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Zusammenfassung

Das Archaikum umfasst etwa ein Drittel der Erdgeschichte. Wéhrend dieses Zeitraums von 1.5 Milliarden
Jahren entwickelten sich die wichtigsten biochemischen Stoffwechselwege, einschliefflich der oxygenen
Photosynthese von Cyanobakterien, welche die Biosphdre bis heute dominiert. Die biologische
Sauerstoffproduktion war die physiologische Basis fur die Evolution von komplexen, multizellularen
Lebensformen. Alter und Ursprung von Cyanobakterien sind jedoch nach wie vor ein kontroverses Thema,
welches bis heute noch nicht eindeutig geklart werden konnte. Aus diesem Grund ist es von essentieller
Bedeutung die éaltesten Gesteine mit gut erhalten Spuren mikrobiellen Lebens zu untersuchen, um
Ruckschlisse auf deren friiheren Lebensraum und Metabolismus ziehen zu kdnnen. Ein idealer Ort um nach
Antworten auf diese offenen Fragen zu suchen, ist die paldoarchaische (~3.22 Ga) Moodies Group des
Barberton Greenstone Belts (BGB) in Siidafrika, welche Sandsteine mit auBerordentlich gut erhaltenen
Uberresten mikrobieller Matten und sedimentérer Strukturen beinhaltet.

Die kerogenhaltigen Laminationen der fossilen Mikrobenmatten sind besonders gut in einer
~1000 m machtigen Abfolge von fein- bis grobkdrnigen Sandsteinen und Konglomeraten in der Saddleback
Synclinale des zentralen BGB erhalten, welche sich lateral iber 15 km verfolgen lasst. Die Biomatten
wuchsen einst in kiistennahen Schwemmfachern, und in inter- und supratidalen Paldolebensrdumen. In situ
5%Cpps Messungen des Kerogens liegen im Bereich von -32.3%o bis -21.3%. und sind konsistent mit dem
biogenen Ursprung der Laminationen. Die Restriktion der Matten auf ehemals flachmarine Habitate und
das VVorhandensein von gut ausgebildeten mikrobiellen ,,tufts* legen nahe, dass sie photosynthetisch waren
und moglicherweise von anzestralen Cyanobakterien gebildet wurden. Es ist jedoch schwer zu belegen, dass
die Mikroben damals wirklich schon freien Sauerstoff produzierten. Dies wird daher eine zentrale Frage
zukinftiger Studien sein.

Die Identifikation von fossilen mikrobiellen Gemeinschaften, die einst in Hohlrdumen unterhalb
der Biomatten lebten, hat das geologisches Alter dieser kryptischen Mikroben um ~500 Ma erweitert.
Uberdies konnten die identifizierten mikrobiellen Matten in fluvial-alluvialen Konglomeraten und
Sandsteinen die erste sichtbare Spur fiir die Kolonialisierung und mikrobielle Stabilisierung archaischer

Landmassen darstellen und somit den Ursprung terrestrischen Lebens um ~400 Ma erweitern.






Abstract

The Archean eon encompasses about one-third of Earth’s history. During its 1.5 Ga time span, most of the
principal biochemical pathways had evolved, including cyanobacterial oxygenic photosynthesis, which
keeps dominating the modern biosphere. Biological oxygen production provided the physiological base for
the expansion of life, particularly the evolution of complex multicellular organisms. However, the antiquity
and origin of oxygenic photosynthesis is vigorously debated. Hence, the study of Earth’s oldest well-
preserved microbial mats and their paleoenvironmental setting has the potential to unravel earliest evolution
photosynthesis. An ideal place to tackle this issue is the Paleoarchean (~3.22 Ga) Moodies Group of the
Barberton Greenstone Belt, South Africa, which contains widespread remains of remarkably well-preserved
microbial mats and sedimentary structures in shallow-water sandstones.

In the Saddleback Syncline of the central BGB, kerogenous laminae representing fossilized
microbial mats occur abundantly in a ~1000-m-thick succession of fine- to coarse-grained sandstones and
conglomerates, which can be traced laterally for >15 km. Microbial mats were thriving in coastal floodplain,
inter-, and supratidal paleoenvironments. In situ §*Cppg measurements of the kerogen range from -32.3%o
to -21.3%o0 and are consistent with a biogenic origin. The exclusive occurrence of mats in shallow-water,
high-energy setting, and their tufted micro-morphology suggest that they were photosynthetic and most
likely build by ancestral cyanobacteria. However, the ultimate question whether the microbes were
producing free oxygen or not still needs to be resolved. The identification of cavity-dwelling microbial
communities beneath these microbial mats, has extended the geological record of coelobionts by ~500 Ma,
while the occurrence of microbial mats in fluvial-alluvial conglomerates and sandstones extends the record
of terrestrial life by ~400 Ma.
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Introduction

[.1 Life in the Archean

If you could travel back in time to the Archean Earth, you would probably not recognize it as the green
planet we inhabit today. Damaging UV radiation and the temperature were significantly higher than today,
and the reducing atmosphere, which lacked free oxygen but contained high levels of carbon dioxide, some
methane, ammonia, and other gases would have been hostile to most present-day life forms (Kasting, 1993).
The close orbit of the moon likely caused a much higher tidal range and enormously wide tidal environments
fringing the first small continental land masses.

More than sixty years after the discovery of fossil microorganisms in ~1.9 Ga cherts of the Gunflint
Formation in Canada, interest in the history of life on Earth and on other planets in our solar system
continues unabated (Tyler and Barghoorn, 1954; Lanier, 1989; Westall, 2005; Shapiro and Konhauser,
2015). On the one hand this is driven by the relatively new research fields of Astrobiology and Geobiology,
and on the other hand by the development of sophisticated analytical techniques, which allow analyses on
the nanoscale. Additionally, the discoveries of NASA’s and ESA’s Mars exploration programs (e.g.
Pathfinder 1997, Phoenix 2008, Curiosity 2013) have raised the awareness of these topics in the research
community and gained significant media attention. The early Earth was supposedly similar to Early Mars
in some aspects, hence analog studies of the Earth are of paramount importance. However, the Archean rock
record on Earth and its traces of early life are sparse, fragmentary, and largely metamorphosed; thus, the
identification of microbial remains and the reconstruction of their metabolic pathways is challenging.
Lithified aquatic sediments are considered the most suitable archive of remains of microbial life, because
water is a fundamental requirement for life. Earth’s oldest putative geochemical signs of life are based on
information from one single zircon from Jack Hills, Western Australia, which has an age of 4.1 Ga and
contains carbonaceous inclusions of potentially biogenic origin (Bell et al., 2015). An earlier study of ~3.8
Ga zircons from the Isua greenstone belt in southwest Greenland yielded similar results; however, the host
rocks are highly metamorphosed and the traces of life are controversial (Mojzsis et al., 1996; Lepland et al.,
2005). Actually, there are only two outcrop locations known worldwide where Archean rocks of
unequivocal sedimentary origin are preserved with low-grade metamorphic overprint: The Barberton
Greenstone Belt (BGB, 3.5 - 3.2 Ga) in the Kaapvaal craton of southern Africa and the greenstone belts of
the Pilbara craton of Western Australia (3.5 - 3.0 Ga; Fig. I.1).
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Figure I. 1: Distribution of preserved remains of Archean cratons exposed at the Earth’s surface (Wacey, 2009).

For a long period, early life studies focused on the search of fossil cyanobacteria, but for the last decade
investigations have moved to more fundamental questions: (1) What is the nature of Earth’s earliest
preserved microbes?; (2) In which environments were they thriving?; and (3) How does one distinguish the
morphological and biogeochemical signatures of life from those produced by abiogenic processes (Nisbet,
1985; Nisbet and Sleep, 2001; Westall, 2005)?

In the past, siliciclastic lithologies were commonly bypassed by the early life studies in favor of the
more promising stromatolites, but the past decade has seen an increasing number of publications on
microbial mats in ancient shallow-water siliciclastic settings (Tice and Lowe, 2004; Noffke et al., 2006;
Dornbos et al., 2007; Heubeck, 2009; Noffke, 2009; Eriksson et al., 2010; Wacey et al., 2011; Gamper et
al., 2012; Homann et al., 2015). These deposits contain multiple lines of evidence suggesting an abundance
of microbial life in a range of paleoenvironments and imply that microbial life may have developed the
ability to thrive as complex communities with advanced metabolisms well prior to 3.5 Ga. The world's
oldest-known convincing record of microbial mats in a siliciclastic tidal deposit comes from the 3.22 Ga

Moodies Group of the Barberton Greenstone Belt. It is the prime objective of this thesis.

.2 Evolution of oxygenic photosynthesis

The most dramatic geochemical change in Earth’s history was caused by the evolution of oxygenic
photosynthesis by cyanobacteria, which evolved this sophisticated metabolism to obtain energy from
sunlight while releasing free oxygen as a metabolic byproduct (Buick, 2008; Farquhar et al., 2011; Schopf,
2011; Lyons et al., 2014). The onset of oxygenic photosynthesis triggered the Great Oxidation Event (GOE)

~2.4 - 2.3 Ga ago and is responsible for the accumulation of free oxygen in the atmosphere and shallow



oceans (Fig.l.2). The current trend in the literature records a continuous backdating of the first occurrence
of free oxygen on Earth by yearly about 100 Ma. This trend is based on a growing amount of evidence for
“whiffs of oxygen” prior to the GOE, suggesting the presence of locally oxygenated environments, starting
at 3 Ga or earlier (Eigenbrode and Freeman, 2006; Anbar et al., 2007; Bosak et al., 2009; Crowe et al., 2013;
Czaja et al., 2013; Planavsky et al., 2014; Stueken et al., 2015). Such “oxygen oases” emerged around
shallow marine and possibly even terrestrial microbial mats that were capable of performing oxygenic
photosynthesis, but the amount of released oxygen was insufficient to cause a global change in oxidation

state (Kasting, 1993; Eigenbrode and Freeman, 2006; Olson et al., 2013; Riding et al., 2014; Lalonde and
Konhauser, 2015).

Moodies Microbial Mats
o # & =
Cyanobacteria
Stromatolites _ =5
; o AR ' [E 3 “ Ediacara Metazoans
Noffke et al., 2006; Heubeck, 2009 o * i ‘
Gamper etal, 2011; Homann et al., 2015 < -
B N—-lnﬁhhq. R e
3.2Ga
Fig Hofmann, 1976
Buick & Dunlop, 1981 2.1Ga 4
3.5Ga -
" 0.5Ga
Great Oxidation s o
i £ 50 Fownt 2 1.0 G
Lf P 1 .
Archean 1 Proterozoic Phan. |4
: Oxygenic -
= photosynthesis 410°
E T Oz whiffs b0 F
ry B Fd 7 =
E -5 : jaa 5
4.0 '5.5 _‘I.l(') ?.; 9j0 1 ; 1 ('l) 0.5. 0.0
Agei(Gyrago) mod. after Lyons et al., 2014

Figure I. 2: Geological time scale showing major events and the evolution of Earth’s oxygen content. Stromatolites represent Earth’s
oldest macroscopic traces of microbial life. After the Great Oxidation Event, atmospheric oxygen first rose globally, but evidence
for several “whiffs of oxygen” have been reported in >2.5 Ga sediments, indicating the invention of oxygenic photosynthesis and
the presence of cyanobacteria. With an age of ~3.2 Ga, the Moodies Group microbial mats belong to Earth’s oldest and best
preserved microbial remains. Note that the oldest unequivocal cyanobacterial microfossils are 2.1 Ga, whereas more complex
multicellular organisms first appear at the beginning of the Phanerozoic.

It is generally assumed that the earliest microbial communities, in which the last universal common ancestor
(LUCA) lived, were chemotrophic hyperthermophiles thriving in the vicinity of widespread hydrothermal
activity (Nisbet and Sleep, 2001; Westall et al., 2015), but evidence for the existence of hydrothermal vents
are lacking in the Archean geological record (Lowe and Byerly, 2007). Microfossils (Knoll, 1992),
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stromatolites (Walter et al., 1976; Buick and Dunlop, 1981; Hofmann et al., 1999) and geochemical evidence
(Lyons et al., 2014) all suggest that also photosynthetic, mat-forming microorganisms existed already in the
Archean (Fig. 1.2). However, unequivocal evidence that they were cyanobacteria has still to be documented
(Brasier et al., 2002). The oldest claims of putative fossil cyanobacteria come from Schopf (1993), who
interpreted filamentous microstructures in black chert veins within the 3.46 Ga Apex Basalt in the Pilbara
Craton of Western Australia as “probable cyanobacteria” (Schopf and Packer, 1987; Schopf, 1993; Schopf,
2006; Schopf et al., 2007; Schopf and Kudryavtsev, 2009; Schopf and Kudryavtsev, 2012). The evidence
of Schopf’s initial interpretation was questioned by Brasier et al. (2002), who concluded that the
microstructures solely represent carbonaceous wisps, arranged in filamentous patterns around crystal
boundaries (Brasier et al., 2002; Brasier et al., 2005; Brasier et al., 2006; Brasier et al., 2015). This view is
also supported by extensive investigations of these microstructures conducted by Wacey et al., (2015) in
which they conclude that the structures actually represent mineral artefacts produced during phyllosilicate
exfoliation. Therefore, the Apex chert microfossil debate, one of the longest running paleobiological
controversies, seems to be finally solved. All too commonly, previous early life studies too readily took the
co-occurrence of micromorphology and carbonaceous composition as sufficient evidence of biogenicity. A
positive side effect of the Apex microfossil debate was the establishment of a checklist of criteria to test the
biogenicity of putative microfossils (Schopf, 2004; Brasier et al., 2006; Wacey, 2009):

(1) Provenance: Is the geological context of the microfossils-containing rocks firmly established?
(2) Age: Is the age known with appropriate precision?

(3) Indigenousness: Are the features indigenous to the rock?

(4) Syngenicity: Is the metamorphic degree of the structures the same as the surrounding host rock?
(5) Biogenicity: Are the features assuredly of biological origin?

These criteria need to be evaluated for virtually any claim of early life; usually, several lines of evidence
are required to falsify the “null hypothesis” of a non-biological origin. Fortunately, the development of high-
precision analytical technologies has significantly enhanced the quality of early life studies.

The finding that 2a-methylhopanoids constitute a distinct biomarker for cyanobacteria (Summons
et al., 1999) and their documentation in 2.7 Ga shales of the Pilbara Craton (Brocks, 1999) was thought to
be a major breakthrough in documenting the antiquity of oxygenic photosynthesis. However, this
interpretation was rejected by (Rasmussen et al., 2008) who showed that the initial results of Brocks et al.
(1999) were inconsistent and that the identified biomarkers were not indigenous to the host rock but likely
represented contamination. It is generally accepted that the oldest morphological fossils of clearly
cyanobacterial affinity are ~2.15 Ga old (Hofmann, 1976; Brocks et al., 2003; Rasmussen et al., 2008).
Nevertheless, cyanobacteria evidently evolved long before this time, but it remains challenging to find

reliable macroscopic traces in the sedimentary record.
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[.3 Microbial mats

Microbial mats develop from thin biofilm coatings into millimeter- to centimeter-thick, laminated, carpet-
like structures that typically grow at the sediment-water-interface and may cover many kilometers of tidal,
lagoonal, and continental shelf deposits (Krumbein et al., 1994; Noffke, 2010). They are commonly
stratified in several layers dominated by specific types of microorganisms with different metabolisms and
close ecological relationships (Canfield and Des Marais, 1993; Konhauser, 2007). In aqueous photic-zone
environments, the upper mat layers are mostly dominated by cyanobacteria performing oxygenic
photosynthesis, while the lower layers are generally dominated by anaerobic communities such as sulfate-
reducing bacteria, and by methanogenic or methanotrophic archaea. Microbial mats are cohesive and
attached to their substrate (e.g. sediment grains) by mucilaginous extracellular polymeric substances (EPS).
The sugar- and protein-rich EPS are secreted by the microorganisms and form a protective and adhesive
matrix in which the microbes are embedded (Decho, 2010; Decho, 2013; Noffke et al., 2013). In siliciclastic
environments, fossilized microbial mats can be preserved as ‘biolaminates’ interbedded with sand (Gerdes
et al., 2000), whereas rigid build-ups composed of mineralized multilayered microbial mats and trapped
sediment are known as microbialites and commonly occur in chemically-dominated aqueous environments
nearly free of siliciclastic input (Fig. 1.3; Noffke and Awramik, 2011). Microbialites can be subdivided in
two main endmember groups: stromatolites (layered fabric), which belong to Earth’s oldest macroscopic
traces of life, and thrombolites (clotted fabric). They lithify due to in situ precipitation of carbonate or silica
minerals that are either induced by the metabolic activity of the mat-building microbes or triggered by

chemical oversaturation of the ambient water in the vicinity of the cell walls (Dupraz et al., 2009).

Microbial Mats

— T~

chemical siliciclastic
depositional environment depositional environment

Microbialites Biolaminites / microbial mats

modern

Figure 1. 3: Microbial mats are constructed by microbes and form either mineralized microbialites or densely biolaminated
structures depending on the depositional environment. (A) Modern microbialites from Shark Bay, Australia. (B) Stromatolites of
the Malmani Group (~2.5 Ga) near Nelspruit, South Africa. (C) Modern microbial mats of the Bahar Alouane tidal channel, southern
Tunisia. (D) Microbial mats of the Moodies Group, Barberton Greenstone Belt, South Africa (~3.2 Ga).
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[1.1 Abstract

Microbial life was well established and widespread by the Paleoarchean; however, the degree of
evolutionary advancement such as microbial motility, intra- and inter-species interactions, phototropism, or
oxygenic photosynthesis by that time remains highly debated. The 3.22 Ga Moodies Group in the Barberton
Greenstone Belt (BGB, South Africa) are Earth's oldest well-preserved siliciclastic tidal deposits. They
exhibit a unique assemblage of microbial mats, providing an excellent opportunity to decipher the
morphological adaptations of microbial communities to different paleocenvironmental settings. The fossil
mats are preserved as kerogenous laminations (0.5 - 1 mm thick) that can be traced laterally for ~15 km in
a ~1000 m-thick succession of fine- to coarse-grained tidal sandstones and conglomerates. We here present
a detailed stratigraphic and depositional facies analysis, documenting the association of the three principal
mat morphotypes with specific environmental settings: (1) planar-type in coastal floodplain, (2) wavy-type
in intertidal, and (3) tufted-type in upper inter- to supratidal facies. All mat types indicate a flourishing
phototrophic biota; moreover, the tufted morphology suggests an intricate level of coordinated growth

commonly known from cyanobacterial mats in modern environments.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/4.0/ or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042, USA.
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[1.2 Introduction

The study of the diversity and setting of early Archean ecosystems is essential for unraveling the
phyolgenetic tree of life and the onset of oxygenic photosynthesis, the principal source of free oxygen in the
atmosphere. Although the atmospheric oxygen concentration first rose globally and permanently during the
‘Great Oxidation Event’ (GOE), 2.5 - 2.3 Ga ago, several recent geochemical studies suggest a prolonged
and dynamic transition from anoxic conditions, starting 3 Ga ago or even earlier (Holland, 2002, 2006;
Anbar et al., 2007; Buick, 2008; Farquhar et al., 2011; Crowe et al., 2013; Lyons et al., 2014; Mukhopadhyay
et al., 2014; Planavsky et al., 2014; Lalonde and Konhauser, 2015).Studies aiming to investigate the
structure and diversity of early microbial communities are essentially restricted to two locations worldwide
in which sedimentary rocks have escaped regional high-grade metamorphism and penetrative deformation:
the Pilbara Craton of Western Australia and the Barberton Greenstone Belt (BGB) of the Kaapvaal Craton
of southern Africa. In the strata of the BGB, a variety of microbial traces are preserved, e.g., carbonaceous
chert containing filamentous, coccoidal and spindle-shaped microfossils (Walsh and Lowe, 1985, 1999;
Walsh, 1992; Westall et al., 2006), planar microbial mats (Tice et al., 2004; Tice and Lowe, 2006; Tice,
2009), pseudocolumnar, stromatolite-like structures (Byerly et al., 1986; Walsh and Westall, 2003 and
references therein), and organic-walled, spheroidal microfossils (Javaux et al., 2010). Moreover, the BGB
includes the world's oldest known regionally mappable record of microbial mats in a siliciclastic tidal
setting, exposed in the 3.22 Ga, and remarkably well-preserved Moodies Group (Noffke et al., 2006;
Heubeck, 2009; Gamper et al., 2012).

Initially, the macroscopic laminations described here were interpreted as shale partings in
horizontally bedded sandstones (Visser, 1956; Eriksson, 1977); however, Heubeck and Lowe (1994a) noted
that the laminae were anastomosing in cross-section and exhibited mushroom-shaped protrusions.
Subsequently, Noffke et al. (2006), Heubeck (2009), and Gamper et al. (2012) established their biogenicity,
based on carbonaceous composition, sedimentary environment, negative 5*3C values (-22.5%o to -20.1%o),
and specific local textures such as eroded microbial mat fragments and fluid-escape structures. We here
present the first detailed characterization of the paleoenvironmental context of the Moodies mats, and

discuss the environmental adaptation of the mats in comparison with modern microbial ecosystems.

[I.3 Regional geology

The Barberton Greenstone Belt (3.57 to ca. 3.22 Ga) of South Africa and Swaziland is located at the eastern
margin of the Kaapvaal Craton (Fig.11.1) and represents one of world's oldest Archean greenstone belts. The
greenstone belt fill (the Barberton Supergroup, formerly Swaziland Supergroup) is subdivided into (1) the
~8 - 10 km thick, ca. 3.57 - 3.30 Ga volcanic-dominated Onverwacht Group (Viljoen and Viljoen, 1969;
Anhaeusser, 1976; Lowe and Byerly, 2007; De Wit et al., 2011); (2) the up to 3 km thick, ca. 3.55 - 3.25 Ga
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Fig Tree Group, which includes mostly shale, banded iron-formation (BIF), and volcaniclastic sediments
(Heinrichs and Reimer,1977; Condie, 1997; Lowe and Byerly, 1999; Hofmann, 2005); and (3) the up to 3.7
km thick, coarse siliciclastic Moodies Group (Eriksson, 1977; Heubeck and Lowe, 1994a, 1994b, 1999).
All BGB strata experienced several phases of major deformation during which they were extensively folded,
faulted and altered (De Ronde and De Wit, 1994; Lowe and Byerly, 1999). A major fault system, the Inyoka
Fault, transects the greenstone belt approximately medially. The dominant large-scale orogeny of the BGB
took place contemporaneously with deposition of the Moodies Group at 3.225 - 3.215 Ma (Lamb and Paris,
1988; Heubeck et al., 2013).

1
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Figure II. 1: Simplified geological map of the Barberton Greenstone Belt (BGB) of South Africa and Swaziland, comprising the
Onverwacht, Fig Tree and Moodies groups, in the eastern part of the Kaapvaal Craton. Moodies strata crop out in five synclines
north of the Inyoka Fault: the Stolzburg Syncline, the Moodies Hills Block, the Eureka Syncline, the Dycedale Syncline and the
Saddleback Syncline as well as in synclines to the South of the Inyoka Fault. The boxed area shows the study area in the Saddleback
Syncline.

[1.4. The Moodies Group

Strata of the Moodies Group are laterally traceable and can be subdivided stratigraphically, allowing the
identification of distinct facies and their transitions (Hall, 1918; Visser, 1956; Anhaeusser, 1976; Eriksson,
1977, 1978, 1979, 1980; Heubeck and Lowe, 1994a, 1994b, 1999; Eriksson and Simpson, 2000; Eriksson
et al., 2006; Heubeck, 2009; Simpson et al., 2012). Moodies Group strata north of the Inyoka Fault are

preserved in several, commonly northward-overturned synclines that are tectonically separated by major
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faults (Fig.I1.1). Strata there are dominated by fine- to coarse-grained, quartz-rich sandstones that are locally
interbedded with conglomerates and were deposited in alluvial, fluvial, possibly aeolian, deltaic, tidal, and
subtidal paleoenvironments (Anhaeusser, 1976; Eriksson, 1977, 1979; Heubeck and Lowe, 1999, 1994a;
Eriksson and Simpson, 2000; Eriksson et al., 2006; Simpson et al., 2012). Minor components include shales,
siltstones, BIF, thin tuffs, and a single basaltic lava (Bontognali et al., 2013; Heubeck et al., 2013). Moodies
Group strata south of the Inyoka Fault are dominated by coarse-grained, gravelly sandstones that lack
feldspar and marker units and have not been correlated with the strata north of the fault (Heubeck and Lowe,
1994a). The Moodies Group north of the Inyoka Fault was subdivided in several informal lithostratigraphic
members and in three formally defined formations (Joe’s Luck, Clutha, and Baviaanskop) by Visser (1956)
and Anhaeusser (1976), respectively; Eriksson (1977) suggested an alternative subdivision in five fining-
upward sequences (MD1 through MD5). Petrofacies trends in sandstone composition in the lower Moodies
Group were interpreted by Heubeck and Lowe (1994a) as indicative of an extensional setting, while the
architecture and composition of the upper Moodies Group indicated a response to syndepositional
shortening along the northern margin of the greenstone belt and incipient basin uplift. The best-preserved
and strain-free Moodies sandstones are silicified and occur in the interior of the central BGB, distant from
major fault zones, BGB-marginal strain, and fold hinges. Based on isotopic resetting in barites and
carbonates, the regional heating of the BGB was estimated to have reached a minimum temperature of
~200°C (De Ronde et al., 1991; Toulkeridis et al., 1998; Tice et al., 2004). The age of the Moodies Group
is constrained by stratiform dacitic tuff beds and felsic dikes radiating from the Kaap Valley Tonalite (KVT)
that crosscut beds of the Moodies Hills Block and Eureka Syncline along the northern margin of the BGB
(Layer et al., 1996; Heubeck et al., 2013). Depositional ages of the volcanic beds throughout the Moodies
Group, obtained through single-zircon U-Pb dating, indicate that deposition began ~3223 + 1 Ma and had
ended by ~3219 + 9 Ma (De Ronde and Kamo, 2000; Heubeck et al., 2013). Consequently, the >3 km thick
Moodies succession was deposited and deformed within <1 - 14 Ma and with that represents a unique, very-
high-resolution archive of Archean surface and sedimentation processes, comparable in spatial and temporal
resolution to many Quaternary sections.

One of the most intriguing features of Moodies sandstones is the occurrence of locally abundant,
macroscopically visible, microbial mats and associated structures, preserved in exquisite detail, which are
the focus of this work. Mapping and regional field studies demonstrate that these are preserved best in the
overturned limb of the Saddleback Syncline in the central BGB in a ca. 3 km-thick succession of
subvertically dipping, laterally continuous and unfaulted strata (Figs. I11.1 and 11.2). For the current study,
we investigated strata of the lower section of this succession, which are equivalent to units MdB and MdQ1
of Anhaeusser (1976) and to unit MD1 and MD3 of (Eriksson, 1977); they reach approximately 1350 m
thick (Fig. 11.2). Over large parts of this area, the very resistant, quartz-cemented sandstones are exposed in

large tilted rock faces that allow detailed observations from the sub-mm to km scale.
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Figure Il. 2: Generalized stratigraphy of the Moodies Group in the Saddleback Syncline in the central BGB. Note that microbial mats
in the studied interval are clearly restricted to peritidal, shallow-water paleoenvironments. Stratigraphic abbreviations follow
Anhaeusser (1976) and Lowe et al. (2012); MdB = Moodies basal conglomerate, MdQ1 = Moodies medium- to coarse-grained
quarzitic sandstone, MdS1 = Moodies fine-grained sand- and siltstones, MdCh = Moodies sandstone with cherty lithic grains, MdQ2
= Moodies coarse-grained quartz arenite. For explanation of symbols and signatures in the column, see legend of Fig. II.3.

[I.5 Data and methods

We measured and correlated eighteen detailed stratigraphic sections of 50 - 700 m length on the southern,
overturned limb of the Saddleback Syncline along approx. 15 km strike length (Fig. 11.3). At several
locations, we constructed facies maps. Approximately fifty slabbed and polished samples supplemented the
field observations and were used for detailed observations, thin sectioning, and photography of microbial

mat textures and morphologies.
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Paleocurrent data were mainly measured on planar and trough-cross stratified sandstones; data from clast
imbrication and ripple crest orientation were used only in a few cases. All measurements were corrected for
tectonic fold plunge and tilt of bedding using the structural parameters listed by Heubeck and Lowe (1994a).
Rose diagrams were constructed using Stereonet 8.9.1 (Allmendinger et al., 2012). Grain size measurements
of polished thin sections were performed by using the software ImageJ 1.49n. Relative coordinates,
orientation, and the apparent long and short axis length of each resolvable grain were recorded for more
than 3000 grains. Elemental mapping of polished rock chips was performed using a Horiba XGT-7000 X-

ray fluorescence microanalyzer with a spatial resolution of 10 um at Texas A&M University.

II.6 Stratigraphy and facies of the Saddleback Syncline

The investigated strata expose a variety of abundant and well-preserved sedimentary structures which allow
interpretation of hydrodynamic processes and detailed reconstruction of paleoenvironments. They show
only minor and localized brittle deformation and are crosscut by diabase dikes dated at ca. 2950 Ma (Klausen
et al., 2010) and one prominent postdepositional strike-slip fault with an estimated offset of approx. 600 m
(Fig. 11.3). Based on lithological composition, characteristic sedimentary structures and textures, internal
and external geometries and vertical facies relationships, five major depositional facies can be distinguished
(Fig. 11.3, Table 1). All following descriptions and interpretations refer to the Saddleback Syncline.

[1.6.1 Facies 1: braided fluvial to alluvial

11.6.1.1 Description

The Moodies basal conglomerate (MdB) overlies felsic volcanic and volcaniclastic rocks of the
Schoongezicht Formation of the Fig Tree Group with gradational contact and thins to the southwest
(Heubeck and Lowe, 1994a). It is a polymict, clast-supported, pebble-and-cobble conglomerate, commonly
interbedded with lenses of sand-matrix-supported conglomerate and gravelly sandstone, which increase
toward the top of this unit (Heubeck and Lowe, 1994b; Fig. 11.4A). Dominant sedimentary structures include

clast imbrication and horizontal stratification.

11.6.1.2 Interpretation

The low compositional and textural maturity of this conglomerate and its rapid lateral changes in
composition and thickness point to a proximal origin and indicate deposition in a braided fluvial to alluvial
environment (Eriksson, 1978, 1980; Heubeck and Lowe, 1994a).
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< Figure Il. 3: Integrated stratigraphic and depositional facies correlation of measured sections in the Saddleback Syncline.
Locations of each section are indicated in the topographic map (inset). Microbial mats and related structures (highlighted in green)
appear confined to the coastal floodplain, supra- and intertidal paleoenvironments and are absent in the subtidal zone. Note the
interval with giant gas-/fluid-escape structures that spans over 7 km in the upper parts of the studied succession in the upper inter-
to supratidal facies. Paleoflow is mainly bidirectional and oriented towards the NE and SW in the intertidal and coastal floodplain
facies; it appears unidirectional towards the NE in the subtidal facies. For a detailed description of the lithofacies, see Table II.1.

Table 1.1

Facies description and interpretation of the studied succession in the Saddleback Syncline.

Lithofacies Lithologic description Microbial-mat-related structures Depositional environment Water
depth
basal conglomerate polymict pebble-cobble not observed braided fluvial to alluvial 0-1m
conglomerate, clast supported (Eriksson, 1978, 1980;
interbedded with gravelly sandstone Heubeck and Lowe, 1994a)
poorly-sorted, planar and trough cross bedding planar microbial laminae coastal floodplain 0-2m
medium- to coarse- (up to 0.3 m); gravelly beds extend  pebble-cobble overgrowth paleoflow direction mainly
grained sandstone ~150 m along strike rare chert layers, mat chips to the NE or SW
with gravel beds local erosive channels (50 cm-wide) gas-/fluid-escape structures (~0.2 m)

common desiccation cracks

medium-sorted, horizontal bedding microbial mats with tufts (0.3 - 1 cm, upper inter- to supratidal 0-3m
medium- to coarse- abundant desiccation cracks when vertically stacked up to 2 cm),

grained sandstone filled with nodular chert concretions

and minor mudstone common chert layers

mat chips, shrinkage cracks

large gas-/fluid-escape structures

(0.5 - 6 m in height), polygonal cracks
gas domes, fenestral fabric

medium-sorted, herringbone cross bedding, wavy-crinkly microbial laminae intertidal 0-5m
medium- to coarse- sigmoidal foreset bundles with small microbial domes bidirectional paleoflow

grained sandstone (up to 0.5 m), mud drapes abundant chert layers and mat chips towards the NE and SW

with pebble beds reactivation surfaces gas-/fluid-escape structures (~0.4 m)

rare desiccation cracks
sinuous-crested ripples

small channels (10 - 20 cm wide)
pebbly conglomerate stringers

well-sorted, large-scale, low-angle, planar not observed subtidal 5-15m
medium-grained, foresets (up to 4 m); rare trough unidirectional paleoflow

intensely silicified cross bedding (20 - 40 cm) to the NE and E

sandstone straight-crested ripples;

gutter casts
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[1.6.2 Facies 2: coastal floodplain

Il. 6.2.1 Description

Medium-bedded, poorly sorted, medium-to coarse-grained sandstones are confined to the lower part of the
studied succession. Low-angle planar and trough cross bedding in which foresets reach up to 0.3 m in
preserved height is abundant. Sandstones are commonly pebbly or cobbly. Wedge-shaped conglomerates
(single-clast to <0.6 m thick), predominantly composed of black or black-and-white-layered chert, but felsic
porphyry clasts, altered ultramafic volcanic rock and BIF also occur (Fig. 11.4B). These units can be
followed laterally for up to 150 m. Clast diameter ranges between 0.5 and 16.5 cm with a mean value of 6
cm (n=148). The conglomeratic sandstones are locally associated with desiccation cracks on thin,
discontinuous mudstone partings (Fig. 11.7A). Minor erosional channels up to 50 cm wide and up to 20 cm
deep are filled by basal pebble lags overlain by trough-cross-bedded sandstone (Fig. 11.4C). Paleocurrent

measurements yield mainly directions oriented towards the NE or SW (Fig. 11.3).

11.6.2.2 Interpretation

Low-angle cross-stratification in sandstone and lenticular conglomerates suggest dominant upper flow-
regime conditions under high shear stress and high to medium current velocities. Rare desiccation cracks
indicate ponding of shallow bodies of standing water and subaerial exposure. Altogether, these are common
features on unvegetated coastal floodplains (Long, 2004; Heubeck, 2009; Fralick and Zaniewski, 2012).

This facies is overlain and interfingers towards the northeast with intertidal deposits (Fig. 11.3).

I1.6.3 Facies 3: upper intertidal to supratidal

11.6.3.1 Description

Thin-bedded, poorly sorted, medium- to coarse-grained sandstone occurs widely in the upper part of the
studied strata. These are commonly subhorizontally laminated, weather recessively and occasionally show
a fenestral fabric (Fig.1l. 4D). This fabric is characterized by isolated, empty or chert-filled cavities, usually
1 - 20 mm across, which are commonly elongated parallel to bedding. Desiccation cracks on thin

discontinuous mudstone partings, filled with coarse-grained sandstone, are also common (Fig. 11.4E).

11.6.3.2 Interpretation

Abundant desiccation cracks indicate that these strata were deposited in shallow to very shallow water in a
low-energetic environment with occasional subaerial exposure. This may have occurred in an upper
intertidal to supratidal setting which was periodically inundated (Terwindt, 1988). Fenestral fabrics
commonly form in these environments e.g. due to entrapment of gas in the sediment, produced by the decay

of buried organic matter (Gerdes, 2007, see section 6.4)
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sigmoidal

Figure Il. 4: Field photographs of sedimentary structures from the braided fluvial-alluvial (A), coastal floodplain (B and C), upper
inter- to supratidal (D and E), and intertidal facies (F - H) in the lower half of the Saddleback Syncline stratigraphy. (A) Cross-section
view of polymict, clast-supported conglomerate from the basal Moodies Group. (B) Cross-section view of erosive pebble-cobble
bed (in dashed lines). (C) Cross-section view of erosional channel filled with trough-cross-bedded sandstone and lag deposit at the
base (arrow). (D) Cross-section view of subhorizontally-laminated sandstone with fenestral fabric. (E) Desiccation cracks on thin
mudstone partings filled with coarse-grained sandstone (bedding plane view). (F) Cross-section view of a sigmoidal-shaped foreset
and simplified sketch. (G) Bidirectionally-oriented foresets interpreted as herring bone cross stratification. (H) Cross-section view
of planar foresets with mud drapes (arrows).
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[1.6.4 Facies 4: intertidal

11.6.4.1 Description

Sandstones of this facies are moderately to poorly sorted, medium-to coarse-grained, rarely interbedded
with pebble stringers and single pebbles, and commonly form sigmoidal foreset bundles (Fig. 11.4F) and
sinuous-crested ripples. Small erosive channels of 10 - 20 cm in width and a few cm in depth, reactivation
surfaces and herringbone cross stratification are also common (Fig. 11.4G). Individual foresets may be mud-
draped and reach a maximum height of 0.5 m (Fig. 11.4H). Desiccation cracks are less abundant. The foresets

show consistent bidirectional paleocurrent directions towards the NE and SW (Fig. 11.3).

1.6.4.2 Interpretation

Reversing currents, sigmoidal-shaped foresets, highly varying flow velocities at shallow water depths and
channelization are indicative of intertidal settings (Alam et al., 1985; Kreisa and Moila, 1986; Terwindt,
1988; Eriksson and Simpson, 2004). Mud drapes, formed due to slack-water deposition during current

reversals, also are good indicators for tidally-influenced environments (Eriksson et al., 2006; Nichols, 2009).

[1.6.5 Facies 5: subtidal

11.6.5.1 Description

The deposits of this facies are represented widely by resistantly weathering, thick-bedded, moderately to
well sorted, medium-grained sandstones. The top of this facies was selected as the datum for correlation of
the measured stratigraphic sections because the contact is readily recognizable in the field and has excellent
lateral continuity (Fig. 11.3). Large-scale, low-angle planar foresets up to 4 m in preserved thickness (Fig.
I1.5A) are characteristic; trough cross bedding (0.2 - 0.4 m) is less common. Paleocurrent directions indicate
an unidirectional flow to the NE and were reconstructed based on the orientation of foresets and straight-
crested symmetrical- to asymmetrical ripples (Figs. 11.3 and 11.5B and C). Steep-sided symmetrical

depressions, approximately 4 cm deep and 10 cm wide, are rare (Fig. 11.5D).

11.6.5.2 Interpretation

The large-scale foresets represent remnants of unidirectionally-migrating dunes forming sand ridges in the
subtidal shoreface zone (Desjardins et al., 2012; Nichols, 2009). Such large, elongated sand bodies are
usually oriented obliquely to the coastline and often generated near shorelines that experience strong tidal
currents and storms (Stubblefield et al., 1984). Small and steep erosional depressions are tentatively
interpreted as gutter casts, which form in shallow-marine environments due to unidirectional current flow,
often triggered by storms, or by the passing of a tidal bore (Allen, 1984; Myrow, 1992; Johnson and
Baldwin, 1996; Archer, 2013). Although the size and uniformity of the foresets could also be expected from

an aeolian dune setting, the absence of diagnostic aeolian features such as inversely graded foresets, pin
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stripe lamination, low-angle truncation surfaces, interdune deposits or desiccation cracks make this

interpretation unlikely (Fryberger and Schenk, 1988; Eriksson and Simpson, 1998; Simpson et al., 2012).

Figure Il. 5: Field photographs of common sedimentary structures in the subtidal sand ridge deposits. (A) Low angle planar foresets
showing almost 4 m of preserved thickness. (B) Bedding plane view of asymmetrical ripples. (C) Cross-section view of straight-
crested, symmetrical ripples (arrow). (D) Erosional depression in cross-section view, interpreted as gutter cast.

[I.7 ldentification and classification of microbial mats

The biomass of microbial mats is inevitably subject to degradation upon burial. If the decomposition of the
organic matter remains incomplete, carbonaceous material (kerogen) will remain and delineate the former
location of the mat as a lamina. However, commonly, no organic material is preserved. In such cases, the
former presence of a microbial mat can only be inferred indirectly through physical or chemical properties
of the sediment, e.g., indications of resistance to erosion, cohesiveness, modified permeability and mat-
related mineralization (Schieber, 1999, 2004; Schieber et al., 2007; Gerdes et al., 2000; Noffke et al., 2001a;
Noffke, 2010). The resulting tell-tale sedimentary features, such as a lamina-specific sorting, shrinkage
cracks, microbial sand chips or gas domes, are commonly referred to as microbially-induced sedimentary
structures (MISS; Noffke et al., 2001a; Gingras, 2002) or mat-related structures (MRS; Schieber et al., 2007;
Eriksson et al., 2010). In the Moodies Group, microbial lamination occurs as black, dark green weathering,

erosion-resistant, densely spaced, subparallel crinkly laminae. They show, as detailed below, specific
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surface textures and mat morphotypes, evidence of enhanced cohesiveness, and various features indicative
of mat destruction, decay and mineralization. The two stratigraphically lowest occurrences of microbial
mats occur ~350 m and ~190 m, respectively, above the top of the basal conglomerate in the southwestern
and northeastern part of the Saddleback Syncline (Fig. 11.3). The overlying sedimentary succession, ~1000
m thick, contains rare to abundant, macroscopically visible microbial mats. The best exposed and laterally
most continuous outcrops are found in the upper 700 m of this succession (Figs. 1.2 and 11.3). Two
additional units with widespread, well-developed microbial mats occur in the stratigraphically higher units
MdCh of Lowe et al. (2012) and at the base of unit MdQ2 of Anhaeusser (1976) in the upper part of the
Moodies Group in the Saddleback Syncline (Fig. 11.2). In the following, we will limit our description to the
main occurrences of microbial mats showing the most continuous lateral exposure. These largely coincide
with the informal lithostratigraphic unit MdQ1 of Anhaeusser (1976).

[1.7.1 Kerogenous laminae

I.7.1.1 Description

Black to dark green, 0.5 to 1 mm thick, wavy-crinkly laminations are spaced vertically several millimeters
to centimeters apart, separating individual sandstone sets (Fig. 11.6A). The green weathering color of the
kerogenous laminae is due to minor admixtures of fine-grained chlorite which forms, along with carbonate
and quartz, the most abundant minerals in the thick siltstones of the Moodies Group (Fig. 11.2). The
seemingly homogenous appearance of the laminae can be resolved at microscopic scale into individual,
interweaving strands of black carbonaceous matter (Figs. 11.6B and C). Where not modified by subsequent
early postdepositional processes, the laminae coat sandy and gravelly sedimentary structures including
horizontal lamination, individual foresets, sand ripple packages and individual conglomerate clasts (Figs.
I1.6A and I1.7A). Laminations are occasionally cracked and their margins bent upward. They are laterally
continuous at outcrop-scale and consistently interbedded with fine- to coarse-grained, occasionally gravelly
sandstones, rarely also with conglomerate stringers. Granulometric analysis demonstrates that detrital sand
particles are typically fine- to medium-grained below a lamina, fine-grained within it, and medium- to
coarse-grained above (Figs. 11.6B and C and Fig. 11.S1). Particle long-axes within the laminations are usually
oriented parallel to bedding, whereas grains below and above the lamination are dominantly randomly
oriented. Fine-grained heavy minerals, such as zircon and rutile or anatase are commonly enriched within

the lamina (Fig. 11.6D). Notable is the near-complete absence of shale.

23



23

| trapped _
b Qtzgrains

o L

o

kerogenous
laminae

rutile or &
anatase |

Figure Il. 6: (A) Photograph of polished slab (cross-section view) containing abundant remnants of microbial mats (dark wavy
laminae) which coat sand ripples, foresets, form small domes and shrinkage cracks. (B) Transmitted light photomicrograph (of
boxed area in A) showing that detrital sand particles are commonly fine- to medium-grained (f-m) below a lamina, fine-grained (f)
within and medium-to-coarse-grained (m-c) above a lamina. (C) Close-up view of undulatory kerogenous laminae with fine-
grained-sand and silt-sized particles. (D) Trans-X-ray elemental maps of Ti (purple) and Zr (cyan) show the preferential enrichment
of zircon and rutile or anatase in the dark microbial laminae.
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1.7.1.2 Interpretation

The morphological similarity of the wavy-crinkly laminae to modern and other fossil microbial mat laminae,
their facies setting and the reported negative 8'3C isotope ratios of -22.5%o to -20.1%. PDB (Noffke et al.,
2006) obtained from these kerogenous laminations are indicative of, and consistent with, a biogenic origin
(Schidlowski, 2001). Negative 5*C values can also be produced by abiotic processes, e.g., through Fischer-
Tropsch-type reactions in hydrothermal environments or during the decomposition of siderite under
metamorphic conditions (McCollom and Seewald, 2006, and references therein). However, the study area
lacks any evidence for hydrothermal activity such as chert veining. The difference in grain size above and
below the microbial lamina indicate changes in current velocity which may correspond to periods of
enhanced mat growth during phases of reduced water flow velocity and clastic deposition (Noffke et al.,
1997; Noffke, 2010). For the grain size distributions determined in thin section, the minimum flow velocities
are approximately 0.08 m/s before, 0.06 m/s during, and 0.09 m/s after mat growth (calculated after Williams
et al., 2013; Tables 11.S1 and 11.S2, Fig. 11.S1. Observations of modern mat growth suggest that the
development of thick mats is usually preceded by the establishment of biofilms during times of low
hydrodynamic energy (Krumbein et al., 1994; Noffke et al., 1997). However, it is conceivable that a
permanent sediment bypass was occurring during mat growth and only fine-sized particles and heavy
mineral grains were trapped within the mat fabric. In contrast, the coarser-grained and poorly sorted sand
layers immediately overlying the mats likely reflect depositional events in which current velocities were
sufficiently high to transport them but not high enough to erode the mats. During subsequent periods of
relative quiescence, the deposited sand was recolonized by microbes which either originated from the water
column or migrated upwards from the buried mat over a distance of millimeters to few centimeters (Noffke,
2010). Most laminae represent the rare case of in situ preserved microbial mats which were partly degraded,
dehydrated and early cemented, but being only minimally compacted. The accumulation of detrital heavy
minerals within the mat fabric, caused by microbial baffling and trapping, is common in epibenthic
microbial mats (Gerdes et al., 2000). Consequently, heavy mineral laminations can be indicative of ancient
mats and thus could serve as biosignatures where no organic matter has been preserved (Noffke, 2010).
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[1.7.2 Mat morphotypes and their relationship to siliciclastic facies

I.7.2.1 Description

Environmental parameters inferred from physical sedimentary structures (Table 1) constrain the habitat and
biological affinity of the microbial community. Based on our field observations, microbial mats can be

assigned to three different paleoenvironments, each associated with a specific mat morphotype:

(1) Planar microbial mats, without any significant morphological relief, are typical of the coastal floodplain
zone (section 11.6.2; Fig. 11.7A). Vertically-oriented growth structures (e.g., microbial domes) are absent.
However, laminae occasionally onlap, drape and overgrow thin pebble and cobble conglomerate beds and

may occur a few millimeters above and below thin, desiccation-cracked bedding planes (Fig. 11.7A).

(2) Wavy-crinkly microbial mats, which are commonly associated with bedding-plane-parallel chert layers,
dominate the intertidal zone (section 11.6.4; Fig. 11.7B). These layers widely contain remnants of carbonate
minerals (see description below in section 11.7.5). Microbial laminae coat sand ripples and cross-laminations
and occasionally form small, isolated microbial domes showing increased lamina density. These
preferentially develop on minor topographic highs (Fig. 11.8A). Small channels filled by coarse-grained

sandstone fill the relief defined by microbial domes (Heubeck, 2009).

(3) Tufted microbial mats are exclusively present in strata that are inferred to represent upper inter- to
supratidal facies (section 11.6.3; Fig. 11.7C). The tufts are typically 0.3 - 1 cm in height but can attain up to
2 cm where they are vertically stacked in cones (Fig. 11.7C). Tufts are spaced several centimeters apart and
are laterally supported by draping laminae (Figs. 11.8B and D). Tufts are sub-circular in horizontal section
(Fig. 11.BE) and internally filled with fine-grained sediment. Some, however, are filled by nodular
microcrystalline quartz (Figs. 11.8B and F and 11.9A). The density of the kerogenous lamina seemingly

increases within the silicified tuft (Figs. 11.8D and F).
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Coastal floodplain

wavy-crinkly

Intertidal

Upper inter- to supratidal

Figure Il. 7: Photographs of polished sandstone slabs (cross-section view) and corresponding sketches, highlighting the mat
morphotypes of each paleoenvironment. Reconstructed mat morphologies are indicated in the simplified sketch (top right) for each
facies. (A) Planar mats that cover former sedimentary surfaces and occasionally onlap and drape pebbly conglomerate layers; dc
= desiccation cracks. (B) Wavy-crinkly mats and small microbial domes (arrow), commonly underlain by bedding-plane-parallel
layers of chert. Note that the upper contact of these layers is straight or gently undulating, whereas the lower part is commonly
more irregular. (C) Tufted microbial mats with vertically stacked cones that are partially filled with chert and supported by draping
laminae (arrows). The successive growth stages of the tufts are depicted by different shades of green.
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Figure Il. 8: Photographs of polished slabs of microbial tufts and domes and comparison with modern analog. (A) Cross-section
view of microbial domes that preferentially develop on small topographic highs and may represent initial growth stages of tufts.
(B) Cross-section view of a microbial mat showing closely spaced tufts, interconnected by draping laminae (arrows). The tufts are
internally partly filled by chert. (C) Cross-section view of tufted microbial mat from Bahar Alouane (Tunisia) built by vertically
oriented_bundles of filamentous cyanobacteria. These mats commonly show polygonal patterns of reticulate ridges (arrow) with
tufts at ridge junctions in plan view. (D) Cross-section view of two single tufts laterally linked by microbial lamina (arrow). (E)
Horizontal section through a tuft layer reveals their sub-circular structure. (F) Transmitted light photomicrograph of a silicified
microbial tuft (arrow) with trapped fine-grained sediment. Note the chert-filled void in the central part of the tuft.
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Figure Il. 9: Morphological similarities of gas bubbles trapped in modern tuft from Bahar Alouane, Tunisia in comparison with fossil
microbial tuft of the Moodies Group. (A) Polished slab photograph of a tuft with chert-filled void in the central part interpreted as
former gas bubble (arrow). (B) Modern tuft with trapped oxygen-rich bubbles enmeshed by filamentous cyanobacteria.

11.7.2.2 Interpretation

The growth of these three distinct mat morphotypes presumably represents a morphological response of
mat-building microbial communities to changing physicochemical conditions (Gerdes et al., 1993, 2000;
Battin et al., 2003; Eriksson et al., 2010). The tufted mats, in particular, resemble closely modern tufted
microbial mats from Bahar Alouane (Tunisia) that are dominantly built by filamentous cyanobacteria that
intertwine and form durable networks of reticulate ridges on the sediment surface (Fig. 11.8C, see discussion
below in section 11.8.4). The nodular chert in the interior of some tufts most likely represent the fill of former
gas bubbles that were trapped within the mat fabric, which is well-known from modern cyanobacterial mats
that produce oxygen-rich bubbles with strikingly similar morphologies (Figs. 11.8F and 11.9A and B; Bosak
etal., 2010). Microbial tufts and domes in the studied Moodies strata occur confined to the tidally-influenced
facies and exhibit almost vertical structures, well above the critical angle of repose for sand grains. These
delicate vertical structures appear to have been solely formed and structurally supported by biomass but
probably would not have been preserved without early silicification.

[1.7.3 Mat destruction and cohesiveness

11.7.3.1 Description

Microbial mat-covered sediment surfaces in the upper inter- to supratidal facies occasionally show
polygonal or incomplete networks of cracks with slightly upward-curved margins and sand-filled openings
which can be traced over several cm length (Fig. 11.10A). These cracks are commonly associated with, but
distinct from, more prominent desiccation-cracked mudstone layers (compare Figs. 11.6A and 11.10B).
Occasionally, eroded fragments of mat-bound sediment are incorporated in the shallow and wide channels
between cross-bedded sandstones as 1 - 5 mm-thick, ~2 - 9-cm-long, ridged and slightly curved clasts (Figs.
11.10C, D and E), forming microbial-sand-chip conglomerates (Pfliiger and Gresse, 1996; Eriksson et al.,
2007).
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desiccation cracks

Figure Il. 10: Field and polished slab photographs of cohesive microbial mats from inter- to supratidal paleo-environments that
experienced periods of subaerial exposure, dehydration, erosion and redeposition. (A) Bedding plane view of a microbial mat-
covered surface (mm) with shrinkage cracks exhibiting a polygonal pattern (arrows). Microbial mat chips (mc) are visible adjacent
to these cracks. Note that shrinkage cracks are associated with — but distinct from — desiccation-cracked bedding planes. (B) Cross-
section view of microbial-mat-bearing sandstone (mm) intersected by a prominent horizon of desiccation-cracked mudstones. (C)
Bedding plane view of microbial mats (mm) associated with microbial mat chips (mc) that presumably were eroded from the edges
of the mat (dotted arrows). (D) Eroded mat fragments forming a microbial-sand-chip conglomerate. Note the slightly curved ends
of some of the chips (arrows). (E) Cross-section view of densely laminated microbial mats with eroded mat chips (mc) above that
presumably had a rigid, cohesive consistency.

11.7.3.2 Interpretation

Periods of persistent subaerial exposure dehydrate mats, leading to their shrinkage and cracking. The
resulting microbial mat chips easily peel off the sandy substrate, are transported by wind or reworked by
flowing water and redeposited during flood events (Noffke, 1999; Schieber, 2004; Bouougri and Porada,
2012). Curved and upturned ends of some chips indicate a moderate elasticity while desiccating; however,
roll-up structures noted by Noffke et al. (2006) have not been observed. Apparently, the mat chips had a
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high rigidity even under turbulent flow. These observations indicate a tough, perhaps leather- or rubber-like

consistency, possibly enhanced by early silicification (Schieber, 2004; Tice et al., 2011).

[1.7.4 Mat decay

I.7.4.1 Description

In some sandstone beds, microbial mats are disrupted and bent upwards along subvertical linear structures
that trend perpendicular to bedding and reach dm to m in height (Fig. 11.11A). These structures occur
throughout the studied succession are laterally unevenly spaced, but are restricted to microbial mat-bearing
sandstones (Fig. 11.3). They are particularly common in a ~50-m-thick, densely microbial-mat-laminated
section in the upper parts of the MdQ1 unit which can be traced for >7 km in strike length in strata interpreted
as upper inter- to supratidal facies (Fig. 11.3). In this section, the vertical linear structures occur in medium-
to coarse-grained, thin-bedded sandstone. The central area of the subvertical channels shows thread-like,
disrupted dark, carbonaceous material and occasionally nodular chert (Fig. 11.11A and Fig. 11.52.). Where
the linear structures intersect bedding planes, they form a pattern of polygonal cracks of 1 - 5 cm width and
several dm length, bordered by two parallel running ridges (Fig. 11.11B). The mean vertical extent of 62
surveyed structures in the upper inter- to supratidal facies of the study area is 2.1 m, the maximum height is
6.1 m. The structures are less common in the coastal floodplain and intertidal facies and also smaller. There
they reach mean heights of only 0.2 and 0.4 m, respectively (Table 11.S1). Subcircular, ~1 - 2 cm-high and
~2 - 8 cm-wide mounds with a prominent central depression locally appear on microbial-mat-covered

bedding planes in sandstones with common fenestral fabric, assigned to the supratidal facies (Fig. 11.11C).

I1.7.4.2 Interpretation

The vertical linear structures bordered by upward-curved mats are best explained as gas- or fluid-escape
structures formed in mat-bound sediment in a postdepositional, but early diagenetic stage, indicated by the
plastic behavior of the unconsolidated sediment and by the absence of mud (Lowe, 1975; Eriksson, 1979;
Heubeck, 2009). Experimental studies of Frey et al. (2009) define a key morphological difference between
gas- and water-escape structures: laminations warp downward when deformed by water fluidization but
upward when disturbed by gas fluidization as is the case in the examples studied here. The circular mounds
with the central depression likely represent smaller, ruptured gas domes and should not be confused with
sand volcanoes which are the result of purely physical processes, occuring e.g. during the rising flood in
supratidal settings (Dornbos et al., 2007; Taj et al., 2014). Surface sealing by mats which hinder the escape
of biogenic gas that either developed from buried organic matter, or was related to metabolic effects of live

microbial mats, can trigger the formation of fenestral fabric, gas domes and escape structures (Gerdes et al.,

31



1993, 2000; Gerdes, 2007; Noffke et al., 2001a; Bose and Chafetz, 2009). However, fluid escape due to the
dewatering of compacting mats and sediment cannot be ruled out. The cracks observed on mat-covered
bedding planes may form part of larger polygonal crack networks in brittle, superficially cemented sediment
through which gas or water escaped. Similar polygonal crack patterns are common in modern upper inter-
to supratidal mats (Noffke et al., 2001b; Gerdes, 2007; Noffke, 2010; Bouougri and Porada, 2007; Bose and
Chafetz, 2009).

Figure Il. 11: Field photographs of structures related to gas or fluid escape in densely microbial mat-laminated sandstone of the
supratidal facies. (A) Cross-section view and simplified sketch of a vertical-oriented gas- or fluid-escape structure bordered by
upward-curved microbial mats. The central channel shows a high concentration of carbonaceous material that was probably
concentrated in the waning flow. Note the domed mat in the upper part (arrow). (B) Linear cracks on mat-covered bedding plane
that may form part of a larger polygonal crack networks. (C) Ruptured gas dome with central depression on a well-preserved
bedding plane.

[I.7.5 Mat-associated mineralization

11.7.5.1 Description

Microbial mats in the intertidal zone are widely underlain by bedding-plane-parallel chert layers that are a
few mm thick, up to 80 cm long and gradually thin laterally (Figs. 11.7B and 11.12A and B). In cross- section,
these layers show gently undulating upper contacts whereas the contact with the underlying sediment is
commonly more irregular (Fig. 11.7B). The chert layers are never eroded nor erosive and contain remnants
of carbonate minerals. In places, ferroan dolomite makes up more than half of the layers (Figs. 11.12A and
B). It clearly displays corroded and undulatory grain boundaries, and truncated dolomite twin lamellae, as
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well as abundant nucleation centers of chert (Fig. 11.12C). Gamper et al. (2012) also described undulating

wisps of kerogenous laminations within the chert layers.

11.7.5.2 Interpretation

The occurrence of chert layers a few mm underneath the microbial mats indicates that their formation may
be related. Because chert layers are never eroded nor reworked, they likely formed post-depositionally in
the shallow subsurface. Hence, the previous interpretation, namely, that these chert layers formed at the
sediment-water or sediment-atmosphere interface and may represent very-early-mineralized, patchy
microbial mats (suggested by Heubeck, 2009, and by Gamper et al., 2012) now appears less likely. The
apparent replacement of carbonate by chert rather suggests that primary carbonates had precipitated

in synsedimentary cavities that developed beneath the microbial mats and were dissolved when pore waters
became acidic, which promoted the precipitation of silica. Both processes would also explain the excellent
preservation of the delicate microbial tufts. Carbonate precipitation is common in modern photosynthetic
mats and is frequently interpreted to be induced through metabolic activity and/or templating of nucleation
(Burne and Moore, 1987; Reid et al., 2000; Dupraz et al., 2009; Decho, 2010).

Figure Il. 12: Transmitted light photomicrographs of chert layers underlying microbial mats in cross-section. (A) Microbial mat
(mm) underlain by bedding-plane-parallel, up to 4 mm thick chert layer with patchy remnants of carbonates. (B) Close-up view of
the boxed area in A, documenting the partial replacement of carbonate by chert. Note small carbonate remnants within chert
(arrow). (C) Close-up view of the boxed area in B, showing corroded and undulatory grain boundaries (arrow), and truncation of
dolomite twin lamellae, as well as several nucleation centers of chert.
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[1.8 Discussion

[1.8.1 Facies

Paleoenvironmental reconstructions and facies analysis of Archean depositional systems are often hampered
by poor preservation, diagenetic, and metamorphic overprint or post-depositional tectonics (Eriksson et al.,
1998; Altermann and Corcoran, 2002; Donaldson et al., 2004; Embry et al., 2004; Van Kranendonk et al.,
2007; Wacey, 2009).

In the Saddleback Syncline of the central BGB, however, the outstanding exposure, abundant well-
preserved sedimentary structures, high temporal resolution, excellent lateral continuity and only minor
metamorphic and tectonic overprint provide a reliable basis for paleoenvironmental reconstructions of
Moodies strata, which record the transition from alluvial-braided fluvial to a peritidal shoreline setting,
followed by subtidal, then upper inter- to supratidal depositional environments. Two vertical facies trends
can be noted in this succession: a deepening- and fining-upward trend from alluvial to subtidal facies,
followed by an aggradational, largely shallow-marine upper inter- to supratidal facies. Correlation of
measured sections indicates only minor lateral facies changes in the plane of exposure; rather, the overall
horizontal superposition of strata reflects an overall aggradational stacking pattern in which subsidence and
sediment supply were well balanced.

The most prominent change along strike is a decrease in the number and thickness of thin
conglomeratic stringers towards the NE, concomitant with an increase in the thickness of the subtidal facies.
This may indicate a southwestern provenance of these sediments. Measured paleocurrents are mostly
oriented towards the NE and SW in tidally-influenced strata, and towards the NE and E in the subtidal facies
(Fig. 11.3). The predominant transport direction of the investigated sandstone succession in the lower half
of the Saddleback Syncline is directed towards the NE (Fig. 11.3). These observations disagree with previous
paleoflow reconstructions of Heubeck and Lowe (1994a, 1999), which had indicated an overall SW-oriented
transport direction in the Saddleback Syncline.

A possible explanation for the observed lack of significant lateral facies changes is that the
subvertical dip allows easy recognition of foresets indicating sediment transport subparallel to depositional
strike but makes it difficult to recognize across-strike transport facies change. The apparent low variability
in facies changes also indicates that the sedimentary basin(s) of early Moodies time and north of the Inyoka
Fault, was (or were) only poorly confined by the present tectonic boundaries; they presumably extended
well beyond the present-day boundaries of the BGB (Heubeck and Lowe, 1999). A generalization of the
observation would suggest that Archean continents and their shelves may have been covered for several tens
of kilometers by extensive coastal zones due to an overall low topographic gradient, combined with low
continental freeboard (Eriksson, 1999; Eriksson et al., 2004). Consequently, substantial lateral facies

changes in the terrestrial, coastal, and nearshore zones could only be observed at a large scale.
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[1.8.2 Biogenicity

Decades of research and the development of sophisticated techniques have led to the establishment of a
number of solid criteria for assessing the biogenicity and syngenicity of purported evidence of life (Schopf,
1993, 2004, 2006; Brasier et al., 2002, 2006; Schopf and Kudryavtsev, 2005, 2009; Wacey, 2009; Wacey
etal., 2010, 2012, 2014). Below, we will follow mainly those laid down by Schopf (2004) and Brasier et al.
(2006). Geological context, age, facies, and provenance of the microbial mat-bearing sandstones of the
Moodies Group are reasonably well constrained (Heubeck and Lowe, 1994a; Heubeck, 2009; Heubeck et
al., 2013). The observations described above document a close interaction between the kerogenous laminae
and associated small- and medium-scale sedimentary structures in Moodies sandstones, reflecting also
facies changes. The syndepositional origin of the laminae is unquestionable (Schieber, 2004). At outcrop
scale, changes in dominant mat morphotype correlate well with changes in clastic facies, which suggests an
adaptation of the microbial mats to the environment and therefore serve as a biogenicity indicator (Allwood
et al., 2006; Brasier et al., 2006). At microscale, negative 8'*C values of the kerogen and associated
filamentous microstructures are indicative of a microbial origin (Noffke et al., 2006; Gamper et al., 2012;
Homann et al., 2013). Consequently, the laminae do not represent abiogenic deposits of organic matter on
the sedimentary surface, e.g., by fall-out deposits from atmospheric haze or marine colloids that were
subsequently concentrated and deformed during early diagenesis (Wells, 1998; Trainer et al., 2006). No
known abiological process can explain the systematic variations and observed correlations between the
kerogenous laminations and their surrounding siliciclastic substrate. Rather, the steepness of the near-
vertical, up to 1 cm-high microbial tufts and the widespread occurrence of the kerogenous laminae is
consistent with a primary, microbially-mediated, erosion-resistant relief on the paleosurface, subsequently
locally deformed by upward-migrating gases and/or fluids, or locally eroded and incorporated in mat-chip

conglomerates.

[1.8.3 Biostratigraphy and paleoecology

Biostratigraphy based on microbial-mat morphology, associated mat-related structures, and comparisons
with modern analogs allows to spatially refine paleoenvironmental interpretations (Table 1; Banerjee et al.,
2014; Sarkar and Banerjee, 2014). Similar approaches have been conducted on the basis of morphological
differences of stromatolites, providing a more precise interpretation of their paleoenvironmental context
(Schopf, 1977; Bertrand-Sarfati and Walter, 1981; Allwood et al., 2006; Grey et al., 2011; Jahnert and
Collins, 2012, 2013). Morphological relief does not necessarily correlate with an increased bioproductivity,
however, it can be assumed that it indicates an increased biomass accumulation. Large amount of biomass

accumulation could either indicate high bioproductivity or low biomass degradation.
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Microbial mats of the Moodies Group are morphologically most prominent and show the highest
topographic relief in the upper inter- to supratidal facies, suggesting optimal growth conditions and
bioproductivity there. Tufted microbial mats are widespread in this facies and occur in association with gas
domes, giant gas- or fluid-escape structures, and shrinkage cracks. In contrast, tufts, gas domes, and
shrinkage cracks are mostly absent in the adjacent intertidal facies, which are dominated by wavy-crinkly
mat morphologies and relatively small microbial domes. Their wavy morphology could have been enhanced
by a preexisting topography such as, e.qg., ripples and forests. A subsequent and repeated mat overgrowth of
topographic highs could have caused the development of microbial domes that might represent initial growth
stages of tufts. Mats in this facies are typically associated with abundant mat chips and chert layers while
gas-/or fluid-escape structures are distinctly subordinate. In the coastal floodplain facies only a small variety
of mat-related structures has been observed. Mats typically display a planar and generally less complex
morphology which is likely a morphological adaptation to high hydrodynamic shear stress (Fig. 11.52). We
have not identified microbial mats or mat-related structures either in the braided fluvial to alluvial facies or
subtidal facies of the Moodies Group, which might be either due to reduced preservation potential and
poorer development there or due to the primary absence of microbial mats.

A similar distribution pattern of mat-related structures and mat morphotypes, especially tufted mats,
have been reported from other siliciclastic strata of Precambrian age (Banerjee et al., 2014) as well as from
modern environments (Gerdes et al., 2000; Cuadrado et al., 2011; Bose and Chafetz, 2009; Sarkar and
Banerjee, 2014). Mat morphotypes described above likely represent an active adaptation by the microbial
community to environmental factors such as sedimentation rate, hydrodynamic regime, and the availability
of nutrients and light (e.g., Gerdes et al., 2000). It is important to note that these adaptations are not found
at point sources such as hydrothermal vents but occur regionally and developed exclusively in the shallow-
and very shallow-water photic zone of the Moodies Group under conditions of moderate to high water
agitation. This not only indicates that this environment represented an ecological optimum for the growth
and preservation of the mats but also strongly suggests that these communities were phototrophic and able
to sustain the presumably high UV radiation (Phoenix et al., 2001). The reported 3*3C values of -22.5%o to
-20.1%o (Noffke et al., 2006) are in the range of cyanobacteria, however, similar values can also be produced
by anoxygenic phototrophs or methanogens (Schidlowski, 2001; Schopf, 2011). A methanotrophic-bacteria-

dominated community is rather unlikely because their 5*C values would be significantly more negative.

[1.8.4 Tufted microbial mats

Tufted mats of the inferred upper inter- to supratidal zone in the Moodies Group are strikingly similar to
modern tufted mats, which are predominantly built by filamentous cyanobacteria and described, e.g., from
Bahar Alouane, Tunisia (Fig. 11.8C; Gerdes et al. 2000; Gerdes, 2007), Shark Bay, Australia (Jahnert and
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Collins, 2013), Texas Gulf Coast, USA (Bose and Chafetz, 2009), and the Red Sea of Saudi Arabia (Taj et
al., 2014). Polygonal patterns of reticulate ridges with tufts at ridge junctions are a well known surface
texture in modern (e.g., Gerdes, 2007; Shepard and Sumner, 2010) and some Archean tufted mats (Beukes,
1987; Sumner, 1997; Flannery and Walter, 2011). Due to the steep dip throughout the study area, only a
limited amount of bedding planes are exposed. However, tufts in cross-section view can be seen to be
laterally connected by draping lamina which either represent ridges or a transect through a continuous mat
cover (Fig. 11.8B and D).

The process of tuft formation in modern settings is not entirely understood. It is thought to require
gliding motility and tangling behavior of the mat-building filaments. Tufts and cones have been interpreted
to indicate microbial phototactic behavior but this process remains debated (Castenholz, 1968, 1967; Walter
et al., 1976; Shepard and Sumner, 2010; Bosak et al., 2012; Sim et al., 2012; Reyes et al., 2013).
Morphogenetic mechanisms such as photo- and chemotaxis, competition for space, potentially mediated by
guorum sensing may also be involved (Petroff et al., 2010; Decho, 2010). Tuft formation may be a
communal microbial strategy to penetrate the laminar boundary layer in the flowing medium above the
substrate, gaining access to the overlying, more nutrient-laden turbulent layer (Tice et al., 2011). To date,
the oldest fossil tufted microbial mats are reported from the 2.7 Ga Tumbiana Fm., Australia (Flannery and
Walter 2011). The putative micro-tufted structures described by Noffke et al. (2013) from the 3.48 Ga
Dresser Fm., Australia, reach only 25 - 50 um in height (Fig. 6 of Noffke et al., 2013), are thus at another
scale of observation and therefore, in our opinion, not comparable with the macroscopic, 0.3-to-1 cm-high
microbial tufts (Fig. 11.8) preserved in Moodies sandstones. Hence, the Moodies Group contains the oldest
known convincing macro-tufted microbial mats in the geological record.

High resistance and adaptability to environmental stresses, high productivity, and the ability to form
and sustain complex vertical structures only supported by biomass is an almost unique trait of cyanobacteria
(Lyons and Kolter, 2015). Phylogenetic analysis suggest that the ancestor to most extant cyanobacteria
evolved between 2.4 and 3.1 Ga or even earlier (Schirrmeister et al., 2013). Bosak et al. (2009) linked the
formation of oxygen-rich bubbles in modern cyanobacterial cones with fossil gas bubbles present in the
central zone of 2.7 Ga conical stromatolites and concluded that fossil gas bubbles may be used as an
indicator for oxygenic photosynthesis. Moreover, experiments with laboratory-grown cyanobacterial mats
propose that tufted structures can serve as morphological indicator of oxygenated Archean environments
(Sim et al., 2012). Therefore, in the absence of preserved biomarkers in the Moodies Group the
morphological attributes of the microbial mats may be the principal clue to constrain the microbial
metabolism(s). If cyanobacteria were indeed the only microorganisms with the ability to form macroscopic
tufts, their first appearance in the geological record would set a minimum age for the origin of cyanobacteria.
This reasoning has been previously made by Flannery and Walter (2011) and would now place their origin
to at least 700 Ma prior to the GOE.
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[1.8.5 Regional and stratigraphic distribution

Fossilized microbial mats appear to be absent in shallow-water paleoenvironments of other large Moodies
synclines north of the Inyoka Fault, such as the Eureka Syncline, the Moodies Hills Block, and the Stolzburg
Syncline, even though we conducted careful dedicated searches in stratigraphically equivalent units there;
microbial mats have been found only in the Saddleback and Dycedale Synclines and possibly thin and poorly
developed ones in the Stolzburg Syncline. Microbial mats have not been documented from the quartzose
sandstones of the Moodies Group south of the Inyoka Fault. This apparent absence is puzzling because the
abundant sedimentary structures and common sandy, silty, and gravelly lithologies in the stratigraphically
equivalent units in these tectonic regions strongly suggest equivalent facies, ranging between braided-stream
and prodelta. The absence of microbial mats may be explained by either one or a combination of two
hypotheses: (1) Mats did not form elsewhere because environmental conditions there were subtly different
and growth conditions unfavorable to allow macroscopic accumulation; (2) microbial mats were not
preserved elsewhere because only the Moodies strata in the central Saddleback Syncline in the interior of
the BGB experienced the proper combination of very early silicification, low tectonic strain and low

hydrothermal overprint, thus preserving the organic matter.

[1.9 Conclusions

Microbial mats of the 3.22 Ga Moodies Group, exposed on the overturned limb of the Saddleback Syncline,
represent one of Earth’s oldest, macroscopically visible, large-scale and mappable Archean ecosystem. The
fossil mats are preserved as kerogenous laminations and are particularly unique due to their excellent
preservation and large extent over approx. 15 km strike length in a stratigraphically coherent interval of
roughly 1000 m thickness. Microbial mat biostratigraphy based on (1) mat morphology (planar, wavy, and
tufted), (2) the association and distribution pattern of distinct microbial-mat-related structures, and (3)
comparisons with modern analogs was applied for spatially refining the paleoenvironmental settings. In the
coastal floodplain zone, mats are typically planar, whereas the association of more complex wavy-crinkly
mat morphotypes, small microbial domes, and mat chips is characteristic for the intertidal zone. Tufted
microbial mats are exclusively present in the upper inter- to supratidal zone and are commonly associated
with shrinkage cracks, gas domes, and extensive gas- or fluid-escape structures. These three distinct mat
morphotypes are interpreted to represent an adaptation of the phototrophic microbial communities to
changing physiochemical conditions, furthermore, the tufted microbial mats were perhaps build by ancestral
cyanobacteria. These microbial communities had optimum growth conditions in the photic zone under

moderate water agitation and persisted within mechanically abrasive, high-energy shoreline environments.
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[1.11 Supplementary data

Table 11.51

Assumed hydraulic parameters

Sediment  Fluid

Location density, ps density, p Dso Das critical Shields slope [s}
kg/m?® kg/m? m m min max m/s?

all 3000 1000 0.03 0.07 0.1 9.81

above 0.00017 0.00033

within 0.00008 0.00012

below 0.00015 0.00024

Table 11.52

Computed hydraulic parameters for slope values 0.01

Location critical Shields u* (m/s) i (m/s) @ (mls)

above 0.03 0.01 0.06 0.09

above 0.07 0.015 0.12

within 0.03 0.007 0.04 0.06

within 0.07 0.01 0.08

below 0.03 0.01 0.06 0.08

below 0.07 0.014 0.11
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Coastal floodplain

« planar mats
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« wavy-crinkly mats
with domes
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Morphological Complexity

Hydrodynamic Energy

Figure 11.S 1: Graphical abstract highlighting the morphological adaptation of microbial communities to different paleo-
environmental settings, which are characterized by variable current energy.
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Figure I.S 2: Cumulative grain size frequency plot of detrital grains below (blue), within (green), and above a microbial mat (red)
and corresponding thin section. (A) The grain size distribution of the three measured areas shows that particles are fine- to
medium-grained below, fine-grained within, and medium- to coarse-grained above the mat. Sorting is less in the grains overlying
the mat. (B) Transmitted light photomicrograph of the analyzed sandstone sample in cross section view with calculated current
velocities. The remains of a former microbial mat (mm) are visible in the central part. Colors correspond to the cumulative

frequency curves.

Figure 11.S 3: Polished slab photograph of microbial mats (dark laminae) in cross-section view. Mats are vertically disrupted by a
gas- or fluid-escape structure (arrows). Note that the mats are bent upwards and partly dragged into the subvertical linear

channel.
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[11.1 Abstract

Cavities are considered plausible and favorable habitats for life on early Earth. In such microenvironments,
organisms may have found an adequate protection against the intense ultraviolet (UV) radiation that
characterized the Archean ozone-free atmosphere. However, while there is clear evidence that benthic life
existed in the Paleoarchean, the oldest traces of cavity-dwelling microbes (coelobionts) have been found in
Neoarchean rocks. Here we present the results of a detailed investigation of early-silicified cavities
occurring in the oldest well-preserved siliciclastic tidal deposits, the 3.22 Ga Moodies Group of the
Barberton Greenstone Belt (South Africa). Downward-growing microstromatolitic columns, composed of
kerogenous laminae, are commonly present in planar, bedding-parallel, now silica-filled cavities that formed
in sediments of the peritidal zone. In situ §*Cppg (PDB - Peedee belemnite) measurements of the kerogen
range from -32.3%o to -21.3%0 and are consistent with a biogenic origin. Scanning electron microscopy
analysis of the silicified cavities shows well-preserved chains of cell-sized molds that are interpreted as
fossil filamentous microorganisms. The geological context, the morphology of the microstromatolites, the
813C composition of the kerogen, and the presence of microfossils all suggest that a microbial community
inhabited the cavities. These results extend the geological record of coelobionts by ~500 m.y., supporting

the view that cavities were among the first ecological niches to have been occupied by early microorganisms.

55


http://geology.gsapubs.org/content/early/2015/12/04/G37272.1

56



V.

The conquest of land: Terrestrial microbial mats at 3.22 Ga
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V.1 Abstract

More than forty years ago, most considered that Earth’s earliest terrestrial ecosystems were plant-dominated
and that the colonization of land occurred only in the early Phanerozoic. Today, however, it is generally
accepted that earliest known life on land was microbial in nature and Precambrian in age. Their geochemical
traces are found in paleosols or as fossil microbial mats. Currently, the oldest widely accepted terrestrial
microbial signatures are found in ~2.8 Ga organic-matter-rich paleosols. Here, we report on the occurrence
of widespread microbial mat remains in conglomerates and sandstones from the 3.22 Ga Moodies Group of
the Barberton Greenstone Belt (BGB, South Africa), one of Earth’s oldest well-preserved sedimentary
sequences. The mats, preserved as up to 4-mm-thick kerogenous laminae, were thriving in near-coastal
ponds on alluvial plains subject to flash flooding and subaerial exposure while being subsequently overlain
by fluvial braidplain, shoreline sandy-evaporitic, and shallow-marine subtidal sandstones. The discovery of
microbial communities in a Paleoarchean terrestrial habitat not only represents the oldest trace of life on
land but also attests to a surprising adaptability and resilience of these microbial pioneers in the conquest of

a new ecological niche.
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V.2 Introduction

Although microbial communities are ubiquitous in modern terrestrial settings, their Archean record is rather
poor compared to coeval shallow-marine habitats; consequently, it remains unknown when land was
colonized (Shear, 1991; Riding and Awramik, 2000; Beraldi-Campesi, 2013). This is surprising, as shallow-
water marginal marine habitats (such as tidal flats, deltas, estuaries, and lagoons) are transitional to
numerous terrestrial aquatic and non-aquatic environments (such as rivers, alluvial fans, ponds, lakes, dune
fields, soils, subsurface cavities, and caves) and commonly interfinger and overlap in time with one another.
Part of the problem lies in the difficulty of unambiguously identifying the terrestrial nature of a
paleoenvironment since sedimentary structures (e.g., cross bedding, or mud cracks) are also common in
many marine and shallow-marine settings. Unambiguous marine minerals (such as glauconite), fossils or
sedimentary structures and textures (marine cementation, deep-water anoxia etc.) are almost exclusively a
hallmark of the Phanerozoic.

Currently, the oldest convincing evidence for the presence of life on land comes from ~2.8 - 2.6 Ga
organic-matter-rich paleosols (Rye and Holland, 2000; Watanabe et al., 2000), ~2.7 - 2.5 Ga old fluvial-
lacustrine stromatolites (Buck, 1980; Buick, 1992; Awramik and Buchheim, 2009; Coffey et al., 2013) and
1.09 Ga fluvial-alluvial stromatolites with laterally-linked drapes over cobbles (EImore, 1983; Fedorchuk,
2014). Remnants of cavity-dwelling microbial communities have also been identified in 2.75 Ga fluvial-
lacustrine deposits (Rasmussen et al., 2009) and in a 1.2 Ga paleokarst cavity fill that contains preserved
filamentous microfossils (Horodyski and Knauth, 1994). Additional evidence for the existence of terrestrial
life is based on ~2 Ga microbial mats and putative biological soil crusts that developed within wet interdune
and playa deposits (Simpson et al., 2012). Sheldon (2012) described 1.1 Ga terrestrial microbial mats
preserved as organic-rich laminae overgrowing sand ripples in low-energy fluvial floodplain
paleoenvironments. Despite this limited record, the notion that life on land may have evolved more-or-less
in step with its marine counterpart since the Paleoarchean cannot be disregarded (Beraldi-Campesi, 2013),
because estimates based on molecular clocks suggest that the colonization of land occurred at approximately
3.1-2.8 Ga (Battistuzzi et al., 2004). As well, Lalonde and Konhauser (2015) plausibly propose the antiquity
of a terrestrial phototrophic biosphere with microbial-mat-covered riverbeds prior to the Great Oxidation
Event (GOE).

Here, we describe the occurrence of well-preserved microbial mats and associated sedimentary
structures that occur in gravelly sandstones interbedded with fluvial-alluvial conglomerates of the 3.22 Ga
Moodies Group in the Barberton Greenstone Belt (BGB), South Africa. The mats are preserved as silicified
kerogenous laminae and show striking similarities to fossil microbial mats of the adjacent Saddleback
Syncline (~4 km south of the Dycedale Syncline), which have a reasonably well established biogenicity (see
Heubeck, 2009; Gamper et al., 2012; and Homann et al., 2015 for a detailed discussion).
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IV.3 Geological and stratigraphic context

The ca. 3.22 Ga Moodies Group is the uppermost and youngest of three stratigraphic units of the Barberton
Greenstone Belt (BGB) of South Africa and Swaziland, located at the eastern margin of the Kaapvaal Craton
(Fig. 1V.1). The >3-km-thick Moodies strata are dominated by fine- to coarse-grained, mostly quartz-rich
sandstones that are locally interbedded with conglomerates and were deposited in alluvial, fluvial, possibly
eolian, deltaic, and tidal settings (Anhaeusser, 1976; Eriksson, 1977, 1978, 1979; Heubeck and Lowe,
1994a,b, 1999; Eriksson and Simpson, 2000; Eriksson et al., 2006; Simpson et al., 2012). The age of the
Moodies Group is constrained by several stratiform dacitic air-fall tuffs and rare felsic dikes radiating from
the Kaap Valley Tonalite (KVT) that crosscut Moodies deposits along the northern margin of the BGB
(Layer et al., 1996; Heubeck et al., 2013; Fig. IV.1). Depositional ages of the volcanic beds throughout the
Moodies Group indicate that deposition began ~3223 + 1 Ma and had ended by ~3219 £+ 9 Ma (De Ronde
and Kamo, 2000; Heubeck et al., 2013). The deposits experienced only lower greenschist-facies
metamorphic overprint and are preserved in several northward-overturned synclines that are tectonically
separated by major faults (De Ronde et al., 1991; Toulkeridis et al., 1998; Javaux et al., 2010).
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Steeply dipping strata in a southwestward-plunging fold located 2 km east of the town of Barberton make
up the Dycedale Syncline, which is bordered by the Barbrook Fault in the north and by the Saddleback Fault
in the south (Fig. IV.1; Visser, 1956; Heubeck and Lowe, 1994a; Lowe et al., 2012). The stratigraphy and
structure of the Dycedale Syncline has only been partially explored because most of it is located in the wide
valley of Hislop’s Creek and poorly exposed. In its western part, however, Moodies strata are well exposed
along steep slopes between the converging Barbrook and Saddleback faults (Fig. I1V.1). A prominent short
ridge just north of the Saddleback Fault has received particular attention by geologists due to its ready
accessibility (Heubeck and Lowe, 1994a; Eriksson et al., 2006; Noffke et al., 2006) although only a partial
measured section, ~130 m-thick, has been recorded to-date (Eriksson et al., 2006). Lithologies in this section
were assigned (base to top) to four units: (1) conglomerate, (2) conglomerate-sandstone, (3) cross-bedded
tuffaceous sandstone, and (4) rhythmically interlaminated sandstone-siltstone and mudstone (Eriksson et
al., 2006). The succession has previously been interpreted to record a transition from alluvial-fluvial to tide-
influenced sedimentation (Heubeck and Lowe, 1994a; Eriksson et al., 2006). Overlying units towards the
synclinal axis include thick cross-bedded sandstones, overlain by tuffaceous shales, thin BIFs and a
prominent lava; they record the transition from tidal to shallow-marine or prodelta facies. Our study mainly
focuses on the lower, conglomerate-dominated part of this succession (unit A in Fig. 1V.2).

The conglomerates, interbedded with biolaminated sandstones (unit A) at the base of the section
(Fig. IV.2), decrease in clast size, thickness and abundance upsection as they grade into locally gravelly but
abundantly rippled and shale-draped, well-sorted sandstones with rip-up shale clasts (unit B). These, in turn,
grade upsection to low-angle cross-bedded, gravel-free well-sorted sandstones with occasional rip-up clasts
and mud-cracked shale laminae (unit C). Several putative paleosols and a thin bed of dacitic lava also occur
within this unit. Unit C is overlain by a thick section of white, high-angle cross-bedded, tuffaceous sandstone
with bidirectional cross bedding and rare erosive channels transporting tuffaceous and evaporitic clasts in a
sandy-tuffaceous matrix (unit D). Mudcracks and biolaminae are absent; silicified vadose-zone concretions
occur in units C and D. Higher up, the cross-bedded sandstones also include dewatering structures and thin
tuffaceous shales (unit E), overlain by thick-bedded, tuffaceous, cross-bedded sandstones with large ball-

and-pillow structures (unit F).
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Figure IV. 2: Composite stratigraphic column of the Dycedale Syncline, part of unit MdQ1 (Anhaeusser, 1976). The position of the
measured section is shown in the geological map in the upper right. Note that microbial mats occur at the basal part of the section

(unit A) and are confined to gravelly sandstones interbedded with alluvial-fluvial conglomerates.
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IV.3 Microbial mats in conglomerates

The mat-bearing unit A is up to 75-m-thick and consists a ~40-m-thick, mostly clast-supported
conglomerate, which is under- and overlain by 10- and 25-m-thick microbial-mat-bearing sandstones with

intercalated conglomerate beds (Fig. 1V.2).

IV.3.1 Conglomerates

The conglomerates can be easily traced around the hinge of the Dycedale Syncline and on both of its limbs
for a total of about 1.2 km prior to being truncated along the fault-bounded northern and southern margin of
the syncline (Fig. 1V.2). The thick-bedded conglomerate shows systematic thickening in the tight hinge zone
of the syncline but no evidence of channeling or large-scale erosive downcutting. However, individual
conglomerate beds (<2-m-thick) occurring within the sandstones are lens- or wedge-shaped, commonly
vertically stacked, and show minor erosional downcutting (Figs. 1V.3A - 1V.3C). Clasts are angular to
subrounded, poorly-sorted and pebble to boulder-size (max. ca. 40 x 40 cm), embedded in a quartz-rich
coarse-sandy matrix. They are mainly composed of several varieties of black, grey, and black-and-white-
banded chert derived from the Onverwacht Group and of white to yellow felsic porphyries of Fig Tree
Group provenance. Clasts of altered, green ultramafic volcanic rocks and red jaspilites are rare. The clasts
show rare imbrication and occasionally inverse gradation and the topmost clasts are commonly draped by
thick kerogenous laminae (described below; Fig. 1VV.3C). The transitions to the overlying sandstones are
generally sharp (Fig. IV.3D). Topmost clasts are commonly draped by thick microbial mats, which are

described below.

IV.3.2 Sandstones

Sandstones over- and underlying the conglomerate as well as rare lenticular sandstone lenses <5 cm to >2
m thick within the conglomerate unit are mostly medium- to thin-bedded, subhorizontally stratified and
locally show low-angle planar cross bedding. These sandstones consist of poorly sorted, in places gravelly,
medium- to coarse-grained quartzofeldspatic sand grains and commonly contain discontinuous, single-clast-
thick pebble-to-cobble stringers as well as clusters of pebbles lodged next to large cobbles. Importantly, cm-
thick, discontinuous dark grey mudstones with abundant desiccation cracks on bedding planes are locally
interbedded with the sandstones (Fig. 1V.4D).
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Figure IV. 3: Field photographs of sandstones and conglomerates in the Dycedale Syncline. (A) Overview photograph showing
interbedded microbial mats (mm) and conglomerates (cgl). (B) Close-up of clast-supported conglomerate, composed of rounded
chert pebbles and cobbles. (C) Inversely-graded conglomerate with erosive base (arrow), overlain by microbial mats (mm). Lens
cap is 5.6 cm in diameter. (D) Close-up view of the framed area in (A), highlighting the top of a conglomerate bed. Note that
microbial mats drape “iceberg”-type clasts. (E) Close-up view of the framed area in (A), showing a subvertical fluid-escape structure
with a well-defined central channel that disrupts the densely mat-laminated sandstone.
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IV.3.3 Kerogenous laminations

Within the sandstones and on top of conglomerate beds occur mm-spaced, crenulated (“crinkly”),
interwoven kerogenous laminations that appear black in fresh samples and represent the fossil remains of
microbial mats. These laminae are generally more weathering-resistant than interbedded sandstone devoid
of kerogenous laminations, which results in characteristic banding and readily recognizable fenestral
porosity patterns in outcrop (Figs. IV.4A, B). Laminae directly overlying conglomerate bed or clast stringers
show commonly onlapping and draping geometries on the protruding clasts (Figs. 1V.3D, IV.4A and B).
Occasionally, planar kerogenous chips of up to several cm in length occur in plane-bedded and cross-
laminated sandstones. Where these sandstones are interbedded within conglomerates, the fragments reach

up to 50 cm in length and ~1 cm in thickness (Fig. IV.4C).

Figure IV. 4: Field photographs of sedimentary structures associated with microbial mats. (A, B) Microbial mats onlapping and
draping interbedded pebbles and cobbles. (C) Cross-section view of eroded microbial mat fragments (arrow) within pebbly
sandstone. (D) Desiccation-cracked mudstone (arrow) interbedded with densely microbial-mat-laminated sandstones.
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Microbial mats in gravelly, poorly sorted coarse-grained sandstone are commonly disrupted and deformed
by 10- to 50-cm-high, subvertical fluid-escape structures (Figs. IV.3A and IV.3E; Fig. IV.5A). The central
dewatering channel is bordered by symmetrically upward-bent microbial mats and occasionally by clusters
of pebbles (Fig. IV.5B and IV.5C).

Figure IV. 5: Field photographs of fluid-escape structures. (A) Subvertical fluid-escape structure (arrow) disrupting thin interval of
microbial mats, which is buried by gravelly sandstone. (B and C) Upward-curved mats and pebbles bordering central dewatering

channel (arrows).

In the outcrop as well as in polished slabs, mats appear as densely spaced, 0.5 - 4 mm thick, crinkly laminae
of silicified kerogenous material that drapes horizontally laminated and rippled sandstones, onlap individual
clasts (Fig. IV.6A and IV.6B), and wrap around granules. Thick laminae include “floating” fine-grained
detrital sand grains whose long axes are preferentially aligned with bedding (Figs. IV.6B and 1V.6C).
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Figure IV. 6: Outcrop, polished slab, and thin section photographs of crinkly microbial mats (dark laminae) interbedded with poorly
sorted, pebbly sandstone, illustrating microbial-mat textures at different scales. (A and B) Mats onlap pebbles and drape
horizontally laminated and rippled sand (r). Chips of fragmented microbial mats (mc) are transported in cross-laminated,
granularly sandstone. (C and D) Thick kerogenous laminae coat protruding sand grains and contain fine-grained detrital sand. Note
that the boxed areas in A-C only indicate representative areas.
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V.4 Discussion

IV.4.1 Depositional environment

Overall, the stacked lithofacies of the studied stratigraphic succession (Fig. 1VV.2) suggests a progressively
deepening-upward sequence, which begins in a mid- to lower alluvial fan setting, interfingering with a
fluvial braidplain (unit A) and grading into a tidally-influenced braid-delta (unit B). The margins of the delta
contain extensive beach, supratidal, and upper shoreface deposits (unit C) and are overlain by high-energy
supra- and intertidal sandflats and tidal bars (unit D). The overlying units E and F appear to lack indicators
of subaerial exposure and rather record high sedimentation rate and hindered dewatering in a subtidal
setting.

Hence, the observed lithofacies trend indicates that the mat-bearing gravelly sandstones (unit A) are
overlain in logical sequence by successively distal depositional environments and thus unit A represents the
most proximal, landward facies. This interpretation is also supported by the fact that these thick-bedded
conglomerates show poor sorting, poorly developed internal fabrics, and immature composition indicating
a proximal sediment source associated with episodic, short-lived, high-energy transport. These fabrics are
typical for sheet flow-dominated alluvial fans and/or proximal braided streams with highly fluctuating
discharge (Miall, 2006; Nichols, 2009). The thin-bedded conglomerates intercalated with the mat-bearing
sandstones show minor channel incision, rapid fill and frequent avulsion, characteristic of alluvial or fluvial
discharge patterns. Furthermore, occasional inversely-graded conglomerate beds may have formed during
high-energy episodic flash floods or in matrix-poor debris flows (Sohn et al., 1999; Rasmussen, 2000).

Based on this well-established stratigraphic context we conclude that the mats were thriving in one
or several terrestrial aquatic paleoenvironments subject to occasional or frequent subaerial exposure,
evidenced by the widespread presence of desiccation cracks. The microbial communities likely developed
within gravel-filled braided fluvial channels during low current velocities and/or in shallow ephemeral
ponds on the sandy-gravelly floodplain as similarly observed in 2.7 Ga fluvial-lacustrine stromatolites of
the Ventersdorp Supergroup (South Africa; Buck, 1980), and 1.09 Ga fluvial-alluvial stromatolites within
the Copper Harbor Conglomerates (Keweenaw Peninsula, Michigan, USA; Elmore, 1983; Fedorchuk,
2014). Although, we interpret this environment as being terrestrial, it cannot be fully excluded that the
highest tides, which are thought of having been much higher in the Archean (Coughenour et al., 2009;
Longhitano et al., 2012), could have occasionally flooded even the most landward, normally fluvially-
dominated channels and braidplain ponds.
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IV.4.2 Physical mat properties

The observation that thick beds of abrasive coarse-grained sands and gravel were repeatedly emplaced on
top of the mats without severely damaging or eroding them indicates a high mat strength and cohesiveness.
However, during gravel transport and therefore higher shear stresses, mats were partially eroded,
transported, and deposited as fragments within the conglomerate. Subsequently, the microbial mats
overgrew the gravelly conglomerate beds indicating a rapid and prolonged reestablishment of a suitable
habitat for microbial growth.

The cohesive water-impermeable nature and lateral continuity of the mats is further indicated by
the exclusive occurrence of numerous fluid-escape structures in mat-bearing deposits. The supposedly
water-impermeable mats confined the escape of the pressurized pore water to a lateral flow through the
permeable sand layers and escaping only vertically at locations were mats have been disrupted. The force
of the escaping fluids was even strong enough to transport pebbles laterally within the fluidized sediment
towards the dewatering channel and dragging multiple layers of cohesive mats upward into the central
conduit. In modern mat-covered shallow-water deposits tidal pumping is known as main driver for
fluidization (Taj et al., 2014), but since the here described microbial mats were not thriving in a tidal setting
we assume that the pressurization was triggered by a rapid overburden of sediment consistent with high
sedimentation rates in alluvial fans. The escaping water could have been sourced by the compaction of

buried mats (typically containing between 80 and 90% water, Schieber, 2004) and loosely packed sediments.

IV.4.3 Implications of terrestrial life in the Archean

Overall, it is still enigmatic how the Archean world and the first continental landmasses looked like. Due to
the scarcity of preserved terrestrial deposits, in contrast to marine sediments, there is particular little
knowledge about the geomorphology of the Archean continents, the nature and extent of critical zone
(Brantley et al., 2011), and finally to which degree microbial life affected these aspects as they strongly do
on modern Earth. Today, microbial life takes great part in shaping the topography continental landscapes
(Brantly et al., 2011). On the one hand, biologically-mediated weathering increases erosion rates, while on
the other hand, the presence of a benthic cohesive mat can significantly reduce erosion rates, referred to as
biostabilization (Cuadrado et al., 2011, 2014).

The colonization of the Archean land surface may also indicate an evolutionary leap of adaptation
to harsh environments, since life in such a new environmental niche would have been subject to repeated
desiccation, fluvial or aeolian abrasions, high temperature, and presumably intense UV radiation (Knauth
and Lowe, 2003; Sleep and Hessler, 2006; Cockell and Raven, 2007). (1) High shear stresses require a
cohesive and resistive mat, (2) short-term subaerial exposure can be overcome through the hygroscopic

properties of the EPS matrix (Decho, 2013), whereas (3) prolonged periods of desiccation demand an ability
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of the cells to survive in dormancy, and (4) high UV radiation requires either the synthesis of UV-screening
pigments and/or enhanced ability of DNA-repair.

Concerning the metabolism of Archean microbial communities there is little certainty and only
indirect evidence. In the present study there are multiple lines of evidence for photosynthesis:
(1) the mats thrived in a terrestrial shallow-water photic zone; (2) phototrophic microbial communities of
very similar appearance have also been found in stratigraphically coeval intertidal deposits of the Moodies
Group outcrops in the adjacent Saddleback Syncline (Heubeck, 2009; Homann et al., 2015); (3) moreover,
evidence for photosynthetic communities have also been documented in up to 3.42 Ga shallow-marine
deposits in the BGB (e.g. Tice and Lowe, 2004; Westall et al., 2006, 2011, 2015) and were possibly also
involved in the formation of coniform stromatolites from both the 3.4 Ga Strelley Pool Formation and the
3.48 Ga Dresser Formation in the Pilbara Craton (Hofmann et al., 1999; Van Kranendonk, 2011); (4) the
lack of indicators for sulfate- or iron-based metabolisms (e.g. iron oxides, biogenic pyrite etc.); and finally,

(5) chemotrophic communities are not known to develop thick and cohesive microbial mats.

V.5 Conclusions

Microbial mats preserved in the Dycedale Syncline of the 3.22 Ga Moodies Group thrived in episodically
high-energy braided channels and ephemeral ponds on an Archean sandy floodplain adjacent to alluvial fans
and tidally-dominated shorelines. The colonization of such a habitat in the photic zone required the
microbial communities to adapt to harsh conditions, including desiccation, sediment abrasion, and high UV
radiation. Our findings extend the record of Archean microbial ecosystems into near-coastal but clearly
terrestrial aquatic settings by ~400 m.y.
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V.

Conclusions and outlook

Collectively, this work can be summarized in five major conclusions:

()

(2)

(3)

(4)

()

The best-preserved microbial mats of the Moodies Group are located in the Saddleback and
Dycedale Synclines in the central part of the BGB. They appear within a stratigraphically coherent
interval of approx. 1000 m thickness, which extents laterally for approx. 15 km along strike. The
microbial communities of the “Moodies ecosystem” were widespread and well-adapted to
Paleoarchean shallow-water tidal and aquatic terrestrial settings.

The mats, preserved as kerogen-rich laminae, show distinct morphological adaptations to different
shallow-water settings, which formed as a response of the phototrophic microbial communities to
changing physiochemical conditions. Tufted microbial mats, in particular, yield the most
convincing indications that they were built by ancestral cyanobacteria.

In situ 5'*Cppg isotope measurements of kerogenous laminae yielded values (between -32.3%o and
-21.3%0) that are consistent with a biogenic origin. Raman spectra of the kerogen correlate with
independently reconstructed regional peak metamorphic temperatures of the host rock and further
support the biogenicity of the microbial mats.

Microbial communities in elongated, former gas- and fluid-filled, bedding-parallel cavities beneath
the mats extend the geological record of coelobionts by ~500 Ma and support the view that cavities
were among the first ecological niches to have been occupied by early microorganisms.

The local association of mats with alluvial-fluvial conglomerates and sandstones indicates the onset

of colonialization of terrestrial habitats and extends the record of terrestrial life by ~400 Ma.

Future work will focus on unraveling the mats’ metabolism. Several lines of evidence (e.g., tufted

morphology) and comparison with modern analogs suggest that Moodies microbial communities were at

least in part dominated by filamentous organisms. If cyanobacteria were indeed the only microorganisms

capable of forming macroscopic tufts, their first appearance in the geological record could be potentially

used as a valid morphological biosignature for the presence of cyanobacteria. However, unequivocal

evidence for elevated oxygen concentration in the immediate vicinity of the mats remains to be

demonstrated. If cyanobacteria were conceivably metabolizing oxygen at modern rates already at 3.2 Ga,

the generated oxygen would have been quickly and locally consumed, leaving perhaps a distinct isotopic

fingerprint in the adjacent sediments. Hence, combined investigations of Mo, Cr, Mn, U, and Se isotope

values, as well a U could potentially constrain the mat metabolism(s).
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Appendixes
A.l

Microbial mat, Moodies Group (BGB, South Africa)

Martin Homann

In: M. Gargaud, R. Amils, J.C. Quintanilla, H.J. Cleaves, W.M. Irvine, D. Pinti and M. Viso (Ed.)
Encyclopedia of Astrobiology, Springer-Verlag Berlin Heidelberg, 2015

doi: 10.1007/978-3-662-44185-5_5194

The Paleoarchean Moodies Group (~3.22 Ga, Barberton Greenstone Belt, South Africa), Earth’s oldest
known well-preserved shallow-water siliciclastic sequence, includes several units with common microbial
mats which thrived in the photic zone of a tidally influenced shoreline. The fossil mats are preserved as
kerogenous laminations up to 1 mm thick, are interbedded with medium- to coarse-grained sandstones and
rare gravel beds (Fig. Al.1), and were early silicified. SEM observations of the laminae show interwoven
and bundled microbial filaments (1-3 pm in diameter), confirming mat biogenicity. Microbial communities
in the Moodies Group colonized at least three major depositional settings, each associated with a specific
mat morphotype: (1) In the coastal floodplain, mats are typically flat and occasionally overgrew gravel
beds; (2) tufted microbial mats, which reach 0.3 - 1 cm in height, are exclusively present in the supratidal
zone and are commonly associated with gas and/or fluid escape structures; and (3) wavy-crinkly
morphotypes with small microbial domes are characteristic of the intertidal zone. Modern tufted mats are
dominantly built by filamentous cyanobacteria, suggesting that their ancient counterparts may have been
constructed by filamentous organisms and required early mineralization for support. It is likely that Moodies
microbial mats were (at least in part) photosynthetic communities because other potential metabolic
strategies can be excluded, the morphology indicates phototactic behavior, and the mats consistently occur
in shallow-water/photic-zone facies.
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Figure A1. 1: Photograph of a part of a polished slab of microbial mats (dark laminae) from the Moodies Group. Kerogenous
laminae are interbedded with medium- to coarse-grained sandstone. They are of the wavy-crinkly morphotype and show small
domes.
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A.2
Modern microbial mats and mat growth experiments

Studies of modern analogues and laboratory-grown mats are fundamental when working with fossil mats
and can significantly improve the understanding of various morphological and geochemical biosignatures
found in Archean sedimentary rocks.

Widespread microbial mats can be studied e.g. in several inter- to supratidal flats along the
southeastern Mediterranean coast of Tunisia (Gerdes et al., 2000; Noffke et al., 2001b) and are particularly
well-developed in the tidal channel of Bahar Alouane. The area is characterized by a sub-tropical semi-arid
climate and a microtidal regime with tidal amplitudes ranging between 0.8 and 1.5 m (Davaud and
Septfontain, 1995). The tidal flats are flooded and exposed daily at regular intervals. However, flooding can
also occur at irregular intervals triggered by spring tides or strong land-directed winds that push water up to
the supratidal zone (Bouougri and Porada, 2012). The low-gradient tidal flats are widely colonized by
cohesive microbial mats, which are mainly formed by filamentous cyanobacteria of the species Microcoleus
chthonoplastes and Lyngbya aestuarii (Gerdes et al., 2000). They form 1-10-mm-thick, carpet-like
structures and produce patterns of reticulate ridges with tufts on the mat surface. Other mat-related structures
are: gas domes, polygonal cracks (Noffke et al., 2001a; Gerdes, 2007), shrinkage cracks, roll-up structures,
and mat chips. Low sediment input rates and the absence of predators facilitate the development and growth
of microbial mats in these coastal environments. Solely burrowing beetles of the genus Bledius and Cerithid
gastropods are found grazing in or below the mats and able withstand the high salinity ranging between
40%o to 180%o (Gerdes et al., 2000; Gerdes et al., 2008). Fieldwork and sample collection was carried out
between 30.09. — 6.10.2013 with local support by Mohamed Soussi and Rached Lakhdar.

Figure A2. 1: (A) Location of Bahar Alouane in southeastern Tunisia. (B) Field photograph of freshly-sampled microbial mat. Note
the large spatial extent of mat-covered sedimentary surfaces in the background.
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Figure A2. 2: Cross-section view of planar (A) and tufted microbial mats (B, C). Note that the surficial live microbial mats appear in
greenish colors whereas the underlying decaying mats appear as dark laminae. Mats are interbedded with fine-grained sediment,
which occasionally contains eroded mat fragments (arrow in B). Burrowing Bledius beetles (D) and cerithid gastropods (E) represent
the only grazing organisms associated with the microbial mats.
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Figure A2. 3: Comparison of submerged and exposed tufted microbial mats. (A) Underwater the tufts are actually a single mass of
various, vertical-oriented “fluffy” filaments. (B) Outside of the water this mass is coalesced to dense nearly vertical tufts. (C) After
several hours of exposure and desiccation the tufts are severely shrunk to small knobs. (D) Corresponding mat surface morphologies
in plan view.

Figure A2. 4: (A) Close-up view of freshly-sampled tufts in a water-filled vial. Note the vertical-erected cyanobacterial filaments
(arrow). (B) SEM photomicrograph of bundled Microcoleus filaments extracted from tufted mat of Tunisia. Note also the well-
developed segments within individual filaments. Photo credit: Stephanie Weigert.
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Figure A2. 5: Field photographs of gas domes underneath cohesive and impermeable microbial mats (A-D) and comparison with
fossil gas domes of the 3.22 Ga Moodies Group, BGB, South Africa (E). (A) Modern partly-exposed gas dome. Microbial growth
seems to be induced on top of the elevated dome, which is covered by a dense network of reticulate ridges and tufts. (B) Cross-
section through gas dome in A with preserved gas bubbles at the ceiling (arrow). (C) Desiccated microbial mat with several small
gas domes in plan view. (D) Cross-section through dried out gas dome with small evaporite minerals precipitating at the ceiling of
the cavity (arrow). (E) Cross-section view of polished slab showing fossil mat (dark laminae) underlain by chert-filled gas domes
resembling in shape and size the Tunisian analogs. This implies that the Archean mats presumably had a similar thickness (Bose
and Chafez, 2009).
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Figure A2. 6: Field photographs of characteristic mat surface morphologies. (A) Mats with polygonal cracks resulting from periods
of mat growth and expansion alternating with mat shrinkage and contraction during desiccation events. (B) Close-up view of mat
polygon with upcurled margins. Note that mat growth is mainly concentrated in the water-filled cracks surrounding the polygon.
(C) Mat surface covered by oxygen bubbles (produced by the mats through oxygenic photosynthesis). Note that the mat is covered
by a thin layer of water, which is almost invisible in the photograph. (E) Roll-up structure formed due to increased current velocities
during storms. Photo credit: Christoph Heubeck. (F) Completely desiccated mat with abundant shrinkage cracks.
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Figure A2. 7: Laboratory growth experiment with piece of cyanobacterial mat of Tunisia, which was revitalized after 2 weeks of
desiccation. (A) Desiccated mat surface. (B) Addition of water. (C) After 3 hours the mat has soaked up water and starts to revitalize.
Note that the small surficial bubbles are derived from degassing of air trapped in pore space. (D) First motile filaments become
visible at the surface (arrow) after 6.5 hours. Abundant oxygen bubbles, produced by the cyanobacterial community during
photosynthesis, are trapped in the upper parts of the mat. (E) 24 hours after the addition of water the mat has entirely recovered
from dormancy, significantly increased its biomass and is actively producing oxygen.
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Figure A2. 8: Laboratory experiment with cyanobacterial mat of Tunisia (A) invistigating the mats response to sediment input and
burial (B-D). After approximatelly 24 hours the filamentous microorganisms had partly, and after 48 hours entirely recolonized the
added fine-grained sediment.

without water [l

Figure A2. 9: Laboratory growth experiment with desiccated microbial tuft (A) of Tunisia revitalized through the addition of water.
First the tuft is soaking up the water (B-E) and increasing its volume. After 9 hours the first vertically-erected filaments become
clearly visible (arrow in F) and successively cover the tuft (G-H). After 24 hours the tuft had almost doubled its size (I). Note that
the camera had to be adjusted twice during the experiment (between E-F and H-1).
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Figure A2. 10: Laboratory-grown cyanobacterial mat of the species Microcoleus chthonoplastes. (A) Mat in plan view. (B) Side view
of surficial microbial mat (arrow) underlain by ~3mm-thick layer of mat-bound sediment. This shows that even relatively thin but
EPS-rich microbial mats have an enormous sediment binding and biostabilization capacity. (C) Close-up view of stabilized quartz
grains coated by interwoven meshworks of filamentous cyanobacteria. Photo credit: Christof Sager.

Methods
The cyanobacterial mats of Tunisia were cultivated in an incubator with BG11 growth media (Figs. A.2.7 —

A.2.9). Microscopic photographs were captured at set intervals and then encoded into time-lapse movies
using the software YAWCAM 0.4.2. High resolution 5 Megapixel USB microscopes (dnt DigiMicro Pro)
with manually adjustable optical elements were used to take photos and document mat growth. The
cultivation of Microcoleus chthonoplastes mats (Fig. A.2.10) was carried out in Erlenmeyer flasks

containing BG11 growth media and at 25°C under a constant illumination (Weigert, 2014).
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Moodies Group (3.2 Ga) Modern

microbial mats
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Figure A2. 11: Comparison of 3.22-Ga old microbial mats, tufts, and gas domes (left) with modern microbial mats from Bahar
Alouane, Tunisia (right), which are predominantly built by filamentous cyanobacteria. Note the striking similarities in shape and
size of the microbial structures. The bedding-parallel chert layers beneath the Archean mats and the silicified voids within tufts and
domes presumably represent former gas-filled cavities.
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A.3

Rock-Eval pyrolysis of extracted kerogens of the Moodies microbial mats
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Figure A.3. 1: The results show a maximum total organic carbon (TOC) content of 0.1%0 and a temperature range between 263
and 416°C, which is consistent with the peak metamorphic temperatures of the surrounding host rock. Credit to Hans-Martin Schulz
(GFZ Potsdam, Germany).
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