% organic carbon (compared to 
contaminant levels of less than 0.01% carbon measured in van Zuilen 
et al., 2002). Amorphous carbonaceous matter as well as relatively low- 

crystallinity graphite have been observed in Akilia samples (McKeegan 
et al., 2007; Papineau et al., 2010b; Lepland et al., 2011) and poorly 
crystalline carbonaceous matter was also observed in a Nuvvuagittuq 
sample (Papineau et al., 2011). These findings have been used to sug
gest that a fraction of the carbonaceous matter could have been in
troduced after the earliest metamorphic event. Observation of fluid 
inclusions with CO2, H2O, graphite and some CH4 in a pillow basalt 
breccia in Isua (Heijlen et al., 2006) and in a gneiss of Akilia (Lepland 
et al., 2011) and graphite paragenesis in Akilia (Papineau et al., 2010b) 
indicate that graphite could have formed from CO2- and/or CH4- 
bearing metamorphic fluids. Nevertheless, the crystallinity of graphite 
(as studied with Raman spectroscopy) in the Saglek metapelites appears 
consistent with mineral indicators of the first peak metamorphism 
event, which has been used to support a sedimentary origin (Tashiro 
et al., 2017). Fluid-deposited and poorly-crystalline graphite could have 
formed relatively late in the history of these rocks from a biogenic or
ganic source, from abiogenic carbon of magmatic origin, or from hy
drothermal Fisher-Tropsch-Type (FTT) reaction products (see discus
sion in Papineau et al., 2010a). To my knowledge, microanalyses have 
not yet distinguished the isotopic compositions of fluid-deposited gra
phite and of poorly crystalline graphite against those of potentially 
sedimentary graphite (i.e., metamorphosed kerogen). Furthermore, a 
clastic geological context has been used to argue against FTT reactions 
as the origin of the Saglek graphite (Tashiro et al., 2017). However, 
abiotic insoluble carbonaceous matter may have formed/deposited in 
precursor rock(s) before their erosion and sedimentation in the Saglek 
block sediments. 

Finally, graphite with δ13C values of ca. −24  ±  5‰ included in a 
ca. 4.1 Ga zircon has been considered as a potential trace of Hadean life 
(Bell et al., 2015). An alternative deep‑carbon origin has been discussed 
by House (2015) who pointed out the occurrence of carbon in Martian 
basalts (Steele et al., 2012) and recent models involving deep FeeC 
phases (Horita and Polyakov, 2015). 

4. Archean organic biomarkers? 

Hopanoid biomarker molecules indicative of cyanobacteria (Brocks 
et al., 1999) and/or anoxygenic photosynthetic bacteria (Rashby et al., 
2007) and steranes diagnostic of eukaryotes have been extracted from 
the bitumen (soluble organic matter) of Neoarchean rocks (Brocks 
et al., 1999; Waldbauer et al., 2009). Hopanoids suggestive of metha
notrophs (Eigenbrode et al., 2008) and/or other bacteria (Welander and 
Summons, 2012), as well as biomarkers suggestive of Archaea (Ventura 
et al., 2007) have been extracted in ca. 2.7 Ga old rocks. However, 
recent re-analysis of rocks of this age led to a consensus that these labile 
biomarkers represent contaminants. Indeed, the isotopic composition of 
the molecules in the extractible (bitumen) fraction is markedly distinct 
from that of the associated kerogen, hence they cannot be genetically 
related (Rasmussen et al., 2008; Close et al., 2011). Moreover, the in
creased concentration of hydrocarbons on the surface of previously 
sampled drill cores argues for anthropogenic contamination (Brocks, 
2011). Most importantly, the same biomarkers were absent during 
analysis of recent cores drilled in contamination-limiting conditions 
(French et al., 2015). Hopanoid and steroid biomarkers have been de
tected after crush-leach of metaconglomerates that trapped oil-rich 
fluid inclusions between ca. 2.45 and 2.2 Ga (George et al., 2008) and 
of sandstones that trapped oily inclusions between ca. 2.1 and 1.98 Ga 
(Dutkiewicz et al., 2007). The oldest soluble biomarkers are thus most 
likely Paleoproterozoic in age. 

5. Structure of Archean kerogen 

5.1. Mass spectrometry 

The insoluble fraction of the organic matter (the kerogen) is gen
erally considered as syngenetic with the host rock. Biomarkers 

K. Lepot   Earth-Science Reviews 209 (2020) 103296

7



molecules such as proteins and hopanoids can be physically en
capsulated and/or covalently bound to kerogen (Abbott et al., 2001;  
Mongenot et al., 2001). Large saturated hydrocarbon molecules (i.e. 
with > 25 carbons, including diagnostic biomarkers), however, ap
peared absent from Neoarchean kerogen (Brocks et al., 2003) and from 
more mature ~ 3.4 Ga (Marshall et al., 2007) and 3.48 Ga (Derenne 
et al., 2008; Duda et al., 2018) kerogens. Gas-chromatographic mass- 
spectrometry (GC–MS) analyses, performed along catalytic hydro
pyrolysis of kerogen, have documented an essentially (poly)aromatic 
carbon structure in kerogens of the Neoarchean (Brocks et al., 2003) 
and of the ~ 3.4 Ga Strelley Pool Formation (Marshall et al., 2007). 
This abundance of aromatic structures has also been observed at the 
microscale using time-of-flight SIMS in the ~ 3.3 Ga Josefsdal chert 
(Westall et al., 2011) and in the Strelley Pool Formation (Fadel, 2018;  
Fadel et al., 2020). Aliphatic hydrocarbons have been detected by 
pyrolysis of Archean kerogens (Hayes et al., 1983). Pyrolysis (Derenne 
et al., 2008) and catalytic hydropyrolysis (Duda et al., 2018) of kero
gens extracted from cherts of the 3.48 Ga Dresser Formation and cat
alytic hydropyrolysis of cherts of the ~ 3.4 Ga Strelley Pool Formation 
(Marshall et al., 2007) yielded alkanes with a strong decrease in 
abundances at carbon numbers > 18. This alkane size distribution is 
consistent with that observed in a Mesoproterozoic kerogen (Marshall 
et al., 2007) and in solvent-extracted cyanobacterial biomass (Duda 
et al., 2018), but is different from some abiotic alkane series generated 
using hydrothermal Fischer-Tropsch-Type (FTT) synthesis (Duda et al., 
2018). However, it can be noted that higher relative abundances of 
alkanes with n  >  18 were observed in other hydrothermal FTT 
syntheses (McCollom et al., 1999) and that alkane size distributions can 
be finely tuned using various catalysts in gas-phase (not hydrothermal) 
FTT syntheses (Subramanian et al., 2016). Moreover, hydrocarbons 
with an odd-over-even carbon number predominance, consistent with a 
biogenic origin, have been detected with pyrolysis GC–MS in a 3.48 Ga 
kerogen of the Dresser Formation (Derenne et al., 2008), but their 
origin has been questioned as their high abundance (inferred with 
Nuclear Magnetic Resonance) appeared at odds with the thermal ma
turity of the rock (Marshall et al., 2007). In addition, the predominance 
of certain isomers and the even-over-odd predominance that distinguish 
biotic lipids from FTT synthesis products have been shown to disappear 
during experimental maturation of biogenic kerogen (Mißbach et al., 
2018), making such kind of predominance surprising in over-mature 
Paleoarchean kerogen. 

5.2. Functional group signatures 

Organic molecules commonly contain heteroatoms (that is, atoms 
other than C and H: mostly O, N, S, and P for biogenic molecules) that 
bond to C and H to form diverse functional groups. Various functional 
groups were detected in Archean organic matter with X-ray absorption 
spectroscopy. In the ~ 3.4 Ga Strelley Pool Formation and in the 
3.45 Ga Apex Chert, organic oxygen occurs in the form of carboxyl and 
phenol/hydroxyl groups (De Gregorio et al., 2010; Alleon et al., 2018). 
Organic nitrogen occurs in the Strelley Pool Formation in the form of 
amide, nitrile and/or imine as well as aromatic N (Alleon et al., 2018). 
Organic S occurs as thiophene groups in kerogen of the 2.72 Ga 
Tumbiana Formation (Lepot et al., 2019), and is also likely common in 
various Archean kerogens as indicated by elemental analyses (Oehler 
et al., 2010; Bontognali et al., 2012; Sugitani et al., 2015a). The func
tional-group signature of the Strelley Pool Formation organic matter 
analyzed with X-ray absorption spectroscopy is similar to that of the 
1.88 Ga Gunflint Iron Formation in spite of the higher apparent ma
turity, which is inferred from Raman spectroscopy (De Gregorio et al., 
2010; Alleon et al., 2018). In particular, atomic N/C-ratios reach high 
values of up to 0.24 in microfossil-like structures (Alleon et al., 2018). 
In contrast, kerogen in veins of the Strelley Pool Formation analyzed 
with SIMS displayed extremely low N/C consistent with a distinct origin 
(Oehler et al., 2009). Similarly, kerogen in Strelley Pool Formation 

veins displayed higher H/C ratios and higher δ13C compared to other 
carbonaceous microstructures of the host chert (Lepot et al., 2013). 
Kerogen in cherts of the 3.47 Ga Mount Ada Basalt appeared highly 
aromatic, with only low abundance of H and O heteroatoms in spite of 
the apparent maturity (inferred with Raman spectroscopy) being close 
to that of Strelley Pool Formation kerogens (Alleon et al., 2019). Unlike 
the latter, organic matter in the Mount Ada Basalt deposit may derive 
from biomass that has been altered by hydrothermal fluids before en
capsulation in silica; alternatively, it could represent abiotic pyr
obitumen as suggested by the association with Fe-Cr-Ni alloys that 
could have catalyzed abiotic hydrocarbon formation (Alleon et al., 
2019). Heteroatoms including H, N, P and S were also detected in 
graphite grains from Eoarchean rocks of Akilia using SIMS (Papineau 
et al., 2010b). Heteroatoms including C]O (carbonyl) groups and C^N 
(nitrile) bonded to aromatic groups (but no CeH groups) have been 
detected in graphite from the > 3.7 Ga Isua supracrustal belt using 
infrared spectroscopy coupled to atomic force microscopy (AFR-IR,  
Hassenkam et al., 2017). The coupling of AFR-IR and Raman spectro
microscopy has been used to argue that these functional groups oc
curred on the outer surface of graphite grains, where they would have 
migrated during graphitization (Hassenkam et al., 2017). The presence 
of heteroatoms in Paleoarchean kerogen and Eoarchean graphite is 
consistent with formation after biogenic kerogen (e.g., Oehler et al., 
2006; Lepot et al., 2009a; De Gregorio et al., 2010). Various heteroa
toms are, however, also present in meteoritic organic matter (e.g.,  
Garvie and Buseck, 2004; Le Guillou et al., 2014), on graphite and 
graphene surfaces produced during industrial processes (Hemraj-Benny 
et al., 2006; Girard-Lauriault et al., 2012), in abiotic macromolecular 
carbon found in Martian basalts (Steele et al., 2012), and in hydro
thermal/FTT reaction products (Rushdi and Simoneit, 2004; McCollom 
and Seewald, 2006; De Gregorio et al., 2010). The mere presence of 
these heteroatoms is thus not diagnostic of life. Further analysis of their 
concentrations and associated molecular structures may help dis
criminate their origin. In addition, heterogeneities in heteroatom con
tents and molecular structures, combined with textures such as possible 
microfossils (Oehler et al., 2010; Lepot et al., 2013; Alleon et al., 2018) 
and isotopic compositions (House et al., 2013; Lepot et al., 2013) may 
provide important clues for the origin of Archean organic matter. 

5.3. The elusive abiotic hydrothermal kerogen 

Formation of solid carbonaceous mater can be favored thermo
dynamically during serpentinization of ultramafic rocks (Milesi et al., 
2016). Serpentinization experiments have produced solids comprising 
aliphatic and aromatic molecules (Berndt et al., 1996), but it is not 
known if they were soluble or not. Thorough solvent extraction of some 
FTT synthesis products yielded solid residues, yet their pyrolysis only 
produced extremely small carbonaceous molecules; hence it is not yet 
known whether such residues could turn into kerogen during sub
sequent burial diagenesis and metamorphism (Mißbach et al., 2018). 
Although serpentinized ultramafic rocks displayed possibly abiotic as
phaltenes (soluble, Scirè et al., 2011), matured sub-seafloor biomass 
(Pasini et al., 2013), abiotic amino acids (Ménez et al., 2018), and 
poorly-ordered, likely-abiotic carbonaceous matter (Sforna et al., 
2018), their association with insoluble abiotic organic matter has re
mained elusive. Poorly-crystalline to crystalline graphite forms at 
temperatures > 430 °C (e.g., Dufaud et al., 2009; Foustoukos, 2012;  
Galvez et al., 2013) that may compare with Eoarchean carbonaceous 
matter (Section 3.4). In contrast, abiotic formation of insoluble organic 
matter with functional groups including heteroatoms and alkanes, si
milar to those observed in biogenic kerogens and in the weakly-meta
morphosed Archean kerogens as described above, has yet to be de
monstrated in hydrothermal systems on Earth. In contrast, such 
complex insoluble organic matter is known from meteorites (Derenne 
and Robert, 2010) and from aerosols that may have formed in early 
Earth's atmosphere (Trainer et al., 2006; Maillard et al., 2018). 
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6. Archean microfossils? 

Due to their simple shapes, and association with rocks that under
went complex alteration (during diagenesis, metamorphism, and 
sometimes metasomatism and/or weathering), many microstructures 
that have been considered as Archean microfossils have been re-eval
uated as dubiofossils, pseudofossils, or contaminants (e.g., Schopf and 
Walter, 1983; Buick, 1990; Brasier et al., 2005). Thus, criteria have 
been developed to demonstrate the antiquity of microfossils, as sum
marized by Brasier et al. (2005), including: 1) their observation in thin 
sections where they are enclosed in primary minerals (such as quartz) 
that would be stable enough to withstand metamorphism, 2) the re
plicability of their finding, and 3) their association with specific sedi
mentary structures (e.g. laminae). More recently, Raman spectro
microscopy has allowed to correlate the maturity of carbonaceous 
matter and the metamorphic grade of host rocks (e.g., Tice et al., 2004;  
Lepot et al., 2008). Although this demonstrates pre-metamorphic ages 
for carbonaceous matter, this does not rule out oil migrations and hy
drothermal emplacement during diagenesis. Moreover, criteria have 
been developed to assess the biogenicity of the morphology (e.g., cell 
wall or other anatomical parts) of carbonaceous microstructures or 
their mineral replacements/molds, also summarized in Brasier et al. 
(2005). These criteria, together with new micro-chemical analyses, are 
discussed below in a comparison between putative Archean fossils and 
plausible abiotic mimics. 

6.1. Spherical and hemispherical microstructures 

6.1.1. Microfossils versus cell-like mimics 
Spherical, sub-spherical and hemispherical carbonaceous micro

structures have been documented in several Archean cherts, e.g.,  
Schopf et al. (2007) and citations below. However, spherical structures 
are so simple in shape that they can be mimicked by mineral growths 
such as abiotic amorphous silica (opal, Fig. 3A-B). Opal spheres can 
have a wide range of diameters with unimodal, bimodal (Fig. 3B) and 
multimodal size distributions (Jones and Renaut, 2007) that would be 
difficult to distinguish from cell populations (Schopf, 1975). Opal 
commonly forms coalescing hemispherical microstructures (Fig. 3A). 
Opal spheres commonly display concentric banding (Jones and Renaut, 
2007). Similar populations of hemispherical quartz structures with 
concentric bands have been observed in Proterozoic (Fig. 3C, Javaux 
and Lepot, 2018) and in Archean (Buick, 1990; Ueno et al., 2006c:  
Fig. 3D) cherts; in these structures, organic matter particles coat con
centric rings within hemispheres as well as the periphery of clusters of 
hemispheres. Such botryoid microstructures also form on a millimeter- 
to centimeter-scale and are thus undoubtedly abiotic. They have ac
creted carbonaceous matter (Buick, 1990) likely through migration 
enabled by hydrothermal fluids (Knoll et al., 2016). In a 3.0 Ga chert,  
Ueno et al., 2006c, reported a range of coccoid-like microstructures 
commonly forming single spheres or spheres doublets (Fig. 3E) that 
resemble microfossils of microorganisms such as cyanobacteria. How
ever, they also found in the same assemblage sphere doublets and 
clusters of multiple hemispheres as part of botryoidal quartz (Fig. 3D) – 
accordingly, the microstructures of Fig. 3D were considered abiogenic 
and the associated cell-like structures of Fig. 3E remained putative 
microfossils (dubiofossils). 

Experiments of copolymerization of amino-acids produced single 
and twinned microspheres (Fox and Yuyama, 2006) that resemble Ar
chean microstructures such as those of Fig. 3E-H. Self-assembly of or
ganic molecules with sulfur also formed microspheres (Cosmidis and 
Templeton, 2016). It remains unknown, however, whether such co- 
precipitates would remain (or become) insoluble during diagenesis and 
metamorphism (see Section 5.3). 

Spherical to ovoid microfossil-mimicking structures can also form 
through aggregation of carbonaceous matter onto the walls of abiotic 
vesicles (gas bubbles) in volcanic ash grains (Wacey et al., 2018a;  

Wacey et al., 2018b, Fig. 3F). This observation has led to the re-eva
luation of some microstructures previously inferred as microfossils. In 
my view, it also warrants careful re-investigation of aggregates of pu
tative coccoid microfossils recently reported in ~ 3.4 Ga volcanoclastic- 
rich deposits, which have been interpreted as cyanobacteria (Kremer 
and Kaźmierczak, 2017). 

Because these various spherical mimics exist, additional biogenicity 
criteria beyond the simple spherical morphology (as listed in Brasier 
et al., 2005) are required for the small spherical microstructures de
scribed for example in Figs. 3G-H and 6B, in Pflug (1967), Engel et al. 
(1968), Knoll and Barghoorn (1977), Schopf et al. (2010), in Sugitani 
et al. (2010), and in Lepot et al. (2013). 

6.1.2. Preservation of cell walls? 
An important feature that has been proposed to distinguish abiotic 

spherical structures and cellular microfossils is the distribution of or
ganic matter at the nanoscale. Some clearly abiotic, coalescing hemi
spherical microstructures are characterized by discontinuous halos of 
nanometric organic particles (e.g., Fig. 3C-D), whereas well-preserved 
microfossils display continuous carbonaceous walls (Javaux et al., 
2004; Wacey et al., 2012; Fadel et al., 2017; Lekele Baghekema et al., 
2017; Lepot et al., 2017). Nevertheless, a discontinuous carbonaceous 
wall structure may not rule out a microfossil origin, as discontinuities 
can form during alteration of cell walls or sheaths/capsules (Lekele 
Baghekema et al., 2017; Guo et al., 2018). The preservation of a con
tinuous carbonaceous wall in flattened spherical vesicles (Fig. 3I;  
Javaux et al., 2010) or in spheres (Grey and Sugitani, 2009) during acid 
maceration of the host quartz has similarly been interpreted as a cri
terion for microfossil identification. Indeed, the discontinuous nano
particles observed along microfossil-mimicking microstructures would 
likely disperse upon acid maceration. In the ~ 3.0 Ga Farrel Quartzite 
(Grey and Sugitani, 2009) and the ~ 3.4 Ga Strelley Pool Formation 
(Delarue et al., 2020), the preservation of simple carbonaceous 
spheres < 60 μm in diameter in macerates is in line with a cellular 
origin of some of the similarly-sized spheres observed in thin sections 
(e.g., Fig. 3G-H). As stressed above, this does not mean that all of the 
diverse spherical structures observed in macerates and thin sections are 
cellular. For instance, small spheres (1–15 μm) in diameter extracted by 
maceration of cherts of the 3.48 Ga Dresser Formation (Dunlop et al., 
1978) have been reinterpreted as pyrobitumen droplets based on their 
dense carbonaceous structures observed under the optical microscope 
(Buick, 1990). Hence, cellularity inferences requires further ultra
structural investigations down to the nanoscale. 

6.1.3. Large spherical microfossils 
Larges spheres, commonly up to ca. 300 μm in diameter have been 

observed in the macerates of the 3.22 Ga Moodies Group (Fig. 3I,  
Javaux et al., 2010) and in thin sections of the 2.52 Ga Gamohaan 
Formation (Czaja et al., 2016); these studies demonstrated thin-walled 
vesicular structures by transmission electron microscopy (TEM) and 3D 
laser-confocal imaging, respectively. The folding of these spheres, in 
particular, is not known in abiotic mimics (Buick, 2010; Javaux et al., 
2010; Czaja et al., 2016). Modern cyanobacteria only reach up to 60 μm 
in diameter, and only few other bacteria can reach this size range in
cluding giant bacteria that oxidize sulfur using O2 or nitrate (Javaux 
et al., 2010; Czaja et al., 2016). These sulfur-oxidizing and other giant 
bacteria are, however, « not known to form recalcitrant biopolymers » 
(Javaux et al., 2010), hence experimental taphonomy is required to 
address the preferred hypothesis of Czaja et al. (2016). Thus, giant 
bacteria, eukaryotes and/or unknown/extinct prokaryotes cannot be 
discriminated among these giant spherical microfossils (Javaux et al., 
2010). In contrast with these large microfossils where ultrastructures 
can be investigated on macerated specimens, ultrastructural data (e.g., 
TEM) is lacking to supplement the optical documentation of smaller (1 
to ~ 60 μm) spherical microfossils. Such nanoscale investigation per
formed on numerous microfossils in ultrathin rock sections could help 
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constrain the taxonomy and biogenicity of the smaller spherical struc
tures similar to what has been achieved on Paleoproterozoic micro
fossils (e.g., Lepot et al., 2017). Targets for nanoscale investigations are 
the internal structures and multiple layers–which may represent ultra
structures such as cell walls and/or capsules–observed in ~ 3.0 Ga 
spheroids (e.g., Fig. 3E, G-H; Sugitani et al., 2009), as well as combined 
colony-like association and capsule-like structures observed in spher
oids of the ~ 3.4 Ga Strelley Pool Formation (Schopf, 2006). 

6.1.4. Demonstration of antiquity required 
Multi-layered hollow carbonaceous structures have been found in 

macerates of a carbonaceous chert vein of the ~ 3.45 Ga Hooggenoeg 
Formation of South Africa (Glikson et al., 2008). Their association of an 

outer layer with increased electron density, and thick, possibly con
centrically layered inner layers is similar to microfossils observed in 
sub-recent Antarctic stromatolites (fig. 7D in Lepot et al., 2014). 
However, it remains difficult to confirm that these structures are in
digenous to the studied metamorphic rocks as they have only been 
reported in ultrathin sections made for TEM, and evidence for mature 
graphitizing structures–which can be obtained by observation of dark 
colour and high reflectance under the optical microscope, by high-re
solution TEM or by Raman spectomicroscopy–are still lacking. Such a 
demonstration of the indigenous nature of candidate microfossils is 
particularly necessary in surface-exposed rocks, as demonstrated by the 
observation of endolithic microbial contamination in Eoarchean rocks 
(Westall and Folk, 2003). 

Fig. 3. Spherical microstructures. (A-B) Coalescing hemispherical opal-A microstructures from recent siliceous sinters of Iceland, from Jones and Renaut (2007), 
reproduction permission below. (A) Aggregates of opal spheres with variable diameters; arrows indicate connection of now-detached spheres. (B) Cross-section of 
aggregate of spheres with bi-modal size distribution. Arrows indicate coalescence of spheres. Places where segmented (and branching) filamentous structures may 
form are outlined in yellow (discussed in Section 6.3). (C) Microscopic botryoids, that is coalescing hemispherical microstructures, in cherts of the 1.88 Ga Gunflint 
Iron Formation. Organic matter was deposited on the concentric layering forming these structures. (D-E) Spheroids from the 3.0 Ga Clearville Formation, from Ueno 
et al., 2006c, reproduction permission below. (D) Botryoids similar to those in (C). (E) Coalescing cell-like microstructures. (F) Lenticular and ovoid vesicles in a 
volcanoclastic fragment of the ~ 3.4 Ga Strelley Pool Formation, from Wacey et al. (2018b), reproduction permission below, photomicrograph courtesy of David 
Wacey, University of Western Australia. (G) Sub-spherical microstructures in the ~ 3.0 Ga Farrel Quartzsite (sample GHTE-I1). (H) Concentric spherical structures in 
the ~ 3.4 Ga Strelley Pool Formation (sample WF4). (I) Spherical microstructure commonly accepted as Archean microfossil in acid-macerated sample of the 3.22 Ga 
Moodies Group. Photomicrograph courtesy of Emmanuelle J. Javaux (Université de Liège). Panels (A-B) Reproduced from Jones and Renaut (2007), Copyright 
(2007) Wiley. Used with permission from (Brian Jones & Robin W. Renaut, Microstructural changes accompanying the opal-A to opal-CT transition: new evidence 
from the siliceous sinters of Geysir, Haukadalur, Iceland, Sedimentology, 54, 921–948, Wiley). Panels (D-E) reproduced from Coccoid-Like Microstructures in a 
3.0 Ga Chert from Western Australia, Yuichiro Ueno, Yukio Isozaki, and Kenneth J. McNamara, International Geology Review, Vol. 48, p. 78–88, 2006, Taylor & 
Francis, reprinted by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com). Panel (F) reprinted from Earth and Planetary Science Letters, 
487, David Wacey, Martin Saunders, Charlie Kong, Remarkably preserved tephra from the 3430 Ma Strelley Pool Formation, Western Australia: Implications for the 
interpretation of Precambrian microfossils, 33–43, © 2018, with permission from Elsevier. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 4. Examples of Archean filamentous microfossils and/or dubiofossils. (A) Filamentous sheaths (Siphonopycus transvaalensis) of the 2.52 Ga Gamohaan Formation, 
South Africa. Photomicrograph courtesy of J.W. Schopf, UCLA (reproduction permission below). (B) Tubular filaments from the ~ 3.4 Ga Strelley Pool Formation, 
photomicrographs courtesy of K. Sugitani, Nagoya University (reproduction permission below). (C) Dense carbonaceous thread within botryoidal chert of the ~ 
3.4 Ga Strelley Pool Formation (multiplane image obtained by combination of photomicrographs recorded at multiple focal depths using the Extended-Depth-of 
Focus of Nikon NIS software, sample WF4). Note twisted morphology. (D-E) Dense, discontinuous carbonaceous filaments of the 3.465 Ga Apex Chert of Australia. 
Photomicrographs courtesy of J.W. Schopf, UCLA, reproduction permissions below. (F1–4, G1–2) Other filamentous structure of the 3.465 Ga Apex Chert, from Wacey 
et al. (2016b). Images courtesy of D. Wacey, University of Western Australia (reproduction permissions below). F1, optical image; F2-F4, 3D reconstructions of 
Scanning Electron Microscope images recorded after sequential etching of the area with Focused Ion Beam (FIB) and displayed under various angles. (G1) The yellow 
line on the photomicrograph shows the position of the Focused Ion Beam section. (G2) Overlap of elemental maps recorded in a TEM for Carbon, Iron and Aluminum 
in the FIB section made in (G1). Aluminosilicates fill the filament and are randomly interspersed with carbonaceous matter and iron minerals at the grain boundaries. 
Panels 4A and 4E reprinted from Precambrian Research, 158, J. William Schopf, Anatoliy B. Kudryavtsev, Andrew D. Czaja, Abhishek B. Tripathi, Evidence of 
Archean life: Stromatolites and microfossils, 141–155, Copyright (2007), with permission from Elsevier. Panel 4B reprinted from Precambrian Research, 226, 
Kenichiro Sugitani, Koichi Mimura, Tsutomu Nagaoka, Kevin Lepot, Makoto Takeuchi, Microfossil assemblage from the 3400 Ma Strelley Pool Formation in the 
Pilbara Craton, Western Australia: Results form a new locality, 59–74, Copyright (2013), with permission from Elsevier. Panel 4D reprinted from Gondwana 
Research, 22, J. William Schopf, Anatoliy B. Kudryavtsev, Biogenicity of Earth's earliest fossils: A resolution of the controversy, 761–771, Copyright (2012), with 
permission from Elsevier. Panels F1–4 and G1–2 reprinted from Gondwana Research, 36, David Wacey, Martin Saunders, Charlie Kong, Alexander Brasier, Martin 
Brasier, 3.46 Ga Apex chert ‘microfossils’ reinterpreted as mineral artefacts produced during phyllosilicate exfoliation, 296–313, Copyright (2016), with permission 
from the International Association for Gondwana Research, Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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6.2. Tubular filaments (sheaths?) 

6.2.1. Neoarchean sheath microfossils 
Filamentous sheaths have been found in the 2.52 Ga Gamohaan 

Formation in South Africa (Fig. 4A; Klein et al., 1987; Schopf et al., 
2007). Although these filaments did not preserve their internal chains 
of cells, their large diameter and apparent thickness are consistent with 
a cyanobacterial affinity (Klein et al., 1987), and their orientation in 
fossil microbial mats suggests phototactism (Butterfield, 2015). Other 
bacteria may display similarly large sheaths (Knoll et al., 1988), but are 
usually far thinner. The high apparent sheath thickness, as observed 
under the optical microscopes, may have increased due to organic 
matter migration (Knoll et al., 1988). Nanoscale analysis invalidated 
this taphonomic hypothesis for Paleoproterozoic sheaths of similar 
metamorphic grade (Lekele Baghekema et al., 2017). 

6.2.2. Ambient inclusions trails 
A group of tubular microstructures named Ambient Inclusions Trails 

(AITs) can mimic some features of filamentous microfossils. AITs are 
commonly found in Archean cherts (Knoll and Barghoorn, 1974; Buick, 
1990; Wacey et al., 2008a). These tubes have been inferred to form 
through displacement of a crystal, enhancing tubular dissolution of its 
mineral matrix (e.g., quartz) aided by the pressure of ambient fluids 
generated through biotic and/or thermal decomposition of organic 
matter (Knoll and Barghoorn, 1974; Wacey et al., 2008a; Luo et al., 
2018) and possibly aided by reactions involving clays (Wacey et al., 
2016a). Ambient inclusions trails may also form through migration of 
carbonaceous particles, as observed at the tip of garnet microtubes in 
amygdules of Neoarchean volcanic rocks (Lepot et al., 2009b). Indeed, 
AITs are commonly found in sedimentary rocks in association with 
organic matter and display a size and tubular shape that is consistent 
with those of microfossils. For this reason, they have been mistaken for 
microfossils before the abiotic AIT model of Tyler and Barghoorn 
(1963). In particular, their association with organic carbon, including 
late internal coating by organic matter, may enhance their similarity to 
microfossils (Wacey et al., 2008b). Some tubular microstructures re
main difficult to interpret (Grey, 1986), perhaps because we still lack a 
full comprehension of the mechanism(s) that can form AITs and the 
diversity of associated abiotic microstructures. The formation of AITs in 
Archean volcanoclastic grains is discussed in Section 7.3. 

6.2.3. Meso- to Paleoarchean carbonaceous tubes 
Tubular carbonaceous microstructures, although rare, have been 

found in Meso- and Paleoarchean cherts (Awramik et al., 1983;  
Kiyokawa et al., 2006; Wacey et al., 2011; Sugitani et al., 2013), as 
shown in Fig. 4B. The oldest examples occur in cherts of the 3.47 Ga 
Mount Ada Basalt (Awramik et al., 1983; Sugitani, 2019), for which a 
possible abiotic origin of carbonaceous clots has been proposed (Section 
5, Alleon et al., 2019). However, simple tubular microstructures can be 
generated by quartz crystallization (Kleitz et al., 2001) and also com
monly occur in volcanoclastic material (see Section 7.3). Coating of 
these structures with minute amounts of migrated carbonaceous matter 
could form the granular carbonaceous textures observed in those tubes. 
In vitro self-assembly of organic molecules onto elemental sulfur could 
form tubules with extremely thin organic walls (Cosmidis and 
Templeton, 2016) that may decompose into such granular carbonac
eous filaments. Thus, with the exception of mat-forming, thick and 
folded sheath microfossils as shown in Fig. 4A, the abiotic origins of 
carbonaceous microtubes remains so far difficult to distinguish from 
true Archean microfossils. Nanoscale characterization of highly de
graded Paleoproterozoic microfossils demonstrated that granular tex
tures and filamentous microstructures are not (in those cases) directly 
related with quartz growth structures (Fadel et al., 2017; Lekele 
Baghekema et al., 2017). Similar nanoscale investigations of Pa
leoarchean tubes may help distinguish biotic from abiotic micro
structures. Interestingly, one such tubular filament of the Strelley Pool 

Formation displays a spherical microstructure that could correspond to 
a cell remnant (fig. 6f in Sugitani et al., 2013). 

Tubular carbonaceous filaments, also with a highly granular ap
pearance, have been described within cobweb-like carbonaceous tex
tures in cherts of the ~ 3.4 Ga Strelley Pool Formation (Sugitani et al., 
2010; Schopf et al., 2017). A highly similar “cobweb macrostructure” is 
formed by some Paleoproterozoic microfossil assemblages (Schopf 
et al., 2015; Fadel et al., 2017; Barlow and van Kranendonk, 2018). 
Granularization of kerogen was documented in filamentous sheaths of 
these Paleoproterozoic cobwebs (Fadel et al., 2017). The cobweb- 
forming Paleoproterozoic microfossil assemblages have been inter
preted as deepwater communities of bacteria that metabolized sulfur 
(Schopf et al., 2015; Barlow and van Kranendonk, 2018) or iron (Fadel 
et al., 2017). 

6.2.4. Eoarchean hematitic tubes 
Tubular Fe2O3 microstructures in a 3.77–4.28 Ga quartzite have 

recently been proposed as the oldest possible microfossils (Dodd et al., 
2017); in this case, the absence of carbonaceous matter in the tubes 
makes a biogenic origin even more tenuous. Their Fe-mineralization 
and filamentous morphology has been compared with Fe-oxidizing 
bacteria occurring in modern hydrothermal vents (Dodd et al., 2017). 
However, similarly large and branching Fe-oxide filaments form abio
tically in such environments (Johannessen et al., 2020). 

6.3. Segmented filaments 

6.3.1. Regularly segmented filaments 
Chains of highly degraded (granular) barrel-shaped microstructures 

have been documented in cherts associated with stromatolitic carbo
nates of the 2.72 Ga Tumbiana Formation (Schopf and Walter, 1983). 
Their microstructure is consistent with those of cyanobacteria, although 
other bacteria such as some sulfur-oxidizers can form similar micro
fossils (e.g., Knoll et al., 1988). These microfossils, together with other 
evidence, are consistent with photosynthesis during the deposition of 
the Tumbiana Formation (Buick, 1992; Thomazo et al., 2009b; Flannery 
and Walter, 2012; Sim et al., 2012; Coffey et al., 2013; Williford et al., 
2016). Filament molds with regular segmentation very similar to 
(cyano)bacteria were described in silicified cavities of the 3.22 Ga 
Moodies Group (Homann et al., 2016). However, they apparently did 
not preserve kerogen and their antiquity remains to be demonstrated as 
they occurred on (freshly-made) fracture surfaces in possibly poorly- 
crystalline minerals. 

6.3.2. Discontinuous threads 
Discontinuous solid threads of carbonaceous matter, commonly less 

than one to a few micrometers in diameter and up to several hundred 
micrometer long (Fig. 4C) are commonly found in Paleoarchean cherts 
(Awramik et al., 1983; Buick, 1984; Walsh, 1992; Ueno et al., 2001a;  
Sugitani et al., 2013). Similar solid threads of carbonaceous matter are 
also observed in Paleoproterozoic microfossil assemblages (Knoll et al., 
1988; Schopf et al., 2015; Lekele Baghekema et al., 2017; Barlow and 
van Kranendonk, 2018). In ~2.1 Ga cherts, carbonaceous matter that 
appeared as thick threads under the optical microscope displayed a fi
lamentous sheath structure in TEM (Lekele Baghekema et al., 2017). 
However, the narrow population of these Paleoarchean threads so far 
has not shown any diagnostic ultrastructures such as cell wall or sheath 
that would help demonstrate that they are true microfossils (Buick, 
1990). They might represent filamentous microfossils that have been 
compressed between aligned quartz crystals (Knoll et al., 1988). Al
ternatively, some of the Paleoarchean carbonaceous threads may re
present migrated carbonaceous matter (Buick, 1990). Indeed, they 
radiate in places from carbonaceous clots (Buick, 1984, 1990). Their 
common occurrence in botryoidal quartz zones but absence in non- 
botryoid chert of the same rock [that instead hosts other forms such as 
spheres and lenses: Figs. 3H, 5A, and 6; Sugitani et al., 2013] makes it 

K. Lepot   Earth-Science Reviews 209 (2020) 103296

12



difficult to count these structures among microfossils. 
Pyritic filaments found in a 3.2 Ga volcanogenic massive sulfide 

deposit have been interpreted as pyritized fossils of microorganisms 
that could have inhabited a sub-seafloor environment (Rasmussen, 
2000). Recent study of these pyritic filaments at the nanoscale found 
their structure consistent with pyritized Paleoproterozoic Gunflintia 
microfossils, but possible abiogenic origins were also discussed (Wacey 
et al., 2014b). 

6.3.3. Paleoarchean filaments with cell-like structures? 
Some segmented carbonaceous threads with a larger (< 20 μm) 

diameter have been found in the 3.465 Ga Apex Chert (Fig. 4D-G) and 
have been considered as the oldest microfossils (Schopf, 1993; Schopf 
et al., 2007; Schopf and Kudryavtsev, 2012). Similar microstructures 
have been found in cherts of the 3.48 Ga Dresser Formation (Ueno 
et al., 2001b) and of the 3.47 Ga Mount Ada basalt (Awramik et al., 
1983; Sugitani, 2019). The segmentation of carbonaceous matter in 
these structures is reminiscent of chains of barrel-shaped cells com
monly found in cyanobacteria (Schopf et al., 2007). Several problems 

have been raised in subsequent studies questioning the microfossil 
nature of these structures: first, the Apex Chert microstructures have 
been shown to occur in a hydrothermal black chert vein rather than in a 
stratiform seafloor-precipitated chert (Brasier et al., 2002, 2005). In 
these veins, the carbonaceous threads are relatively scarce and the 
carbonaceous matter texture is dominantly clotted (Brasier et al., 
2005). Second, the observed microstructures have been interpreted as 
formed through displacement of carbonaceous matter during re
crystallization of amorphous silica to spherulitic quartz by Brasier et al. 
(2005). Alternatively, the same microstructure could have formed 
earlier, after initial precipitation of silica in the vein: in Fig. 3B is shown 
a spherulite of opal, the porosity of which could be filled by migrated 
hydrocarbons, to form segmented microstructures reminiscent of chains 
of cells. Third, abiotic precipitation of silica and barium carbonate has 
been shown to form various microstructures that partly resemble (in 
size and shape) the Apex Chert candidate microfossils (García-Ruiz 
et al., 2003, 2017; Rouillard et al., 2018). Importantly, these abiotic 
models allow for the formation of branching filaments as shown in  
Fig. 4F, which is more difficult to reconcile with the ultrastructure of 

Fig. 5. Lenticular carbonaceous microstructures from the ~ 3.4 Ga Strelley Pool Formation. (A) Assemblage of lenticular microstructures displaying equatorial 
flanges disposed in various positions (sub-horizontal: top-right, oblique: all other). Note internal vesicles filled with clear white chert and dark carbonaceous 
globules. (B) Multiplane image (assemblage of four focal-plane photomicrographs combined by the CombineZP software by Alan Hadley). Source photomicrographs 
courtesy of K. Sugitani, Nagoya University. The internal vesicle is outlined by a darker wall and the equatorial flange is reticulated by fine-grained quartz. (C-G) 
Lenticular microstructures recovered by acid maceration residue as detailed in Sugitani et al. (2015a). (C-E) Optical images. (F-G) Backscattered electron images of 
the regions boxed in (C) and (D), respectively. The lens in (F) displays a relatively smooth flange surrounding a reticular central body. In (D, G), the green lines denote 
the transition between the central body (upper right) rich in carbonaceous globules, and the flange (lower left) with reticulate texture. Panels C-D and F are 
Copyright (2015) Wiley. Used with permission from K. Sugitani, K. Mimura, M. Takeuchi, K. Lepot, S. Ito, and E. J. Javaux, Early evolution of large micro-organisms 
with cytological complexity revealed by microanalyses of 3.4 Ga organic-walled microfossils, Geobiology, John Wiley and Sons Ltd. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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living microorganisms (Wacey et al., 2016b). However, in my view, 
fusion of adjacent filamentous microfossils during advanced post- 
mortem alteration might also form similar branching, in particular in 
such rocks affected by metamorphism and metasomatism. In line with 
this idea, it has been proposed that the Apex Chert microstructures 
could have formed through advanced thermal maturation of colonies of 
coccoid microorganisms as observed in Silurian rocks (Kaźmierczak and 
Kremer, 2009). Fourth, recent nanoscale studies of filaments in the 
Apex Chert have shown that they are commonly filled by aluminosili
cates (Fig. 4F-G) and used this criterion to infer an abiogenic mor
phology (Brasier et al., 2015; Wacey et al., 2016b, 2019). Nevertheless, 
some Proterozoic microfossils are fossilized internally with aluminosi
licates (Wacey et al., 2014c); hence small-scale migration of kerogen 
during recrystallization of these aluminosilicates might produce similar 
structures starting with a filamentous microfossil. 

Recently, microanalyses have shown heterogeneities in organic 
carbon isotope ratios among various filamentous structures of the Apex 
Chert (Schopf et al., 2018). Similar heterogeneities occur among can
didate microfossils of the Strelley Pool Formation (see Section 6.5). 
These heterogeneities argue that not all carbonaceous textures origi
nated from a single migrated source and are consistent with a biotic 
origin for the observed organic matter. However, the Apex Chert has a 
complex hydrothermal alteration history that is reflected in its Raman 
spectra (Sforna et al., 2014), which remains to be addressed in con
junction with the C-isotope signatures. Altogether, the Apex Chert 
segmented microstructures and their counterparts in the Dresser For
mation are best considered as dubiofossils. 

6.4. Lenticular microstructures 

Lenticular (also called “spindle-shaped”) microstructures found in 
Archean cherts have been considered as microfossils. Such lenticular 
microstructures have first been found in ca. 3.3 Ga rocks (Pflug, 1967), 
now assigned to the upper Onverwarcht Group by Schopf (1975), then 
in the ~ 3.4 Ga Kromberg Formation of the upper Onverwarcht Group 
(Walsh, 1992). Other similar structures (Fig. 5) have been found in 
Australian cherts of the ~ 3.4 Ga Strelley Pool Formation (Sugitani 
et al., 2010; Sugitani et al., 2013) and the ~ 3.0 Ga Farrel Quartzite 
(Sugitani et al., 2007). These “spindles” are characterized by a “flange”, 
which is a disk surrounding the main lenticular structure in equatorial 
position (Fig. 5). Flange-free lenses with a more regular outline oc
curring in sandstones of the Strelley Pool Formation (Fig. 3F) have 
initially been interpreted as microfossils (Wacey et al., 2011). However, 
it has been recently shown that carbonaceous and titaniferous coating 
of volcanic vesicles formed such structures in Archean sandstones 
(Wacey et al., 2018a; Köhler and Heubeck, 2019). 

Acid maceration of cherts of the Strelley Pool Formation revealed 
important ultrastructural features of the flanged lenticular micro
structures. The flanged lenses are 20 to ~ 100 μm large individuals 
formed of acid-resilient organic matter that does not disperse upon 
removal of the mineral matrix (Sugitani et al., 2015a), which has been 
used to infer the microfossil nature of spherical microstructures 
(Section 6.1). The lenses can form chains of up to seven individuals that 
are connected by the central body and/or the flange (e.g., Fig. 5C), a 
structure that to my knowledge cannot be related to known micro
organisms, and which has been suggested to represent a division pat
tern (Sugitani et al., 2015a). Moreover, the central body is commonly 
populated by vesicles and carbonaceous globules (Fig. 5). These in
ternal structures could represent relicts of reproductive cells (Sugitani, 
2019) such as baeocytes of pleurocapsalean cyanobacteria (Waterbury 
and Stanier, 1978), which is not compatible with the hypothesis that 
overarching chains of lenses are related by division. Alternatively, the 
internal globules could represent storage granules or taphonomic ac
cumulations of molecules (such as lipids) into kerogen (Lepot et al., 
2013; Williford et al., 2013), or microfossils of heterotrophic cells (e.g.,  
Glikson et al., 2008; Grey and Willman, 2009). 

The lens-forming structures and their flanges comprise a reticulated 
network of carbonaceous matter. Together with granules, this re
ticulated network is commonly filling part of the central body (Figs. 5A, 
C-G, and 6A). The central body is, however, sometimes almost free of 
organic matter and surrounded by a reticulate wall (Fig. 5B-C). When 
observed after acid maceration, the overall flanged structure of the 
Strelley Pool Formation lenses appear strikingly similar to Proterozoic 
microfossils such as Simia simica, Simia annulare, or Pter
ospermopsimorpha (Schopf, 1992; Tang et al., 2013; Miao et al., 2019). 
This together with the empty central body of some lenses is consistent 
with a cellular nature. Alternatively, the alveolar structure observed in 
many lenticular structures has led to the proposition that these re
present microscopic colonies rather than single cells (Javaux, 2019). In 
this scenario, the abundant globules in lenses may represent remains of 
colony-forming microorganisms. 

6.5. Heterogenous C-isotope signatures in Archean microfossils 

Microanalyses of organic carbon isotope ratios in cherts of the 
Strelley Pool Formation using SIMS show that the main textural types of 
kerogen all have isotopic compositions distinct from that of the late 
cross-cutting carbonaceous veins (δ13C values of ca. −26 to −30‰;  
Fig. 6; Lepot et al., 2013), hence implying a distinct origin. Spherical 
structures displayed distinct δ13C values clustering at ca. −35 to 
−36‰ (Fig. 6B; Lepot et al., 2013), whereas lenses displayed a wider 
range of δ13C values from ca. −29 to −44‰ (Fig. 6A; Lepot et al., 
2013; Oehler et al., 2017). Detailed SIMS investigation of lenses in a 
sample (Fig. 6A) revealed that the reticulate network of organic matter 
that shape the lenses has a distribution of δ13C values that peaks sharply 
between −30 and − 32‰ whereas lower values down to −40‰ could 
be attributed to globule-rich parts. Kerogen clots display a bimodal 
distribution of isotope ratios, with the more 13C-depleted mode clus
tering close to the values of the globule-poor lenses, whereas lens-in
dependent clusters of globules display low δ13C values similar to those 
observed in the in-lens globules (Figs. 6A and C-D; Lepot et al., 2013). 
The much lower δ13C values recorded in the globules within the lenses 
cannot be readily explained as the heterotrotrophic biomass feeding on 
lenticular microfossils, as the globules would be expected to have a 
similar isotopic composition (Fig. 2G-I; Pearson, 2010) to that of the 
reticulate lens-forming organic matter. Methanogens or other che
moautotrophs could have generated such low δ13C values (Fig. 2C-F 
and J-L), and hydrothermal alteration of methanogenic archaea could 
have formed similar globules (Glikson et al., 2008). Alternatively, se
lective preservation of lipid aggregates in the globules and of structural 
(i.e., wall-forming) polysaccharides in the reticulate network could 
explain the isotope ratio heterogeneity recorded in the lenses (Lepot 
et al., 2013; Williford et al., 2013). 

In the ~ 3 Ga Farrel Quartzite, spheres and lenses displayed δ13C 
values averaging at ca. −37‰ (House et al., 2013; Oehler et al., 2017). 
Although the globular and globule-free lenses where not distinguished 
in these studies, my inspection of the figures in House et al. (2013) and 
of Farrel Quartzite thin sections suggests that the analyzed lenses were 
globule-rich, which would make the isotope ratio of both spheres and 
globule-rich lenses in the Farrel Quartzite similar to their counterparts 
of the Strelley Pool Formation. House et al. (2013) and Oehler et al. 
(2017) observed that the background carbonaceous matter in the Farrel 
Quartzite displayed higher δ13C values than associated lenses. Finally, 
δ13C values of ca. −35 to −39‰ were measured in lenses (likely 
globular based on my interpretation of the published microscopy) of the 
Kromberg Formation of South Africa, although these could not be 
clearly distinguished from the background carbonaceous matter 
(Oehler et al., 2017). 

Altogether, these texture-coupled C isotope heterogeneities (and the 
associated H/C heterogeneities) argue that the different carbonaceous 
microstructures were generated from biotic organic matter rather than 
from hydrothermally-generated abiotic hydrocarbons (Lepot et al., 
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Fig. 6. Organic carbon isotope ratio microanalyses in sample WF4 of the Strelley Pool Formation. For each textural type of organic matter (A-E), isotope ratios are 
shown in right panels and backscattered electron images in left panels (except E: optical photomicrograph). Oval-shaped halos in electron images show pits generated 
by SIMS analyses. The arrow in (A) highlights a cluster of globules embedded in the reticulate organic matter of a lens. Visually adapted and reprinted from 
Geochimica et Cosmochimica Acta, 112, Kevin Lepot, Kenneth H. Williford, Takayuki Ushikubo, Kenichiro Sugitani, Koichi Mimura, Michael J. Spicuzza, John W. 
Valley, Texture-specific isotopic compositions in 3.4 Gyr old organic matter support selective preservation in cell-like structures, 66–86, Copyright (2013), with 
permission from Elsevier. 
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2013). These data also further support the hypothesis that the spheres 
and the lenses represent microfossils, and suggest that the parent mi
croorganisms could have performed distinct metabolisms (House et al., 
2013; Lepot et al., 2013; Oehler et al., 2017). The consistency of C 
isotope ratios in spheres and lenses from three different formations on 
different cratons spanning about 400 Ma strongly supports this view. 
However, the metabolisms of these microfossils remain difficult to 
constrain. The δ13Corg values of about −36‰ recorded in spherical and 
lenticular microstructures studied by House et al. (2013), Lepot et al. 
(2013) and Oehler et al. (2017) are consistent with heterotrophic bio
mass (such as that of sulfate-reducers or methanogens, Fig. 2G, I) or 
hydrogenotrophic acetogens / sulfate reducers (Fig. 2C-D), possibly 
influenced by methanotrophic (Fig. 2K-L) biomass. However, the 
Strelley Pool Formation lenses display a reticulate wall structures with 
higher δ13C that is interspersed with low δ13C granules of possible ta
phonomic origin (lipid granules, heterotrophs; Lepot et al., 2013) sug
gesting that photoautotrophy (δ13Corg  >  −36‰, Section 3.3.1) and 
other autotrophic metabolisms are also possible. Photosynthesis is 
consistent with the proposition that these lenses represent planktonic 
forms (House et al., 2013) whereas most microorganisms using other 
autotrophic pathways may not form such large and complex cells today. 

7. Archean trace fossils? 

7.1. Titanite microtubes in Archean rocks 

Titanite (CaTiSiO5) microtubes have been found in several occur
rences of metamorphosed basaltic pillow-lava rims and basaltic hyalo
clastite breccias spanning ~ 3.5 to ~ 2.5 Ga (Furnes et al., 2004;  
Banerjee et al., 2006, 2007; Bridge et al., 2010; McLoughlin et al., 
2010) as well as in Silurian metabasalts (Fliegel et al., 2011). They also 
occur in 2.72 Ga metamorphosed volcanoclastic rocks (Philippot et al., 
2009; Lepot et al., 2011, Fig. 7). 

7.2. Possible modern counterparts: biotic or abiotic? 

The titanite microtubes display some morphological similarities 
with microtubes occurring in unmetamorphosed, only partly altered 
basaltic glass. It has been proposed that such microtubes as well as 
granular textures occurring at the margins of basaltic glass formed 
through microbially-induced dissolution (Fisk et al., 1998; Furnes et al., 
2007 and references therein), consistent with experiments demon
strating that microbes can corrode volcanic glass (Staudigel et al., 1995, 
1998; Thorseth et al., 1995a). However, granular textures have been 
generated in abiotic alteration experiment (Fisk et al., 2013; McCollom 
and Donaldson, 2019). Tubular alteration textures have never been 
reproduced experimentally in biotic or abiotic experiments. Microbes 
have only–to my knowledge–been directly imaged at the interface be
tween glass and secondary alteration phases (Thorseth et al., 2001; Fisk 
et al., 2003) and in thick alteration phases occurring in contact with 
fresh glass or in fractures (Thorseth et al., 2003; Ivarsson et al., 2008;  
Templeton et al., 2009; Cockell et al., 2010; McLoughlin et al., 2011), 
but not in the granular or tubular textures directly. Filamentous and 
sub-spherical structures occurring at the root of microtubes in glass 
have been proposed as microbial remains (Banerjee and Muehlenbachs, 
2003), but their carbonaceous nature was not demonstrated and the 
filamentous structure displayed a range of diameters including nanos
tructures that are difficult to reconcile with cells. Organic compounds 
have been detected in the microtubular and the granular textures using 
electron microscopy, fluorescent dye staining, and spectromicroscopy 
(Thorseth et al., 1995b; Torsvik et al., 1998; Furnes et al., 2001;  
Banerjee and Muehlenbachs, 2003; Walton and Schiffman, 2003;  
Benzerara et al., 2007; Fliegel et al., 2012; Wacey et al., 2014a; Wacey 
et al., 2017). It is, however, conceivable that the organic matter located 
in these textures may have migrated, from biomass living outside of the 
glass or from overlying deep-sea sediments. Extracellular DNA is, for 

instance, abundant in deep-sea sediments where it largely dominates 
biomass-associated DNA (Dell'Anno and Danovaro, 2005). The clay 
minerals that fill the microtubes (Benzerara et al., 2007; Wacey et al., 
2014a) may thus act as sites of retention and preservation of migrated 
molecules such as nucleid acids (Cai et al., 2006). In addition, common 
fluorescent dyes can bind to clays and/or clays loaded with labile or
ganic compounds (Fisk et al., 2003; Klauth et al., 2004). Location of 
organic matter in petrographic sections of porous materials (Wacey 
et al., 2014a) also remains difficult without assessment of plausible 
contamination by slide-mounting glue (e.g., Torsvik et al., 1998; Fadel 
et al., 2020). Furthermore, abiotic organic matter may form in basalts 
(Steele et al., 2012). Hydrothermal alteration in presence of smecti
te–which is a common basaltic glass alteration product within micro
tubes (Crovisier et al., 2003; Benzerara et al., 2007; Wacey et al., 
2017)–may also load these clays with abiotic organic molecules (Ménez 
et al., 2018). This absence of direct and conclusive observation of cells 
of endolithic glass-boring microorganisms in tubular and granular al
teration texture, and the observation that pores in granular alteration 
zones are often too small to host bacteria (Alt and Mata, 2000) suggest 
that these alteration textures could be formed by remote microbes 
(Fliegel et al., 2012; Fisk et al., 2019). In contrast, dendritic microtubes 
in basaltic glass that display an irregular cross-section have been con
sidered as likely abiotic (Pedersen et al., 2015). Weaknesses in the glass 
induced by stress and/or variations in chemical compositions, as well as 
similarities with dendritic structures observed in glass and in steel have 
been used to argue for a possible abiotic origin to such and other mi
crotubes (Pedersen et al., 2015). Microtubes have also been found in 
olivine grains of terrestrial and Martian basalts, and the terrestrial ex
amples also bound fluorescent dyes (Fisk et al., 2006; White et al., 
2014). The sub-parallel nature of these generally-straight and locally- 
curved microtubes suggests that they could represent decorated dis
location networks as observed in olivine (e.g., Zeuch and Green, 1977). 
A similar preferential alteration may provide an alternative abiotic 
explanation to the directionality of bundles of microtubes observed in 
some volcanic glass samples (Walton, 2008 versus Pedersen et al., 
2015). Altogether, it remains so far difficult to show that microtubular 
and granular alteration textures arise from biocorrosion in recent vol
canic glass, hence limiting the use of their putative metamorphosed 
equivalent as biosignatures. 

7.3. Origin of the titanite microtubes 

7.3.1. Carbonaceous matter? 
In support of the biogenicity of the Archean titanite microtubes, 

carbonaceous matter has been detected in some of the Archean tubes by 
X-ray mappings (Furnes et al., 2004; Banerjee et al., 2006, 2007), but 
the antiquity of this carbon has not been addressed by techniques such 
as Raman spectroscopy or high-resolution TEM, and contamination by 
late hydrocarbons and/or slide-mounting glue remains plausible. Ex
tensive, high-sensitivity (NanoSIMS) investigations failed to detect 
carbonaceous matter in the oldest titanite microtubes (McLoughlin 
et al., 2012), consistent with my hypothesis that the earlier reports of 
organic compounds (Furnes et al., 2004; Banerjee et al., 2006) may 
represent topography-related artefacts of electron microprobe mapping. 

7.3.2. The Tumbiana Formation microtubes 
The Mingah member of the 2.72 Ga Tumbiana Formation displays 

what represents to date the most diverse assemblage of microtubular 
structures occurring in chloritized volcanoclastic material (Fig. 7; Lepot 
et al., 2011). Abundant pre-metamorphic carbonaceous matter occurs 
at the edge of grains and as nanoparticles at the tip of and/or within 
microtubes (Fig. 7D and L). Among the various microtube types are 
those terminated by sulfide crystals and carbonaceous matter and filled 
by quartz, titanite, ± chlorite ± TiO2 (Fig. 7G and J-L). Evidence of 
striation on the edge of some tubes (Lepot et al., 2011) and spallation of 
the terminal particles (Fig. 7J-L, arrows) support the origin of these 
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Fig. 7. Microtubes in volcanoclastic rocks of the Tumbiana Formation. (A) Angular and sub-rounded volcanoclastic material. Chlorite appears in green. (B) Calcite 
(white) microtubes associated with chalcopyrite (black) in chlorite at the edge of the ash grain in the left box in (A). (C) Titanite (brown) microtubes radiating from 
the ash grain into chloritized cement at the right box in (A). (D) Raman map of the zone in (C) showing titanite (red) in the microtubes, the calcite rim (green) of the 
grain in (A), and the abundant carbonaceous matter (yellow) at the root of the microtubes but also at their tip. (E) Scanning TEM image of the FIB section cut along 
the blue line in (D) showing the dendritic structure of the titanite (white) microtube in chlorite (grey). (F) Titanite microtubes in the chlorite zone between sub- 
rounded volcanoclastic grains. (G) Pyrite-terminated and quartz-filled ambient inclusion trail occurring in a chloritized ash grain. (HeI) Calcite (white) microtubes 
with terminal sulfide (pyrite and/or chalcopyrite) inclusions and central chlorite (green) core. (J) Pyrite-terminated AIT overgrown by titanite microtubes. (K-L) 
Raman maps of (J) showing pyrite inclusions (green, green arrows), carbonaceous matter (yellow, yellow arrows), titanite (red) and TiO2 (blue). (A-L) Reprinted 
from Earth and Planetary Science Letters, 312, Kevin Lepot, Karim Benzerara, Pascal Philippot, Biogenic versus metamorphic origins of diverse microtubes in 2.7 Gyr 
old volcanic ashes: Multi-scale investigations, 37–47, Copyright (2011), with permission from Elsevier. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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tubes as ambient inclusion trails (AITs, Section 6.2). 
Several features argue that the various types of titanite microtubes, 

including those terminated by carbonaceous matter and/or sulfides, 
could have a metamorphic origin similar to the AITs: first, they some
times appear to overgrow some AITs (Fig. 7J-L). Moreover, they are 
made of dendritic monocrystals (Fig. 7E). In addition, the titanite mi
crotubes cut across the chloritized cements between chloritized volca
noclastic grains (Fig. 7A and F), suggesting that they may not have 
formed after glass microboring. Such dendritic microstructures could 
have formed as quenching microlites, or during metamorphism, 

consistent with the displacement of carbonaceous matter at the tip of 
some microtubes (Fig. 7D, Lepot et al., 2011). Some broader, straight 
calcitic microtubes are systematically rooted in the margins of the 
chloritized ash shards and not found in the cement (Fig. 7A-B and H-I). 
This localization, together with the fact that they are much broader 
than putative biocorrosion textures (Fisk and McLoughlin, 2013; Grosch 
and McLoughlin, 2014), linear in shape, and terminated by magmatic/ 
hydrothermal sulfides such as chalcopyrite (Fig. 7B) suggest that this 
latter type of microtubes could have formed after glass-quenching mi
crostructures. 

Fig. 8. Microbially-induced sedimentary structures (MISS). (A) Wrinkle structures and dewatering cracks on fine grained sandstone of the 3.22 Ga Moodies Group, 
South Africa. Photograph courtesy of Nora Noffke, Old Dominion University (reproduction permission below). (B) Tufted structure in another sandstone of the 
Moodies Group, Photograph courtesy of Martin Homann, University College London (reproduction permission below). The chert-filled void (arrow) has been 
interpreted as the result of a gas bubble trapped under the tufted microbial mat by Homann et al. (2015). (C) Crinkly-laminated carbonaceous matter in silicified 
volcanic ash of the ~ 3.47 Ga Middle Marker, South Africa, from Hickman-Lewis et al. (2018), reproduction permission below. (D) Ratios of C and N isotopes 
recorded in marine (blue) and terrestrial (green) siliciclastic facies of the Moodies Group. Diagram courtesy of Martin Homann, University College London (re
production permission below). Panel (A) used with permission of the Geological Society of America, from A new window into Early Archean life: Microbial mats in 
Earth's oldest siliciclastic tidal deposits (3.2 Ga Moodies Group, South Africa), Nora Noffke, Kenneth A. Eriksson, Robert M. Hazen, Edward L. Simpson, Geology, 34, 
2006; permission conveyed through Copyright Clearance Center, Inc. Panel (B) reprinted from Precambrian Research, 266, Martin Homann, Christoph Heubeck, 
Alessandro Airo, Michael M. Tice, Morphological adaptations of 3.22 Ga-old tufted microbial mats to Archean coastal habitats (Moodies Group, Barberton Greenstone 
Belt, South Africa), 47–64, Copyright (2015), with permission from Elsevier. Panel (C) reprinted from Precambrian Research, 312, Keyron Hickman-Lewis, Barbara 
Cavalazzi, Frédéric Foucher, Frances Westall, Most ancient evidence for life in the Barberton greenstone belt: Microbial mats and biofabrics of the ~3.47 Ga Middle 
Marker horizon, Copyright (2018), with permission from Elsevier. Panel (D) reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer 
Nature, Nature Geoscience, Microbial life and biogeochemical cycling on land 3220 million years ago, Martin Homann, Pierre Sansjofre, Mark Van Zuilen, Christoph 
Heubeck, Jian Gong, Bryan Killingsworth, Ian S. Foster, Alessandro Airo, Martin J. van Kranendonk, Magali Ader, Stefan V. Lalonde, Copyright Springer Nature 
(2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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7.3.3. In situ dating of titanites 
Although initially dated at ca. 3.34 Ga (Fliegel et al., 2010), the 

titanite microtubes in the pillow lavas of the ca. 3.47–3.43 Ga Hoog
genoeg Formation have recently been re-dated at ca. 2.8–2.9 Ga 
(Grosch and McLoughlin, 2014). This rules out the initial hypothesis 
that the titanite formed during seafloor hydrothermal alteration soon 
after biocorrosion (Furnes et al., 2004; Fliegel et al., 2010), because the 
regional metamorphism (that would have re-crystallized any remaining 
glass) is dated at 3.23 Ga, and rather supports the hypothesis that ti
tanite formed in association with later contact metamorphism (Grosch 
and McLoughlin, 2014). Similarly, other Archean titanite microtubes 
display in situ UePb dates that correlate with regional metamorphism 
(Banerjee et al., 2007; McLoughlin et al., 2010). 

7.3.4. Other titanite microtubes 
The Hooggenoeg Formation microtubes displayed an average dia

meter of 12 μm that is much larger than that of the tubes occurring in 
volcanic glass, which are few micrometer across (Grosch and 
McLoughlin, 2014). This size and the occurrence at the center of me
tamorphosed glass and not only at its edges has been used to argue for a 
purely metamorphic origin (porphyroblasts) to the Hooggenoeg mi
crotubes (Grosch and McLoughlin, 2014). Nevertheless, narrower mi
crotubes occurred in the Hooggenoeg Formation, but their host matrix, 
although poorly described, is likely quartz and/or calcite rather than 
chloritized glass (Banerjee et al., 2006). Narrow microtubes also occur 
in chloritized zones of the ca. 3.35 Ga Euro Basalt (Pilbara, Western 
Australia; Banerjee et al., 2007), for which a metamorphic origin was 
also proposed (McLoughlin et al., 2020). The microcrystalline nature of 
the titanite observed by transmission electron microscopy in the 
Hooggenoeg Formation (Fliegel et al., 2010) also remains to be re
conciled with metamorphic growth as porphyroblasts (Grosch and 
McLoughlin, 2014) or metamorphic dendrites / ambient inclusion trails 
(Lepot et al., 2011). Altogether, this suggests that the formation of the 
various Archean titanite microstructures may not be related to a single 
metamorphic process or was templated by a pre-metamorphic micro
structure that is replaced by titanite. This template could have been 
biogenic/abiogenic corrosion, and/or abiogenic structures such as 
structural/chemical heterogeneities in glass (Vogel, 1971), and/or 
quenching microphenocrysts (Ross, 1962). Interestingly, pyroxene and 
feldspar can form elongated crystals with twisted, coiled, segmented 
and/or radiating structures in volcanic glass (Ross, 1962). Additional 
high-resolution petrography is thus required to fully understand the 
origin of tubular microstructures in pristine to metamorphosed volcanic 
glass. 

8. Archean microbial mats in siliciclastic deposits 

A variety of small (centimetric to sub-centimetric) structures can 
form on the surface of recent siliciclastic sediments in presence of mi
crobial mats, including various types of sedimentary figures stabilized 
by mats (e.g. ridges) and mat structures such as cracks, wrinkles, 
bulges, tufts, roll-up structures or reticulate patterns (Gerdes, 2007). 
Similar structures found on rock outcrop bedding planes (Fig. 8A-C) 
suggest structuration of sediments by microbial mats and, when a 
biogenic origin can be demonstrated, they can be named Microbially 
Induced Sedimentary Structures (MISS; Porada and Bouougri, 2007;  
Noffke, 2009; Davies et al., 2016). In general, support for biogenicity of 
MISS is provided by the combined observation of carbonaceous laminae 
draping sand grains (e.g., Tice, 2009; Homann et al., 2018), the textures 
of MISS (including tufts and wrinkles), oriented quartz grains (e.g.,  
Heubeck, 2009; Noffke, 2009), the association with MISS of sedimen
tary structures formed after detachment of cohesive mat fragments such 
as flakes and roll-up structures, and structures interpreted as (bio)gas- 
trapping domes (Noffke et al., 2006, 2008, 2013; Gerdes, 2007; Porada 
and Bouougri, 2007; Tice, 2009; Homann et al., 2015). Small pitted and 
ridged sedimentary wrinkles may also form by transport of clastic 

material by microbial mat fragments or by sticky aggregates of mi
crobes, which may provide an alternative to benthic mats that can form 
MISS (Mariotti et al., 2014). Sediment surfaces textures alone such as 
wrinkles (including “Kinneyia”-type), bubbles and multiple-directed 
ripple marks may form abiotically (Davies et al., 2016), hence implying 
the need for multiple lines of evidence to demonstrate fossil microbial 
mats in clastic environments. Unfortunately, cellular microfossils are 
generally not distinguished in MISS, and the microbial communities 
that led to their formation remain enigmatic, although photosynthesis 
has usually been considered predominant in the shallow-water benthic 
environments associated with Archean MISS (Tice and Lowe, 2004;  
Noffke et al., 2006; Homann et al., 2015). 

Wrinkles and tufted structures of the 3.22 Ga Moodies Group of 
South Africa (Fig. 8A-B) represent some of the oldest MISS that have 
been described both on the macroscopic and microscopic scales (Noffke 
et al., 2006; Heubeck, 2009, 2019; Homann et al., 2015). The wavy- 
crinkly, tufted and domed aspect of the carbonaceous mats, the oc
currence of mat chips, and the correlation of morphologies with 
shallow-water tidal settings has been used to infer microbial mats that 
are physically supple and resistant to shear-stress (Homann et al., 2015, 
2018). Sediment biostabilization is further supported by sub-parallel 
mat layers wrapping around oriented sand grains (Noffke et al., 2006;  
Heubeck, 2009). The tufted morphology and the domes (Fig. 8B) have 
been interpreted as growth patterns of mats of oxygenic phototrophs 
and associated production of gas (O2) domes (Homann et al., 2015). 
Recent analyses of organic C and N isotope ratios in coeval siliciclastic 
sediments of the Moodies Group (Fig. 8D) show marked difference in 
the metabolisms carried by the associated microbial communities 
(Homann et al., 2018). In the terrestrial environment, the 13C-rich va
lues are consistent with oxygenic/anoxygenic photosynthesis using the 
Calvin cycle (Fig. 2A), possibly coupled to fixation of nitrate, which 
could have been oxidized by lightning (Homann et al., 2018). In the 
marine environment, the more 13C-depleted values could record higher 
contributions of microbial sulfate-reduction, methanogenesis, and/or 
acetogenesis (Figs. 2C-F; Homann et al., 2018). 

Delicate carbonaceous layers draping clasts in the 3.42 Ga Buck 
Reef Chert of South Africa may be among the oldest preserved fossil 
microbial mats (Tice and Lowe, 2006; Tice, 2009); in this case, how
ever, no macroscopic-scale MISS (e.g., Fig. 8A-B) have been reported (to 
my knowledge). Silicified volcanoclastic sediments of the ca. 3.47 Ga 
Middle Marker of the Hooggenoeg Formation, South Africa, also display 
sets of carbonaceous laminae interpreted as microbial mats (Fig. 8C,  
Hickman-Lewis et al., 2018). Their crinkly (i.e., microscopically-tufted) 
and tufted textures have been interpreted as the result of photosynthetic 
communities (Hickman-Lewis et al., 2018). However, the co-existence 
of crinkly textures and pseudo-tufts formed by synsedimentary de
formation within the Middle Marker volcanoclastic deposits raised 
doubts on the photosynthetic origin of the former structures (Homann, 
2019). Stratiform granular cherts deposited in the ~ 3.46 Ga Apex 
Basalt include grains with carbonaceous laminations that can be 
wrinkly or undulating and form putative roll-up structures, which have 
been interpreted as fragments of MISS (Hickman-Lewis et al., 2016). 
However, the peculiarly laminated texture of these grains could also be 
explained as the result of exfoliation of biotite crystals during weath
ering (Bisdom et al., 1982; McMahon et al., 2017) and inter-foliar 
growth of pyrites in biotite (Claeys and Mount, 1991). Subsequent si
licification of biotite and pyrite and migration of carbonaceous matter 
into these structures is consistent with the local-scale carbonaceous 
migration, massive carbonaceous feeder dykes, and pervasive silicifi
cation documented at this site (Hickman-Lewis et al., 2016). Other 
possible MISS occur in the 3.48 Ga Dresser Formation (Noffke et al., 
2013). 
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9. Archean stromatolites 

9.1. Stromatolite definition 

Stromatolites are laminated sedimentary rocks showing domed, 
conical, columnar (branching/unbranched), or tabular external shapes. 
Microorganisms, in particular cyanobacterial mats, are usually con
sidered as responsible for their formation (Walter, 1976a). However, 
sedimentary accretion models suggest a possible abiotic origin, at least 
for some types of stromatolitic morphologies (Grotzinger and Rothman, 
1996; Grotzinger and Knoll, 1999; Jettestuen et al., 2006; Cuerno et al., 
2012). It has been proposed by Semikhatov et al. (1979) that “Stro
matolites are laminated, lithified, sedimentary growth structures that accrete 
away from a point or limited surface of attachment. They are commonly, but 
not necessarily, of microbial origin and calcareous composition.” Biogeni
city is, on the other hand, implied in the definition of microbialites by  
Burne and Moore (1987), that is “organosedimentary deposits that have 
accreted as a result of a benthic microbial community trapping and binding 
detrital sediment and/or forming the locus of mineral precipitation”. Fol
lowing this definition, biogenic stromatolites would thus represent in
ternally laminated microbialites. Trapping of sediment particles can be 
caused by sticky films of extracellular polysaccharides (EPS) and/or 
bundles/colonies of (cyano)bacteria (Monty, 1976; Reid et al., 2000). 
Precipitation of carbonates in microbial mats can be induced biologi
cally, by autotrophic metabolism such as oxygenic and/or anoxygenic 
photosynthesis, by heterotrophic metabolism such as bacterial sulfate 
reduction, and/or by the presence of reactive cell surfaces, EPS, or 
decaying organic matter (see Dupraz et al., 2009 for a review). 

Stromatolites are abundant in Archean strata, but they only contain 
scarce fossil microorganisms that do not help demonstrate their bio
genic accretion (Hofmann, 2000; Schopf et al., 2007). In contrast, some 
Proterozoic stromatolites display luxuriant microfossil communities 
whose compositions correlate with stromatolite structures (Awramik, 
1976; Sharma and Sergeev, 2004; Knoll et al., 2013). Indirect mor
phological and geochemical arguments are thus sought to demonstrate 
the biogenicity of Archean (and younger) stromatolites in cases mi
crofossil assemblages failed to do so. 

9.2. Neoarchean to Mesoarchean carbonate stromatolites 

9.2.1. Stromatolite fabrics 
One of the most iconic stromatolite deposits of the Archean is the 

Tumbiana Formation, which formed in a giant lake 2.72 Ga ago (Buick, 
1992; Awramik and Buchheim, 2009; Coffey et al., 2013). It includes a 
diversity of columnar, domical (e.g., Fig. 9A), stratiform and conical 
stromatolites morphologies that compares with those of Proterozoic 
stromatolites (Buick, 1992; Bosak et al., 2013; Martindale et al., 2015). 
Within stromatolitic laminae, palisade fabrics of vertically erect sinuous 
filaments, now filled with calcite (Buick, 1992) are strongly reminiscent 
of micrite-encrusted bundles of cyanobacterial filaments observed in 
modern stromatolites (Monty, 1976). Tufted stromatolite structures 
also strongly support an origin linked to microbial mats, likely cyano
bacterial (Buick, 1992; Flannery and Walter, 2012). 

9.2.2. Microbially-induced calcification 
Although the calcium carbonate of the Tumbiana stromatolites is 

essentially preserved as microcrystalline calcite, some nanoglobular 
structures composed of aragonite nanocrystals could be found (Figs. 9B- 
D; Lepot et al., 2008). These nano-aragonite structures associated with 
organic matter are interpreted as relics of the primary carbonate mi
neral that precipitated in presence of microorganisms. Indeed, these 
carbonate nanostructures are similar to those that comprise the main 
building blocks of microbially-induced carbonate mineralization in 
modern stromatolites (Castanier et al., 1999; Sprachta et al., 2001;  
Kaźmierczak and Kempe, 2003; Reid et al., 2003; Dupraz et al., 2004;  
Benzerara et al., 2006; Bontognali et al., 2008; Spadafora et al., 2010;  

Perri et al., 2012; Dupraz et al., 2013; Lepot et al., 2014) and in in vitro 
experiments with microorganisms (Aloisi et al., 2006; Pedley et al., 
2009) or with organic molecules (Kirkland et al., 1999). 

9.2.3. Metabolic signatures 
Three types of organic matter have been identified in the Tumbiana 

stromatolites. Type A is essentially aromatic and mainly found at the 
grain boundaries of quartz and chlorite (Figs. 9E-F), in siliceous clusters 
in carbonate laminae or in the dark siliceous laminae forming the 
stromatolites (Fig. 9A). This distribution of (Fe,Mg)-chlorite and quartz 
suggests that this silicate could be early diagenetic rather than clastic 
similar to the poorly crystalline Mg-silicates forming layers in modern 
stromatolites (Arp et al., 2003; Burne et al., 2014; Zeyen et al., 2015;  
Pace et al., 2016; Wacey et al., 2018c). The strong 13C depletions re
corded in Type-A organic matter, together with the association with Fe- 
minerals, suggest anaerobic methane oxidation coupled to microbial 
Fe3+-reduction (Section 3.3). Type-B organic globules are only found 
within carbonate laminae, are enriched in organic sulfur and preserve 
other functional groups (Fig. 9E-F). They could correspond to remains 
of microorganisms that have been preserved owing to diagenetic sul
furization (Lepot et al., 2008, 2009a). Their sulfurization and the most 
extreme 13C-depletions they record support a coupling of microbial 
sulfate-reduction with anaerobic methane oxidation (Fig. 2K; Lepot 
et al., 2019). The fact that sulfurized globules are only found in calcite 
suggests that microbial sulfate reduction could have been an important 
driver of the calcification of the stromatolite laminae, a situation si
milar to modern stromatolites (Visscher et al., 2000; Vasconcelos et al., 
2006). Finally, Type C comprises pyrobitumen nodules displaying 
higher δ13C values (Lepot et al., 2019) consistent with distinct meta
bolisms such as photo- and/or chemo-autotrophy (Thomazo et al., 
2009b). However, this bitumen could have been introduced in some 
stromatolites after migration from other sediment types. 

9.2.4. Fenestrae 
The Tumbiana stromatolites contain abundant fenestrae (Buick, 

1992; Flannery and Walter, 2012), which could represent relicts of 
former gas bubbles of photosynthetic oxygen or heterotrophic de
gradation products trapped by microbial mats (Monty, 1976; Bosak 
et al., 2013), structures formed after desiccation/wetting cycles, voids 
left after degradation of clusters of unlithified microbial colonies, or 
microbial dissolution structures (Monty, 1976). Fenestrae within 2.7 Ga 
stromatolites of the Ventersdorp Supergroup, South Africa, display a 
morphology comparable to those observed in modern siliceous stro
matolites of the Yellowstone Park (Wilmeth et al., 2019). Filament-like 
textures appear to wrap these fenestrae, a situation similar to the dis
tribution of filamentous microorganisms in the Yellowstone stromato
lites (Wilmeth et al., 2019). However, the low-magnification micro
scopy provided in Wilmeth et al. (2019) does not allow to resolve 
filamentous microfossils from abiotic filament-like structures (see  
Sections 6.2 and 6.3) and reticulated networks of kerogen. Microscopic 
textures interpreted as fenestrae found in 2.98 Ga stromatolites of the 
Pongola Supergroup, South Africa, together with conical morphology, 
have been proposed to result from the trapping of bubbles of photo
synthetic oxygen by the microbial mats (Bosak et al., 2013). Enigmatic 
fenestrate microbialite textures have been reported in three 2.5 to ~ 
3 Ga carbonate deposits, which display a relatively thick vertical 
“support” structure associated with thin net-like to cuspate sub-hor
izontal laminae (Sumner, 1997, 2000; Schröder et al., 2009). Detailed 
petrographic and geochemical characterization of these fenestrae- 
bearing microbialites may provide important clues on the mat com
munities and the associated stromatolite-building processes. 

9.3. Dolomitic stromatolites of the Strelley Pool Formation (~ 3.4 Ga) 

The ~ 3.4 Ga Strelley Pool Formation of Australia hosts stromato
litic structures of partly silicified, coarse crystalline dolomite (Allwood 
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Fig. 9. Stromatolites of the Tumbiana Formation. (A) Mosaic of photomicrographs; height ~ 1 cm. (B-D) Transmission Electron Microscopy (TEM) of powdered 
stromatolite. (B) Organic globule (in black) associated with nanograins of CaCO3 (arrows and box). (C) The carbonate grain boxed in (B) is nanoglobular and made of 
nanocrystallites. (D) High-resolution TEM image of aragonite lattice planes showing a nanocrystallite ca. 5 nm large. (E) Scanning TEM image and X-ray elemental 
maps showing that globules included in carbonates (orange arrows) are rich in organic S, whereas organic matter spread at the grain boundaries of chlorite is S-poor 
(blue arrowheads). (F) X-ray absorption spectroscopy at the carbon K-edge. Type A organic matter (blue) is essentially aromatic, whereas Type B organic matter 
(orange) is rich in O- and S-bearing functional groups. Panels (B-D) reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Nature Geoscience, Microbially influenced formation of 2724-million-year-old stromatolites, Kevin Lepot, Karim Benzerara, Gordon E. Brown Jr. and Pascal 
Philippot, Copyright Springer Nature (2008). Panels (E-F) reprinted from Geochimica et Cosmochimica Acta, 73, Kevin Lepot, Karim Benzerara, Nicolas Rividi, 
Marine Cotte, Gordon E. Brown, Pascal Philippot, 6579–6599, Copyright (2009), with permission from Elsevier. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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et al., 2009). Observation of conical shapes (Fig. 10A-B) and possible 
fenestrae structures initially supported a biogenic origin (Lowe, 1980), 
although it has later been suggested that these could have formed 
abiotically through evaporation (Lowe, 1994). Detailed study of la
minae structures, of their relationships with surrounding sediments, 
and finding of steep-sided cones and branching pseudocolumns on the 
flanks of larger cones (Fig. 10) argued for a biogenic accretion 
(Hofmann et al., 1999; Allwood et al., 2006a; Allwood et al., 2007; van 
Kranendonk, 2007). Seven stromatolite morphotypes have later been 
elucidated and their distributions shown to correlate with specific en
vironments of deposition (Allwood et al., 2006a, 2007). Dark layers 
interpreted as remnants of microbial mats have been observed in some 
of the best-preserved stromatolites (Allwood et al., 2009). Organic 
matter in these stromatolites is enriched in organic sulfur, for which 
isotope microanalyses are consistent with microbial sulfur metabolism 
(Bontognali et al., 2012). However, recent experiments have shown that 
organic sulfur isotopes may also–depending on the solid source of sul
fate used–fractionate during thermochemical sulfate reduction 
(Meshoulam et al., 2016). Altogether, these studies strongly argue that 
the Strelley Pool Formation stromatolites represent the oldest known 
carbonates of microbial origin. 

9.4. Cavity-dwelling biofilms 

Siliceous laminated structures with convex-downward growth or
ientation have been observed in sediments deposited in fluvio-lacus
trine setting in the 2.75 Ga Hardey Formation, Australia (Rasmussen 
et al., 2009). They have been compared to microbialites that form in 
basaltic caves (Léveillé et al., 2007) and hence interpreted as the im
print of synsedimentary cavity-dwelling terrestrial microorganisms 
(Rasmussen et al., 2009). Similar structures occur in sparitic zones 
within sediments of the Tumbiana Formation and are illustrated in  
Fig. 11. The oldest evidence for such cavity-dwelling biofilms occurs in 
chert-filled elongate “blisters”, which probably represent former gas/air 
bubbles, in tidal sandstones of the 3.22 Ga Moodies Group (Homann 
et al., 2016) where benthic microbial mats have also been documented 
(e.g., Fig. 8B and Homann et al., 2015). 

9.5. Paleoarchean siliceous stromatolites 

In contrast with carbonate microbialites, where metabolic activity 
can induce calcification (Section 9.2.2.), silicification in hot springs is 
generally considered as an abiotically-driven reaction (Benning et al., 
2005). During the Archean, before the evolution of silica biominer
alization, the ocean was supersaturated with respect to silica and al
lowed seafloor and/or water column precipitation (Maliva et al., 2005;  

Stefurak et al., 2014). Extracellular polymers (Handley et al., 2008) and 
bacterial sheaths (Benning et al., 2005) can enhance the aggregation of 
silica. Microorganisms and microbial mats are thus readily silicified, 
which is observed even in high-temperature (> 73 °C) “geyserite” sin
ters (Cady and Farmer, 1996). The morphogenesis of various siliceous 
sinters or siliceous stromatolites is thus controlled by a combination of 
the spatially/temporally heterogenous distribution of microorganisms 
and abiotic processes such as cycles of wetting, evaporation, and drying 
(Braunstein and Lowe, 2001; Konhauser et al., 2001; Guidry and 
Chafetz, 2003; Cangemi et al., 2010; Orange et al., 2013; Campbell 
et al., 2015). In this context, the observation of diagnostic carbonaceous 
lamina shapes and/or abundant remains of microorganisms is required 
in addition to macroscopic shapes to infer former biological activity in 
siliceous stromatolites. 

9.5.1. Josefsdal Chert (~ 3.3 Ga) 
Wavy, sometimes torn, carbonaceous layers occur in the ~ 3.3 Ga 

Josefsdal Chert of South Africa (Fig. 12A-C), an informal stratigraphic 
unit within the Barberton Greenstone Belt (Westall et al., 2006, 2015). 
They have been interpreted as fossil microbial mats that have been 
preserved by hydrothermal silicification (Westall et al., 2006, 2015). As 
such, they fall in the category of “siliceous sinters” (Walter et al., 1976). 
A spectacular feature of these carbonaceous layers is their thick kero
genous structures containing fibrillar to filamentous shapes, which 
were proposed to represent microfossils (Westall et al., 2006). 

Organic carbon isotope ratios and sedimentary environment have 
been used to argue that the Josefsdal microbial mats performed pho
tosynthesis (Westall et al., 2015). Interestingly, these mats are inter
spersed with dense, fluffy carbonaceous clots (upper-right corner of  
Fig. 12B), which are generally a dominant carbonaceous fabric in Pa
leoarchean cherts/veins associated with hydrothermal deposits/activity 
(e.g. Fig. 6C; Ueno et al., 2004; Philippot et al., 2009; Lepot et al., 2013;  
Kiyokawa et al., 2014) or in Paleoarchean cherts not clearly connected 
to hydrothermal activity (Tice and Lowe, 2006). Textural and chemical 
evidence for hydrothermal fluid injection in the Josefsdal cherts and 
high clot abundance “at sites of greatest hydrothermal activity” led Westall 
et al. (2015) to suggest that these clots formed after chemotrophic 
microorganisms that sourced energy in hydrothermal fluids. Note that 
the presence of Fe-Cr-Ni alloys has been used to propose an abiotic 
hydrothermal origin for carbonaceous clots in a 3.47 Ga chert (Section 
5, Alleon et al., 2019). Additional constraints on metabolic signatures 
and possible contributions from abiotic hydrothermal compounds could 
be obtained by a combination of thorough microscale measurements of 
isotope ratios of these diverse organic matter textures in the Josefsdal 
cherts as well as S and other elements in associated minerals (e.g. Fig. 6; 
c.f. dicussion in Homann, 2019), in combination with 

2 cm

2 cm 2 cmA B C

Fig. 10. Stromatolites of the Strelley Pool Formation at the Trendall (type) locality. (A) Large conical structures with wrinkly laminae on the left forming subordinate 
columnar structures above the white arrow. (B) Conical structure with steep flanks. (C) Small, branching columns overgrowing the flanks of a large conical structure 
(to the left). 
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spectromicroscopy (e.g. Fig. 9E-F) and microscale mass-spectrometry 
(Westall et al., 2011; Fadel et al., 2020). 

9.5.2. Mendon Formation (~ 3.3 Ga) 
Domed to pseudo-columnar siliceous sinters (Fig. 12D), initially 

assigned to the ~ 3.4 Ga Kromberg Formation (Byerly et al., 1986;  
Byerly and Palmer, 1991), are now assigned to the ~ 3.3 Ga Mendon 
Formation (Hickman-Lewis et al., 2019 and references therein). These 
have been initially interpreted as stromatolites based on the similarity 
with the Paleoproterozoic examples of the Gunflint Iron Formation 
(Byerly et al., 1986; Byerly and Palmer, 1991). The dark laminae shown 

in Fig. 12D were initially inferred as carbonaceous, although Lowe 
(1994) indicated that the lamination was mostly defined by dark-co
lored tourmaline crystals. The structures were thus redefined as abiotic 
siliceous sinters, consistent with the early view that such laminated 
siliceous structures could form abiotically in hydrothermal systems 
(Walter, 1976b). However, later studies showed that such siliceous 
sinters rather formed in the presence (and likely with the participation) 
of microorganisms (Cady and Farmer, 1996; Konhauser et al., 2001;  
Barbieri et al., 2014). Thus far, a clear identification of carbonaceous 
remnants (e.g., as shown in Fig. 12B-C) in these sinters, in support of a 
possible biological origin, is thus lacking. 

Fig. 11. Possible microbialites formed in cavities in the 2.72 Ga Tumbiana Formation. Photomicrograph of a thin section of the PDP1 drillcore (Philippot et al., 
2009), 75.1 m depth. 

Fig. 12. Laminated Paleoarchean siliceous sinters from South Africa. (A-C) Laminated carbonaceous microstructures of the ~ 3.3 Ga Josefsdal Chert, images courtesy 
of Frances Westall, CNRS Orléans (reproduction permission below). (A) Optical microscopy of wavy carbonaceous layers in chert. (B) Zoom on the boxed zone in (A) 
showing torn laminae. (C) Raman spectromicroscopy map of the carbonaceous matter (green) and quartz (yellow-orange) in (B). (D) Siliceous sinter from the ~ 
3.3 Ga Mendon Formation, polished and etched rock surface picture, from Byerly and Palmer (1991), reproduction permission below. (A-C) Reprinted from “Archean 
(3.33 Ga) microbe-sediment systems were diverse and flourished in a hydrothermal context” by Frances Westall, Kathleen A. Campbell, Jean Gabriel Bréhéret, 
Frédéric Foucher, Pascale Gautret, Axelle Hubert, Stéphanie Sorieul, Nathalie Grassineau, and Diego M. Guido © 2015 Geological Society of America, published 
under the terms of the CC-BY license. Doi:10.1130/G36646.1 (D) Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Contributions to Mineralogy and Petrology, Tourmaline mineralization in the Barberton greenstone belt, South Africa: early Archean metasomatism by evaporite- 
derived boron, Gary R. Byerly and Martin R. Palmer, © Springer-Verlag (1991). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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Fig. 13. Stromatolitic chert of the Strelley Pool Formation. Photomicrographs of sample WF8’, which was provided by Kenichiro Sugitani (Nagoya University). (A) 
Mosaic of multiple images of the thin section showing branching pseudo-columnar structures. Black arrows indicate pockets of clastic materials. Red arrows indicate 
examples of convex lenticular zones in the columns. Arrowheads indicates thin laminae that connect the convex laminae forming the two columns to the right. (B) 
Zoom on the carbonaceous laminae in the green box in (A). (C) Zoom on the carbonaceous clusters in the green box in (B), showing globular aggregates of sub- 
micrometric carbonaceous particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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9.5.3. Strelley Pool Formation (~ 3.4 Ga) 
Conical and columnar siliceous stromatolites occur in the Strelley 

Pool Formation (Sugitani et al., 2010, 2015b; Lepot et al., 2013). 
Conical structures display “dark laminae, which are oriented at a high 
angle relative to the sidewall of the cones, and appear to be abruptly ter
minated by the outer thin crust of the cones” (Sugitani et al., 2015b). This 
contrasts with the convergence of laminae forming multi-layered walls 
at the edge of stromatolites (Preiss, 1976). Although these cones dis
played putative lenticular microfossils, the laminae are mostly defined 
by pyrite and organic matter is scarce, which led Sugitani et al. (2015b) 
to propose that these cones represent abiogenic silica sinters rather than 
biogenic stromatolites. 

In contrast, columnar siliceous stromatolites of the Strelley Pool 
Formation (Fig. 13; Lepot et al., 2013; Sugitani et al., 2015b) display a 
number of features similar to those of microfossil-rich stromatolites of 
the 1.88 Ga Gunflint Iron Formation (Awramik and Semikhatov, 1979; 
fig. 3A in Petrash et al., 2016; Lepot et al., 2017) and their modern 
counterparts of the Yellowstone National Park (Walter et al., 1976;  
Guidry and Chafetz, 2003). The Strelley Pool Formation siliceous 
stromatolites are branching (Fig. 13), with highly-convex structures in 
the branches that are reminiscent of the convex structures observed in 
the modern siliceous, biogenic stromatolites Conophyton, which grow at 
the Yellowstone hot springs (e.g., figs. 27–28 of Walter et al., 1976b). 
Similar to the Yellowstone and Gunflint stromatolites, pockets of clastic 
material are included between columns, indicating trapping of sedi
ment during columnar growth. 

Laminae have also been observed to “pinch out laterally” in other 
siliceous stromatolites of Yellowstone (fig. 8B in Guidry and Chafetz, 
2003), with bundles of laminae forming convex-upward shapes similar 
to those shown in Fig. 13A. Thinner carbonaceous layers form bridges 
between the columns (arrowheads in Fig. 13A), similar to the Gunflint 
stromatolites (fig. 3A in Petrash et al., 2016). Organic laminae of the 
Gunflint stromatolites are defined by populations of microfossils 
(Awramik and Semikhatov, 1979; Strother and Tobin, 1987; Lepot 
et al., 2017). Similarly, microfossils are abundant in recent stromato
litic siliceous sinters (Walter et al., 1976; Cady and Farmer, 1996;  
Konhauser et al., 2001, 2004; Guidry and Chafetz, 2003). In the co
lumnar stromatolites of the Strelley Pool Formation, organic matter in 
laminae is diffuse, clotted, or forming “three-dimensional networks of 
bundles of carbonaceous threads” (Sugitani et al., 2015b). Clotted struc
tures are dominant in the convex laminae of the sample in Fig. 13. Some 
clots comprise clusters of globules that show a darker core of carbo
naceous nanoparticles and a rounded translucent rim (Figs. 13B-C;  
Lepot et al., 2013). The general shape and distribution of these globules 
are reminiscent of those of populations of Eoentophysalis belcherensis, 
which form clusters and laminae in Proterozoic stromatolites 
(Hofmann, 1976; Sergeev et al., 1995; Sharma, 2006). However, their 
nanogranular nature and the apparent absence of cell-wall preservation 
thus far prevent clear identification as microfossils. 

Interestingly, the globular clots of a stromatolite similar to that 
shown in Fig. 13 yielded distinct C isotope compositions compared to 
those of microfossils and clots in cherts with thick and flat laminae 
(Fig. 6A-D; Lepot et al., 2013; Sugitani et al., 2015b, Sugitani et al., 
2010). Distinct microbial communities may have been fossilized in the 
two types of cherts. However, carbonaceous matter in the former 
stromatolites appeared more mature that in other cherts (Lepot et al., 
2013), possibly due to more intense syn-sedimentary or post-deposi
tional hydrothermal alteration (Allwood et al., 2006b; Marshall et al., 
2012; Sforna et al., 2014; Reinhardt et al., 2019) that may also have 
modified their C isotope composition. 

Siliceous stromatolites have also been reported in the Strelley Pool 
Formation at the locality of the carbonate stromatolites discussed in  
Section 9.3 (Duda et al., 2016). In these stromatolites, layered and 
clotted organic matter host microspheres of CaCO3. These have been 
compared with microfossils (Duda et al., 2016), but no cellular struc
ture (e.g. cell wall) appeared preserved organically or by carbonate 

replacement. Calcification by heterotrophic degradation of the organic 
matrix has also been proposed (Duda et al., 2016). Sub-spherical car
bonate micropeloids are indeed an important component of modern 
biogenic stromatolites (Dupraz et al., 2004; Lepot et al., 2014). How
ever, carbonate microspheres may also form abiotically (Bosak et al., 
2004) and during thermal mineralization of organic matter (Köhler 
et al., 2013). Investigation of their nanostructure (e.g., Lepot et al., 
2014) may help assess the biogenicity of these Paleoarchean carbonate 
microspheres. 

9.5.4. Dresser Formation (3.48 Ga) 
Siliceous sinter deposits have been found in the 3.48 Ga Dresser 

Formation (Djokic et al., 2017). Two principal arguments have been put 
forward to argue that they once hosted microbial life: spherical struc
tures in highly-weathered parts of the cherts have been inferred to re
present bubbles that were trapped by extracellular polymeric sub
stances. These are reminiscent of the siliceous granules observed in 
cobweb-forming assemblages of microfossils (Fadel et al., 2017; Barlow 
and van Kranendonk, 2018). However, they could also represent pri
mary silica granules that precipitated in the water column (Stefurak 
et al., 2014). Secondly, palisade fabrics of quartz have been suggested 
to form in presence of vertically-erect microbial filaments (Djokic et al., 
2017). However, such palisade of quartz may also represent replace
ment of anhydrite fibers (Chowns and Elkins, 1974). So far, no organic 
remnant has been reported in these structures that could argue for the 
presence of extracellular substances around putative bubbles or for 
vertical microfossils. 

9.6. Pyritic stromatolites of the 3.48 Ga Dresser Formation 

Banded structures with domical, conical, wrinkly and columnar 
structures occur in the Dresser Formation (e.g. Fig. 14A-D). “Upward- 
broadening and/or upward-branching” shapes of digitate structures have 
been inferred as biogenic (Baumgartner et al., 2019 and references 
therein). However, similar structures have produced abiotically 
(McLoughlin et al., 2008). On the outcrop, bands comprise Fe-oxides, 
silica and barite (Buick et al., 1981; van Kranendonk, 2006). Drillcores 
(van Kranendonk et al., 2006, 2008) provided fresh sections of these 
stromatolites (Fig. 14D), demonstrating that the Fe-oxides laminae 
derive from a sulfide (essentially pyrite with minor sphalerite) and 
ankerite/dolomite mineralogy. Based on the presence of carbonate, it 
has been proposed that these stromatolites formed after pyritization of 
primary carbonate stromatolite lithologies (van Kranendonk et al., 
2008). However, similar sulfide-chert-barite laminated structures are 
also observed in recent hydrothermal vents that are interpreted to form 
as primary hydrothermal phases (Hannington and Scott, 1988), con
sistent with an earlier proposition that the Dresser sulfide-chert-barite 
laminae could represent “primary chemical precipitates” (Buick et al., 
1981). Indeed, the disposition of the Dresser stromatolites with respect 
to hydrothermal veins argue for growth linked with hydrothermal fluid 
circulation (van Kranendonk, 2006). 

Nanoparticulate and fibrous carbonaceous matter has been recently 
discovered in pyrite of the Dresser Formation stromatolites and inter
preted as remnants of extracellular polysaccharide from once organic- 
matter-rich biofilms (Baumgartner et al., 2019). Extensive pyritization 
of such organic matter has been proposed to account for the pyritic 
nature of the Dresser stromatolites (Baumgartner et al., 2019). In 
agreement with this model, sulfur isotope ratios recorded in stroma
tolitic sulfides are consistent with a sulfidization through reduction of a 
mixture of photochemically-derived and of hydrothermal/magmatic- 
derived sulfate, possibly accompanied by reduction of photochemically- 
derived elemental sulfur (Baumgartner et al., 2020a). Nevertheless, to 
the best of my knowledge, the proposed extensive texture-replacing 
pyritization (rather than patchy framboidal growth) has yet to be 
characterized in recent stromatolites and/or hydrothermal vent pre
cipitates. 
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Colloform sulfides that commonly occur in hydrothermal massive 
volcanogenic sulfide deposits can form reniform (Revan et al., 2014), 
upward-branching, and digitate structures (Maslennikov et al., 2017) 
with internal layering similar to those of Dresser Formation sulfides. 

Abiogenic routes and processes involving microorganisms and/or or
ganic matter have been proposed to form such colloidal sulfides 
(Agangi et al., 2015; Gao et al., 2016; Li et al., 2019). Interestingly, 
layered and pseudocolumnar sulfides associated with Mesoproteozoic 

Fig. 14. Possibly biogenic stromatolites in the Dresser Formation. (A-B) Wrinkly (A) and overlying domical (B) stromatolites, Panorama locality (see also van 
Kranendonk, 2006). Diameter of 2 AUS$ coin is 31.5 mm. (C) Putative stromatolites (at the PDP2 drilling locality, van Kranendonk et al., 2008) displaying domed 
structures of chert (white) and Fe-oxides (black, inferred as weathering products of sulfides) overgrowing clusters of millimetric barite blades (lower half). (D) 
Wrinkly barite-sulfide-chert structures in the PDP2c drillcore (sample F95.1b). Mosaic obtained by stitching of 33 backscattered electron images with Microsoft ICE; 
the white box marks a stitching artefact. Barite appears in white, pyrite in light grey, carbonates in medium grey (e.g., rhombs at top center), and quartz in dark grey. 
(E) Enlargement of the red box in (D) showing pyrite (dark grey) microcrystals and quartz (black) on the growth zones of coarse barite (white) crystals; scale 
bar = 300 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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hydrothermal vents have been proposed to represent sulfide micro
bialites based on the presence of carbonaceous laminae (Li and Kusky, 
2007). Although carbonaceous microstructures occurring in the vent 
pores suggest the presence of a vent biota at this time, it remains dif
ficult to demonstrate that the sulfide laminae are themselves microbial 
in origin (Li and Kusky, 2007) solely based on the presence of carbo
naceous matter. Carbonaceous matter could have migrated in the hy
drothermal system, as shown in recent serpentinites (Pasini et al., 2013) 
and hydrothermally-influenced lacustrine cherts (Reinhardt et al., 
2019). Although the Mesoproterozoic laminated sulfides studied by Li 
and Kusky (2007) lack diagnostic morphological evidence for microbial 
participation in their formation (as shown for example in Figs. 9, 12A- 
D, 13), they represent a counterpart of plausible biogenic origin for the 
Dresser Formation stromatolites. Furthermore, BaSO4 microspherulites 
in the Dresser stromatolites may have formed due to microbial activity 
or to the presence of organic matter (Baumgartner et al., 2020b). Fi
nally, high-resolution mapping of the Dresser stromatolites has shown 
heterogeneities in the distributions of minor and trace metalloids and 
transition metals that revealed or highlighted microdigitate and 
wrinkly textures in the pyrite (Baumgartner et al., 2020c). These tex
ture-correlated heterogeneities have been proposed to result from the 
presence of organic matter (Baumgartner et al., 2020c). In conclusion, 
the biogenic interpretation of the Dresser stromatolites has been 
strengthened recently and could be further assessed by detailed in
vestigations of hydrothermal systems targeting the distinction between 
biogenic and abiogenic sulfide mineralization and organic matter 
sources. 

9.7. Stromatolites in Isua (~ 3.7 Ga)? 

Coniform and domical structures ca. 1–4 cm in height have been 
reported in ~ 3.7 Ga metamorphic carbonate of the Isua supracrustal 
belt, Greenland (Fig. 15A-B) and interpreted as the oldest biogenic 
stromatolites (Nutman et al., 2016). Subsequent observation suggested 
that the structures may be ridges rather than cones and that they 
formed along a specific direction of the rock (not in three dimensions), 

which led to a re-interpretation of the putative stromatolites as de
formation structures (Allwood et al., 2018). The observation that 
cones/ridges grew downwards as well as upwards has been used against 
growth on the seafloor (Allwood et al., 2018). Downward growth may 
not rule out stromatolites completely as downward stromatolitic 
growth structures may occur in cavities (Section 9.4). Furthermore, it 
has been proposed that, unlike the upward cones/domes, the down
ward structures could have been formed by a cross-cutting secondary 
generation of carbonates (Nutman et al., 2019). Soft-sediment de
formation has been discussed as a plausible mechanism that could have 
generated the observed structures (Nutman et al., 2019). An important 
observation that the domes/cones are “tall structures relative to the 
thickness of the source bed” (Nutman et al., 2019) may make an origin as 
soft-sediment fluid-escape structures less likely. 

Moreover, Nutman et al. (2019) have recently argued that the local 
tectonic deformation allows for the 2-D preservation of stromatolitic 
textures in low-strain fold cores, although the third direction can be 
strongly elongated. The surface of a sample imaged in 3D by Nutman 
et al. (2019) displayed one conical and one domical section that have 
been deemed difficult to reconcile with deformation ridges. However, 
recent observation revealed ridge structures, possibly as long as 34 cm, 
that cannot be explained by deformation of cones that are only a few 
centimeter high (Zawaski et al., 2020). These ridges, oriented parallel 
to a principal deformation axis, could have formed by boudinage, a 
deformation process associated with the distinct rheological properties 
of discontinuous quartz layers (forming boudins) in calc-silicate schist 
(Zawaski et al., 2020). The possibility that differently-deformed struc
tures were observed by Allwood et al. (2018) and Nutman et al., (2016, 
2019) has been refuted on the basis of homogenous microscale de
formation texture of quartz at different sampling sites (Zawaski et al., 
2020). 

Most problematic is the fact that lamination in the conical/domical 
structures cannot be fully distinguished from chemical zonation 
(Nutman et al., 2016; Allwood et al., 2018; van Zuilen, 2018; Zawaski 
et al., 2020), which make these structures difficult to relate to stro
matolites stricto sensu (c.f. Section 9.1). Thus, a biogenic origin to these 
structures may not be claimed solely based on morphology (Zawaski 
et al., 2020). 

10. Summary 

Highly 13C-depleted graphites in Eoarchean rocks have been con
sidered as the oldest geochemical traces of life, but due to the high 
metamorphic grade of these rocks, it remains difficult to rule out abiotic 
processes that may have deposited the carbonaceous matter. The oldest, 
generally accepted evidence of life currently is the sulfur isotope pat
tern recorded in pyrites indicative of microbial sulfate reduction in the 
3.48 Ga Dresser Formation (Fig. 1B). Methanogenesis is indicated as 
early as 3.0 Ga by 13C-depletion in kerogen of sedimentary rocks, and 
possibly as early as 3.5 Ga as suggested by 13C-depletions of fluid in
clusions and kerogens, although in the latter case abiotic hydrothermal 
reactions remain difficult to rule out. Banded iron formations display 
Fe-isotope signatures indicative of partial oxidation of a Fe2+-domi
nated reservoir, which could have been carried out by anoxygenic 
photosynthesis likely by 3.46 Ga and possibly as early as 3.77 Ga. 

Biomarker molecules that would be diagnostic of specific classes of 
organisms and/or environments found in Archean rocks have been 
critically re-evaluated to be contaminants, consistent with the view that 
the metamorphic grade of these rocks would not allow the preservation 
of such molecules. Nevertheless, in situ spectroscopic and spectrometric 
analyses have shown that functional groups with abundant heteroatoms 
(N, S, O) can be detected in Archean kerogen. Heterogeneities in the 
distribution of these functional groups, if correlated with textural fea
tures (such as microfossils or veins) and C-isotopes compositions, may 
help distinguish biotic from abiotic carbonaceous matter. 

Microtubular titanite textures found in metamorphosed volcanic 

Fig. 15. ~3.7 Ga old stromatolites? (A-B) Possible stromatolites of the Isua 
supacrustal belt, from Nutman et al. (2016): outcrop picture in (A) and inter
pretative sketch in (B) showing irregular laminae (blue dashed) and flat la
minae (red dashed). Panels (A-B) Reprinted by permission from Springer Nature 
Customer Service Centre GmbH: Springer Nature, Nature, Rapid emergence of 
life shown by discovery of 3700-million-year-old microbial structures, Allen P. 
Nutman, Vickie C. Bennett, Clark R. L. Friend, Martin J. van Kranendonk, Allan 
R. Chivas, © Springer Nature (2016). (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.) 
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glass were initially proposed as the imprints of glass-etching micro
organisms (i.e., trace fossils), but are now seen to be more likely me
tamorphic textures. Moreover, the biotic origin of their modern coun
terparts remains difficult to demonstrate. Further studies of 
metamorphic and glass-quenching textures are required to assess the 
use of microtubes are possible traces of life in ancient seafloors and in 
volcanoclastic sediments. 

With the exception of the youngest Neoarchean microfossils asso
ciated with stromatolites, virtually all spherical, ovoid and filamentous 
structures found in Archean cherts have been debated as possible 
abiotic morphologies generated by accretion/displacement of kerogen 
along various mineral templates. Large and folded carbonaceous ve
sicles found in 3.22 Ga siliciclastic rocks and flanged lenticular struc
tures found in ~ 3.0 to ~ 3.4 Ga bedded cherts are, however, difficult to 
reconcile with abiogenic morphogenesis. Once extracted by acid ma
ceration, they display some stunning morphological similarities with 
some Proterozoic and younger microfossils, and a size and morpholo
gical complexity that is surprising for such an early life record. 
Lenticular forms have been suggested to represent planktonic auto
trophs. Texture-specific C-isotope compositions further support a bio
genic origin for the carbonaceous matter in these lenticular forms, but 
still fail to constrain their metabolism. 

In the Neoarchean, some clearly biogenic carbonate stromatolites 
display metabolic signatures for methanotrophy, microbial sulfate re
duction, and microbial iron reduction in addition to petrographic tex
tures and C-isotope compositions consistent with accretion in presence 
of photosynthetic microorganisms. Carbonate and siliceous stromato
lites displaying a correlation between mineral and organic matter tex
tures demonstrating a role of microorganisms in their formation can be 
tracked as early as ~ 3.4 Ga. Other putative stromatolites occur in the 
Paleoarchean to Eoarchean rock record, but the absence of carbonac
eous remnants and the possible growth by hydrothermal and/or de
formation processes limit their use as biosignatures. Sulfidized stro
matolites rich in carbonaceous matter formed in hydrothermally- 
associated environment are candidates for the oldest (3.48 Ga) micro
bial accretion structures. Along with the biogenic stromatolite record, 
carbonaceous laminae that display wavy or crinkly textures consistent 
with formation as microbial mats can be tracked in siliciclastic deposits 
as old as 3.47 Ga. Further evidence for microbial mats, consistent with 
participation of oxygenic photosynthesis, lie in the tufted and domed 
textures of the layered organic matter of 3.22 Ga siliciclastic deposits, 
and the associated, distinct C and N isotope ratios recorded in marine 
and terrestrial mats. 

Evidence of oxygenic photosynthesis during the Archean is given by 
the geochemical signatures indicating redox cycling of various metallic 
elements sensitive to the presence of O2. Mass-independent fractiona
tion of sulfur isotopes indicates very low O2 partial pressures 
throughout the Archean (Fig. 1 and associated references). However, a 
change in the structure of these mass-independent fractionations oc
curring at the end of the Mesoarchean (Kurzweil et al., 2013; Izon et al., 
2017) is consistent with other features of the rock record that suggest 
photosynthetic production of oxygen at this time, although in en
vironments where the atmosphere was still O2–depleted (Fig. 1). These 
features include the textures recorded in Neoarchean stromatolites 
(tufts, palisades, fenestrae) and the associated relatively 13C-rich 
kerogens. However, unambiguous microfossils of oxygenic photo
synthetic microorganisms (cyanobacteria) are only demonstrated in ~ 
1.9 Ga (Butterfield, 2015; Lepot et al., 2017) and younger rocks. Au
totrophic and/or heterotrophic methanogenesis (Fig. 2F and I, respec
tively) could have led to the production of organic aerosols in the at
mosphere, forming Titan-like organic haze periodically during the 
Neoarchean (Izon et al., 2017 and references therein). Methanotrophs 
could, however, have interfered with this sun-shielding haze formation 
(Thomazo et al., 2009b). The latter could have used various oxidants, 
including the products of anoxygenic photosynthesis (sulfate, Fe3+), 
the direct (O2) and indirect (nitrate, Fe3+, sulfur species) products of 

oxygenic photosynthesis, or the sulfuric products of atmospheric pho
tochemistry. The use of these various oxidants as energy sources for 
metabolisms is indicated in the N, Fe, and S isotope records of the 
Neoarchean, consistent with increasingly oxidizing conditions at the 
surface of the early Earth. 

11. Perspectives 

The variety of evidences of life and the diversity of metabolisms 
appear to increase during the Archean, coincident with the increase in 
amounts of continental crust. This, together with the associated in
crease in variety of rock types increased the spatial and chemical di
versity of niches that could have been colonized by microorganisms. 
For example, the development of biological soil crusts and benthic 
microbial mats may have favored local oxidative weathering, releasing 
nitrate, sulfate and trace metals (Lalonde and Konhauser, 2015;  
Thomazo et al., 2018) for other metabolisms, and possibly acting as a 
local sink for in-situ-produced oxygen without eliminating atmospheric 
anoxia. Moreover, the evolution of minor and trace metal availability 
has been linked with the expansion of oxidative weathering and evo
lution of exposed magmatic rock compositions. Changes in the avail
abilities of specific metals (Large et al., 2014; Konhauser et al., 2015) 
may have allowed the rise to prominence, or the relative demise, of 
some key metabolisms. For example, methanogens may have suffered a 
nickel famine linked with a decrease in (ultra)mafic volcanism 
(Konhauser et al., 2015), and an increase in copper availability toward 
the end of the Archean (Chi Fru et al., 2016) may have favored aerobic 
metabolisms (Moore et al., 2017). The primary productivity driven by 
oxygenic photosynthesis (or other metabolisms) maybe have been 
limited during the Archean by the presence of a large mineral iron sink 
for phosphorus, and/or by a weak biological recycling of the latter 
element in anaerobic conditions (Kipp and Stüeken, 2017; Reinhard 
et al., 2017; Ossa Ossa et al., 2019). Phosphorus limitation may have 
been alleviated by an increase in the abundance of this element in 
magmatic rocks toward the end of the Archean (Cox et al., 2018). At the 
same time, other factors also linked with evolving geodynamics such as 
increases in the oxidation states of volcanic sulfur (Gaillard et al., 2011) 
and of magmatic iron (Andrault et al., 2017), and increase in organic 
matter burial (Eguchi et al., 2020), may have limited reductive sinks for 
O2, thus altogether leading to the Great Oxidation Event (Fig. 1A). 

The evolution of metabolisms during the Archean (Fig. 1B) has been 
largely envisioned on the global scale based on geochemical analysis of 
an increasing number of bulk-rock samples. Interestingly, metabolic 
signatures recorded with bulk-rock C and N isotope ratios have been 
contrasted between marine and lacustrine settings (Eigenbrode and 
Freeman, 2006; Flannery et al., 2016; Stüeken and Buick, 2018), or 
between lakes associated with drainage basins of felsic and mafic vol
canics (Stüeken et al., 2017). These contrasts are suggestive of im
portant environmental controls on the diversification and/or on the 
relative importance of various metabolisms during the Archean. High- 
spatial resolution analyses of isotope compositions, of microfossil po
pulations, of mineral assemblages, and of major-to-trace element dis
tributions (as highlighted in this review) have the potential to decon
volve the signals from various microbial communities, their associated 
mesoscale to microscopic environments, and to decipher the relative 
importance of their various components. However, preservation biases 
become particularly important when reaching these scales. Sources of 
preservation biases diversified in parallel with the development of 
different environmental “niches”. For example, cherts deposited in 
hydrothermally-influenced environments, such as many Paleoarchean 
occurrences (Hofmann and Bolhar, 2007), and early diagenetic cherts 
of the late Archean and Proterozoic (Maliva et al., 2005) may not have 
had the same preservation potential for microfossils, organic matter, 
and/or biosignatures in associated minerals. The study of younger and 
modern, less metamorphosed fossil microbial ecosystems and their ex
perimental alteration products is thus crucial to decipher the most 
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ancient record of life. 
Finally, the selection of reliable methods and criteria that we could 

use to distinguish biotic from abiotic signatures in Archean rocks is 
highly relevant to the search for extant or past life beyond Earth. Mars 
is a plausible and accessible target for the search of past extraterrestrial 
life as its surface displays abundant rocks older than 3 Ga, and shows 
evidence that the planet was habitable at this time (Solomon et al., 
2005; McMahon et al., 2018). 
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