Precambrian Research 414 (2024) 107589

PRECAMBRIAN
RESEARCH

Contents lists available at ScienceDirect

Precambrian Research

ELSEVIER

journal homepage: www.elsevier.com/locate/precamres
50th Anniversary Invited Review ' :.)
Precambrian Earth: Co-evolution of life and geodynamics

Frances Westall >, Shuhai Xiao"”

& CNRS-Centre de Biophysique Moléculaire, Rue Charles Sadron, CS 85001, 45,701 Orléans, France
® Department of Geosciences, 4044 Derring Hall, Virginia Tech, 926 West Campus Drive, Blacksburg, VA 24061, USA

ARTICLE INFO ABSTRACT

Keywords:
Early Earth geology
Early evolution of life

The Precambrian covers 80% of the history the Earth. In this timespan, the Earth developed from an anaerobic
planet to the oxygenic planet dominated by Wilson-style plate tectonics that we know today. Concomitant with
geological evolution, life emerged and evolved, gradually colonising all known aqueous habitats. Until the

Ig{l‘;::bizzes Palaeoarchaean, life was largely dominated by its geological environment. However, as of the Mesoarchaean,
Geo dy};lamics when there were major changes in geodynamics leading to continental erosion and runoff of essential nutrients,

the effects of life started to impinge on the geological environment. The interaction of life and Earth was and is
reciprocal, hence the term biogeodynamics. In this review, we trace the evolution of geology and life in parallel,
thus highlighting the gradual buildup of the importance of life on terrestrial processes, and the importance of
changes in the geological environment on the evolution of life. We do not attempt to make an exhaustive review
of all the occurrences of life in the Precambrian but use selected examples to illustrate key events and changes.
We conclude by addressing certain aspects of the evolution of life that require more in-depth study and show how

the finding of extra-terrestrial life would advance our understanding of life on Earth.

1. Introduction

The Precambrian comprises more than 80 % of Earth’s history. It
witnessed many important milestones in the evolution of life on Earth
that included: (1) the emergence of life probably in the Hadean
(4.56-4.0 Ga); (2) the appearance of anaerobic prokaryotes including
chemotrophs and photosynthesisers in the Eo-Palaeoarchaean (4.0-3.2
Ga); (3) the evolution of oxygenic photosynthesisers possibly already in
the Meso-Neoarchaean (3.2-2.4 Ga); (4) eukaryotes and multicellular
organisms in the Palaeo-Mesoproterozoic (2.4-1.0 Ga, and possibly
before); (5) and, at its terminal stage, during the Neoproterozoic Era
(1.0-0.539 Ga), the initial evolution of skeletal organisms and rapid
diversification of eukaryotes, including animals toward the end of this
era.

All of these events were accompanied by changes and evolution in
geological and environmental processes, from the geosphere through the
hydrosphere to the atmosphere (e.g., Fig. 1), the whole influenced by
conditions in the Solar System, such as solar insolation, UV radiation,
and meteorite/asteroid influx. The geosphere saw the consolidation of
the planet Earth from primordial materials at about 4.56 Ga, collision
with a Mars-sized planet (named Theia by Halliday, 2000) that led to the
formation of the Moon, condensation of water on the rapidly re-cooled
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surface to form oceans, the emergence of protocontinents, and transi-
tion in geodynamic regime from plume tectonics to horizontal tectonics.
The Palaeoproterozoic is typically defined as the period when modern-
style plate tectonics was initiated (e.g., Francois et al., 2018). Note,
however, that it has been suggested that Wilson-style tectonics only
appeared in the Neoproterozoic (Hawkesworth et al., 2020) and, criti-
cally, was associated with major changes in the environment, such as
global glaciation, and an increase in atmospheric oxygen levels (Grosch
and Hazen, 2015; Lyons et al., 2014, 2021).

These large-scale geological changes were accompanied by major
hydrospheric and atmospheric evolutionary events. The Hadean-
Archaean oceans may have been slightly more acidic than today
(Knauth, 2005) but were globally anoxic (Catling and Zahnle, 2020),
with low levels of sulphate (an important electron acceptor in microbial
respiration) and phosphate (an essential element for life). The Hadean to
Mesoarchaean atmosphere comprised CO, and N5 probably with CH4 as
a major greenhouse gas (Catling and Zahnle, 2020). Molecular oxygen
started to accumulate in the atmosphere well after the emergence of
oxygenic phototrophs in the Mesoarchaean (Sanchez-Baracaldo et al.,
2014; Planavsky et al., 2014) or even earlier (Buick, 2008; Robbins
et al., 2023), culminating in the Great Oxidation Event at ca. 2.4 Ga
(Lyons et al.,, 2014, 2021). Nevertheless, for much of the Palaeo-
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Mesoproterozoic, only the surface seawater was oxygenated, although
there is evidence of local, transient oxygenation of the deep oceans of
the Mesoproterozoic (e.g., Stiieken et al., 2021). Oxygenation of the
deep ocean through enhanced organic carbon burial and deep-water
overturn may have driven the Neoproterozoic Oxygenation Event
(NEO) and Cryogenian glaciations (Banerjee et al., 2022).

Within the framework of these large-scale events, life emerged
locally and then colonised available biomes according to its existential
needs and preferences. Early non-phototrophic microorganisms took
advantage of the volcanic and hydrothermal habitats available, shun-
ning exposure to harmful UV radiation. With the advent of phototrophy,
early anoxygenic phototrophs with their UV-protecting pigments could
invade shallow water, sunlit environments, either in coastal regions or in
the planktonic realm and, as some believe, eventually moving up rivers.
As they emerged, oxygenic phototrophs resulted in the consequent slow
but relentless oxygenation of the geosphere, hydrosphere and atmo-
sphere. The availability of molecular oxygen primed the surface envi-
ronment for the rise of eukaryotes and multicellular organisms. Thus, by
the end of the Proterozoic, all possible habitats, including exposed
landmasses, were inhabited.

However, it was not only geological processes that contributed to the
well-being of Precambrian life. The very fact that life played a major role
in the production of carbonate (for example, the huge stromatolitic
platforms that characterised the Precambrian oceans from the Neo-
archaean and, particularly, during the Proterozoic) and in the produc-
tion of organic carbon, both of which were partially removed to the
mantle through subduction, helped to regulate CO3 and Oy in the at-
mosphere and had a mitigating effect on the climate and the surface
environment of the Earth (Catling and Zahnle, 2020). These feedbacks
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helped to maintain liquid water at Earth’s surface and lubricated tec-
tonic recycling — which contributed to recycling of essential bionutrients
back to the surface of the Earth.

In view of these interconnected events and processes, in this review
of Precambrian life, we aim to place key events in the evolution of life
and their associated biosignatures within the framework of the geolog-
ical evolution of the Earth. This is not an exhaustive review of early
geological and biological processes, nor do we aim to provide a complete
list of all the fossil occurrences that are described in the literature.
Rather, our objective is to highlight a few key examples that best illus-
trate a particular evolutionary phenomenon on a global scale. Our ul-
timate aim is to emphasise the reciprocal influence and interaction
between the geological environment and evolution of life. Moreover,
since the main geological phases and steps in the evolution of life fall
along the general divisions of geological time, we subdivide our dis-
cussion into the following time intervals: Hadean (4.56-4.0 Ga), Eo-
Palaeoarchaean (4.0-3.2 Ga), Mesoarchaean (3.2-2.8 Ga) to Neo-
archaean (2.8-2.4 Ga), and Proterozoic (Palaeo- (2.4-1.6 Ga), Meso-
(1.6-1.0 Ga) and Neoproterozoic (1.0 — 0.541 Ga)).

However, considering that we are dealing with the fossilised remains
of life, we first provide information on how microorganisms are pre-
served in the rock record and on the principles of biogenicity and
syngenicity.

2. Taphonomy and the principles of biogenicity and syngenicity
The Precambrian is unique in that most organisms that lived in this

era are characterised by a lack of hard parts. This complicates their
potential for preservation and interpretation of morphological and
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Fig. 1. Evolution of Earth’s atmosphere through time (Roberge et al., 2019).
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chemical remains that are frequently enigmatic. Efremov (1940) was the
first to use the term taphonomy to describe the study of the transition of
remains, parts, or products of organisms from the biosphere to the
lithosphere. Understanding of the process of degradation of organism
soft parts with time is aided by laboratory experiments (e.g., Butterfield,
1990; Briggs, 1995). Behrensmeyer et al. (2000) summarise the factors
affecting the preservation of soft, organic remains. While many organ-
isms are not preserved as physical structures in the rock record, unless
they are rapidly mineralised (see Westall and Cavalazzi, 2001; Westall
and Hickman-Lewis, 2018), their degraded organic remains may be
preserved, as well as some evidence of their metabolic processes (for
example, isotopic signatures of C, N, S, Fe, trace element concentrations,
or microbially mediated precipitates, such as carbonates or oxides). The
controls on the preservation of biological remains are wide ranging,
including the initial amount of biological remains in a given environ-
ment; the physical parameters of that environment, i.e., modification by
local physical, chemical and biological agents; the rate and permanency
of burial; diagenetic conditions and post burial modification. Finally, the
preservation of the larger sedimentary body comes into play, related to
tectonic processes, burial and metamorphism.

Experimental fossilisation of microorganisms has demonstrated
different parameters that affect variability in their preservation. For
example, Orange et al. (2009) showed that two, a priori similar micro-
organisms, the thermophilic Archaea Pyrococcus abyssi and Meth-
anocaldococcus jannaschii, reacted very differently to the same fossilising
solution (silica). The former resulted in a silica crust templated onto the
surfaces of the cells, while the latter disintegrated (lysed) and only the
associated polymer (extracellular polymeric substances or EPS) was
mineralised. In the right conditions, the cells of P. abyssi would be fos-
silised but not those of M. janaschii, although the EPS of the latter could
be recorded in the rock record. In a similar manner, Westall et al. (1995)
demonstrated in a mixture of marine microorganisms that some mi-
croorganisms were susceptible to rapid encasement and fossilisation
whereas others resisted chelation of the fossilising medium (silica) to
their cells for many months. Furthermore, the effects of time on the
degradation of specific organic components has been evaluated experi-
mentally. Orange et al. (2013) investigated changes with time (1 year) in
the composition and quantity of amino acids, monosaccharides and fatty
acids of the hyperthermophilic Archaea M. jannaschii, documenting that
amino acids and fatty acids were the best-preserved compounds.
Significantly, this study demonstrated the importance of very rapid
(within 24 h) polymerisation of silica on EPS dissolved in the medium,
leading to the precipitation of silica and EPS. Orange et al. (2009) had
previously noted the lack of cellular preservation of M. jannaschii but the
significant preservation of its EPS. Obviously, fossilisation of biological
remains, whether physical or organic (ie, as diffuse molecules) by
minerals or fine-grained anoxic sediments, is an important step in the
early and long-term preservation of microbial remains.

While identification of the remains of complex life forms is generally
non-controversial, identification of the oldest traces of very simple life
requires a considered, stepwise approach that takes into account the
environment in which the purported biosignature formed and various
other aspects of the lifeform, including its morphology, organic
composition, metabolic processes, associations, and interactions with its
immediate environment. There are many proposals of biogenicity
criteria (see for example, Westall and Cavalazzi, 2011; Summons et al.,
2011; Neveu et al., 2018) but all are predicated on the basic principles
noted above. Ideally, evidence of all the basic criteria would be needed
to establish the biogenicity of a particular feature, but this is not always
possible. For example, in certain circumstances, the organic components
of a microbial community may be completely oxidised, either because
the environment is oxidising or, in an anoxic environment, because the
organic matter of the primary producers is subsequently used as a sub-
strate by chemoorganotrophic microorganisms that oxidise it to produce
energy. For example, Dodd et al. (2017) suggest that remnant carbo-
naceous matter associated with carbonate and apatite globules in the
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Nuvvuagittuq jasperlites represents the degraded remains of the organic
components of the Fe-oxidisers that are purported to have formed the
hematite tubes and filaments. In other situations, only the carbonaceous
remains of former microbial colonies may be preserved in fine-grained,
anoxic sediments, while morphological microbial features, such as cells
or colonies, are not.

Evidence for biogenicity according to Neveu et al. (2018) includes
evidence of Darwinian evolution, growth and reproduction, molecules
and structures conferring function, potential biomolecule components
and biofabrics. All of these features should occur in an environmental
context conducive to habitability. However, the above-listed attributes
are more related to living organisms than their fossilised remains. In the
rock record they would translate into morphology, isotopic fraction-
ations, mineralogical evidence (i.e., biomediated precipitates), large
enantiomeric excess (chiral excess), and complex organics and patterns
in the organic molecular signatures. Of importance in determining
biogenicity is the necessity of demonstrating that more than one crite-
rion has been satisfied, and preferably a number of criteria. For example,
although carbon isotopic fractionations may be indicative of microbial
activity, the wide, overlapping ranges of abiotic carbon isotopic signa-
tures in meteoritic material, for instance, mean that further biogenicity
criteria are required (Summons et al., 2011). However, a number of the
above described criteria for biogenicity may, in fact, individually have
an abiotic origin. Indeed, it is now recognised that the frontier between
geomicrobiology and mineralogy is not clear-cut (Templeton and Ben-
zerara, 2015; McMahon, 2019; McMahon et al., 2021). Thus, even with
supposed evidence of all biogenicity criteria, interpretations may still be
erroneous.

Importantly, interpretations of data related to biogenicity, especially
of the microbial world, are inherently dependent on our own under-
standing of the natural world, which has vastly improved over the last
couple of decades. While comparisons with modern microbes and the
modern microbial world are often very enlightening, they may also lead
to misunderstandings because the anoxic early Earth was not like
oxygenated modern Earth. Biogenicity, especially related to early traces
of life on Earth or on extra-terrestrial objects, should be considered in
terms of likelihood, rather than certainty.

Equally important, with respect to ancient traces of life, is deter-
mining the syngenicity of a purported biosignature. Was the feature
formed at the same time as its host rock or was it introduced at a later
stage? This is demonstrated, for example, by the presence of the fossil-
ised remains of endolithic cyanobacteria occurring in a banded iron
formation (BIF) from the 3.75-3.8 Ga Isua Greenstone Belt in Greenland
(Westall and Folk, 2003). In this case, in the summer period when ice
and snow melted, thermal disequilibria between the magnetite-rich
layers and the translucent quartz rich layers of the BIF created frac-
tures in which endolithic microorganisms could take refuge. Since the
originally ice-covered area only became exposed about 8000 years ago,
the cyanobacterial endoliths are much younger than the host rock.
Another example is provided by what was originally described as the
oldest known biomarker molecules (i.e., degraded molecules that have
distinctive structures and compositions that can be traced back to spe-
cific molecules of biological origin, especially for example those asso-
ciated with the lipid membranes of certain prokaryotes, Summons and
Lincoln, 2012) that supposedly documented the early rise of oxygenic
phototrophs and eukaryotes in 2.7 Ga rocks from the Pilbara (Brocks
et al.,, 1999). Subsequent studies demonstrated that the biomarker
molecules represented later contamination (French et al., 2015).

3. Hadean (4.56-4.0 Ga)
3.1. Geological environment
The Hadean Earth is characterised by a lack of preserved rocks but

inherited geochemical signals in Hadean-age zircon crystals and in
younger rocks (c.f. Kamber, 2015). Nevertheless, it was during this eon
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that life probably first emerged (Sleep, 2010; Westall et al., 2023a).
After the consolidation of the Earth at 4.56 Ga (Halla et al., 2024) and its
re-consolidation after the Moon-forming impact, estimated to have
occurred between 4.36 Ga (Borg and Carlson, 2023) and 4.44-4.50
(Jacobson et al., 2014), there was still a significant flux of extra-
terrestrial materials (late veneer) to the Earth (Marchi et al., 2021).
The ca. 30 % less luminous Sun (Fig. 2) (Sagan and Mullen, 1972;
Bahcall et al., 2001) emitted more high energy radiation (Tehrany et al.,
2002), with high UV fluxes to the surface of the Earth (especially the
more detrimental UVB and UVC, reaching DNA-weighted values of 10
W/m? (and up to 1000 W/m? in a worst case scenario), compared to 1
W/m? today (Cockell, 2000; Ranjan and Sasselov, 2017)) because of
extremely low levels of oxygen and ozone in the early atmosphere. The
initial, post Moon-forming impact atmosphere comprised hydrogen,
helium, water vapour, methane, and ammonia but a secondary atmo-
sphere rich in carbon dioxide, molecular nitrogen, water vapour was
rapidly outgassed (Sleep et al., 2014). Atmospheric water could start
condensing at an approximate 100 bars of CO, atmosphere, but only
when it decreased to about 25 bars and surface temperatures reached ca.
122 °C could significant, life-producing, prebiotic chemistry initiate
(Sleep et al., 2014; Zahnle et al., 2015).

The importance of COs in the early atmosphere likely led to a slightly
acidic global ocean (Sleep, 2010), although local variations would have
occurred at the rock/water interface owing to aqueous alteration of
ultramafic rocks, as well as being related to exhalation of alkaline to
acidic hydrothermal effluent. The generally anoxic environment meant
that there was little dissolved sulphate or nitrate, two limiting nutrients
that became more available as the seawaters became oxidised during the
Proterozoic. It is possible that oxygen was produced in very small
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quantities at a local scale by abiotic processes, including radiolysis of
seawater by EUV, photo dissociation of water vapour in the atmosphere
(Kasting et al. 1979), or by dissociation of pressurised water vapour
exiting shallow hydrothermal vents (Westall et al., 2023b).

On the other hand, the early seawater was enriched in transition
metals, such as soluble Fe?*, Ni?*, Co®" and Mn?* that were important
for various microbial metabolisms (Rickaby et al., 2015; Hickman-Lewis
et al., 2020a). Early salinities have been estimated as either being
similar to those of the present-day Earth (Marty et al., 2018) or higher
(Knauth 2005; Catling and Zahnle 2020). The early Earth was volcani-
cally and hydrothermally active, with hydrothermal fluids having a
significant influence on the early seawater composition (Hofmann and
Harris, 2008; Westall et al., 2018, 2023a). The latter authors inferred
relatively high water-temperatures immediately adjacent to the volcanic
crust and the thin layers of volcanic sediments owing to higher heat flow
from the early mantle (Arndt and Nisbet, 2012; Ruiz 2017; Korenaga
2018). Other proxies of early water temperatures (oxygen, silicon, and
hydrogen isotopic signatures) provide estimates that range from a lower
value of 26 °C (Hren et al., 2006; Blake et al. 2010) up to between 50 and
70 °C (Robert and Chaussidon 2006; Van den Boorn et al. 2010; Marin-
Carbonne et al. 2012; Tartese et al. 2017). While it is likely that rock/
water temperatures in the ocean (deep or shallow) were above freezing
and possibly relatively high, it has been questioned whether the surface
of the Earth could have been frozen because of the lower solar lumi-
nosity (Cartier, 2022). High CO, partial pressures and the presence of
greenhouse gases may have precluded global glaciation. High oxygen
isotope values, quartz and aluminosilicate inclusions, as well as other
geochemical proxies, indicate that some of Hadean zircons formed in
crust that had been altered by water (Harrison, 2009).

0.6} - :
3 . Stellar spindown A
= Pleiades :
oM
s | L mss
Qo : :
g : :
’%02. = : NG 16590
5 g : NGC6819 /
< : : Sun ¢
00 1 i 1 1 ; Ll 1 1 Ll 1
30 : s
N . \orzomuay | Solar radiation B
S :
i 20 : 2-10 nM (soft X-ray and far ultraviolet)
S :
s \ 10-36 nM (uItraonet) nM = nanometers (10° m)
8
e 104 \ 92-120 nM M (near uliraviole!
] modern radiation flux = 1
04+ : : : : : : : :
1.0 \ 3
s "‘\/Mizi 1.04M,
‘@ \ K
2 e M, = 1.02M,
5 -, :
8 & :
o} T ¢
(7] . ! M, = initial solar mass
i : M, = modern solar mass
1 : i H 1 1 1 1 1 1

Fig. 2. Changes in solar parameters through geological time. (A) Stellar spindown, (B) Solar radiation, and (C) solar luminosity. (D) Significant events in Earth’s
history that reflect climate and atmospheric composition (see Spencer, 2019 for details).



F. Westdll and S. Xiao

A critical question with potentially significant bearing on some
emergence of life scenarios during the Hadean is whether there was
emergent land. This question is related to the style of tectonic regime,
vertical (plume tectonics) and/or horizontal tectonics, with some sug-
gesting an early initiation of horizontal tectonics during the Hadean (see
recent reviews by Korenaga, 2021 and references therein), while others
consider its emergence during the Palaeo-Mesoarchaean (see reviews by
Hawkesworth et al., 2020; Roberts et al., 2024 and references in both).
In the model proposed by Hawkesworth et al (2020), the Hadean would
have been characterised by stagnant lid and mantle drip tectonics. A
recent review concludes that Hadean/Palaeoarchaean plate tectonics
was shallower than today owing to the thicker, hotter, more buoyant
crust, and that plates were smaller (Roberts et al., 2024).

Continental crust is formed by differentiation of initially basaltic
crust to produce a stratified ensemble comprising underlying cumulates,
mid crustal intrusions, and an upper crust of volcanic rocks and in-
trusions (Roberts et al., 2024). It is during the collision of oceanic arcs
and continental (primitive or not) blocks that fractionated, more felsic
magma is produced. The early granites were of the type tonalite-
trondjehmite granitoids (TTGs) that were formed predominantly
through intracrustal melting. This crustal fractionation in the Hadean is
documented by a few inherited zircons that have been reworked into
younger crust (Wilde et al., 2001; Harrison, 2009).

The importance of all of this is the resulting topography of the sur-
face of the Earth and the availability of emergent land as opposed to
ocean, and therefore the environments in which life may potentially
have arisen. The earlier, hotter crust would not have been able to sup-
port modern continents and high mountains as do modern continents,
and it has been suggested that exposed landmasses on the early Earth
rather resembled volcanic islands and their surficial sediments on top of
mainly submerged protocontinents above mantle plumes (Korenaga,
2021; Westall et al., 2023a,b; Roberts et al., 2024).

3.2. Emergence of life

There is significant evidence for the widespread existence of diver-
sified life (chemotrophs and phototrophs) by 3.5 Ga and, as we will see
below, probably even earlier. For this reason, we infer life to have
emerged during the Hadean. Previously it had been proposed that the
emergence of life or its early existence would have been limited by a
cataclysmic cycle of impacts around 3.9 Ga (the late heavy bombard-
ment, Maher and Stevenson, 1988). However, more recent models
(Mojzsis et al., 2019; Marchi et al., 2021) suggest a gradual decline in the
flux of extra-terrestrial material reaching the Earth (late veneer), esti-
mating that the last planet-sterilising impact occurred at about 4.3 Ga,
effectively placing the likely emergence of life after this date.

Westall et al. (2018, 2023a,b) and Rodriguez et al. (2024) reviewed,
from different perspectives, the context of the emergence of life, starting
with the formation of the Earth, through to the development of impor-
tant environmental parameters and the availability of ingredients (cf.
also Hazen, 2005; Grosch and Hazen, 2015). These publications also
considered the different kinds of environments that have been suggested
as locations for the emergence of life. Briefly, early considerations
concentrated on deep sea hydrothermal environments (Baross and
Hoffman, 1985; Russell and Hall, 1997; Martin et al., 2008). Later, other
kinds of environments were considered, including pumice rafts (Brasier
et al., 2012), nuclear-enriched coastal sands (Adam, 2007), and deep-
seated faults (Schreiber et al., 2012). More recently, subaerial hydro-
thermal springs were proposed by Damer and Deamer (2020) and van
Kranendonk et al. (2021), while Sasselov et al. (2020), for example, also
envisaged life emerging in a constrained series of steps in a subaerial
setting. The existence of exposed landmasses is therefore important for
the latter theories. In some scenarios, it is considered to be essential that,
at some point during abiogenesis, the products are frozen, i.e., that the
Hadean Earth was frozen in order to enable all of the steps from
nucleotide synthesis to RNA copying (Zhang et al., 2021). We note,

Precambrian Research 414 (2024) 107589

however, that, in certain abiogenesis hypotheses, high UV radiation is
essential at least during the initial stages of prebiotic chemistry (e.g.,
Pascal et al., 2013; Damer and Deamer, 2020), while in others it is not (e.
g., Martin et al., 2008).

An alternative theory of “panspermia”, the insemination of the Earth
by viable cells originating from another body in the Solar System, was
first proposed by Arrhenius (1908) and revisited by Crock and Orgel
(1973), who counselled that “infective theories for the origins of life” do
not explain the biochemistry or biology of terrestrial life, a point of view
echoed by Di Giulio (2010).

3.3. Hadean traces of life?

Despite the fact that life must have emerged during the Hadean, the
overall lack of rock preservation makes the detection of potential traces
of life difficult. Nevertheless, Bell et al. (2015) determined a —24 %o
carbon isotope signature for graphite inclusions in a 4.1 Ga zircon
crystal and concluded that it may be an indication of biological frac-
tionation. Also, there has been a suggestion of biological remains in a
jasperlite from the Nuvvuagittuq terrane of disputed age (dates ranging
from 4.3 Ga or 3.7 Ga to 2.5 Ga, Dodd et al., 2017; Papineau et al., 2022;
Lan et al., 2022). These remains comprise filamentous and tubular ob-
jects outlined by hematite that are described as strongly resembling
similar structures formed by Fe-oxidising microorganisms in hydro-
thermal vents (Fig. 3A). These structures occur in carbonate and apatitic
diagenetic deposits with which carbonaceous matter is associated. Dodd
et al. (2015) and Papineau et al. (2022) suggest that the carbonaceous
matter may be the remains of chemoorganotrophs that oxidised the
original chemolithotrophic biomass. For the context, these chemical
sediments are interpreted to have formed part of an ancient, basaltic
seafloor crust, the rocks of which were subsequently subjected to upper
amphibolite-grade metamorphism. Alternative, abiotic explanations
have been proposed for these hematite rods (e.g., McMahon, 2019; Lan

Fig. 3. Purported morphological biosignatures from the (Hadean?)-Eoarchaean
or even younger rocks (cf. Lan et al., 2022). (A) Hematite tubes from the 4.3 or
3.7 Ga Nuvvuagittuq BIF (Dodd et al., 2017). (B) Purported stromatolites from
the 3.7 Ga Isua Greenstone Belt (Nutman et al., 2019).
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et al., 2022). Also, the parallel orientation of the filaments is at odds
with the normally haphazard orientation of natural Fe-oxidising mi-
crobes (e.g., Hribovsek et al., 2023) and their large size, between 2 and
14 pm in diameter and up to 500 pm in length, contrasts with other
Palaeoarchaean filaments that are < 1 ym in diameter (e.g., Westall
et al., 2006; Cavalazzi et al., 2021).

4. Eo-Palaeoarchaean (4.0-3.2 Ga)
4.1. Geological environment

Cratons of Eo-Palaeoarchaean age occur on most continents. The
preservation of these cratons has been attributed to significant changes
in the geodynamics of crustal formation between the Hadean and the
Eoarchean, from stagnant lid to horizontal tectonics (Mulder et al.,
2021) or a mixture of these regimes (Stern, 2018).

Solar luminosity would still have been much lower than today but
would have slowly increased with time (Fig. 2C; Bahcall et al., 2001),
while solar UV radiation would have been slowly decreasing but still
very high compared to present values (Fig. 2B). Although diminishing in
intensity (Marchi et al., 2021), impact delivery of extra-terrestrial ma-
terial would have continued, as evidenced by layers of impact spherules
occurring in Palaeoarchaean horizons of the Pilbara and Barberton
Greenstone Belts (Lowe and Byerly, 2018), as well as the presence of
extra-terrestrial carbonaceous matter in 3.33 Ga Barberton sediments
(Gourier et al., 2019). Evidently, large impacts would have significantly
affected environmental conditions in the surrounding area for any forms
of life.

In a recent review of the Archaean atmosphere, Catling and Zahnle
(2020, and references therein) note a variety of proxies that have been
used to constrain Archean atmospheric composition, including chemical
traces in seafloor or palaeosol minerals, atmospheric isotopic signatures
in sediments, and fluid inclusions of seawater with dissolved air and
microbial gases. Estimated ranges are large, depending upon individual
proxies. Figure 1 gives a broad overview of variations in the composition
of the atmosphere through geological time. Pertinent for the Eo-
Palaeoarchaean eras are nitrogen levels (~0.3 bars) that were slightly
lower than at present, relatively high CO; levels of about 0.1 bar,
gradually decreasing methane levels (~ 107 bars), and perhaps trace
levels of oxygen < 107 bars) (Stiieken and Buick, 2018; Catling and
Zahnle, 2020). Considering the problem of the faint young sun, the main
greenhouse gas during the Archaean would have been CO;, with the
addition of CH4 of both volcanic and microbial origins (cf. Wolf and
Fournier, 2018). Such high levels of methane have given rise to the
hypothesis of an organic haze (e.g., Pavlov et al., 2001). Other trace
gases the Eo-Palaeoarchaean atmosphere would have included water
vapour and CO. The paucity of molecular oxygen in the Eo-
Palaeoarchaean atmosphere would have been conducive to high UV
radiation levels at the Earth’s surface (Cockell and Raven, 2004).

The partial pressure of CO in the atmosphere would have a greater
or lesser effect on seawater pH, depending upon temperature with
higher pCO, resulting in low pH and vice versa (Catling and Zahnle,
2020). Moderate temperatures of around 40 °C are suggested by Kris-
sansen-Totton et al. (2018), which would result in a pH of between
6.4-7.4. On the other hand, rock/water temperatures, as measured by
oxygen and silicon isotopes in chert layers associated with sediments,
provide a range of temperature values, with higher temperatures up to
50-76 °C being suggested (van den Boorn et al., 2010; Tartese et al.,
2017; Lowe et al., 2020). While the possibility of glaciation at about
3.45 Ga was suggested by de Wit and Furnes (2016), sedimentological
evidence strongly points in the other direction (Lowe and Byerly, 2020).

Geochemical proxies have been used to suggest the existence of
“whiffs of oxygen”, localised or short-term appearances of Oz in the
environment prior to the Great Oxidation Event at 2.4 Ga, for example,
Mo, Re, U, and S isotope measurements for the Neoarchaean (Anbar
et al., 2007). However, already by 3.7 Ga Rosing and Frei (2004)
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hypothesise on the presence of planktonic oxygenic photosynthesisers
and locally oxic seawaters from carbon isotope signatures of —25 %o and
the existence of U enrichment in the Isua deep sea shales using the
rationale that uranium (IV) oxide is more soluble in oxidised waters. In
fact, uranium (IV) oxide becomes more enriched in Proterozoic sedi-
ments as the ocean bottom waters gradually became oxidised.

We note that there are several abiotic ways of forming small amounts
of oxygen on a local scale before the GOE. We have already mentioned
the high flux of UV radiation to the surface of the Earth. Formation of
reactive oxygen species would have occurred in the atmosphere and in
aqueous microdroplets at the air-water interface (e.g., Rosing et al.,
1996; Frei et al., 1999). UV radiolysis of H,0 would have been partic-
ularly relevant in shallow water, littoral environments and on land (see
Cockell and Raven, 2004; Westall et al., 2006; Nutman et al., 2017),
although Avila-Alonso et al. (2017) hypothesise on the possibility of UV
attenuation in shallow Palaeoarchaean seawater as a result of dissolved
Fe ions. Another means of producing reactive oxygen in shallow envi-
ronments would have been through dissociation of high-pressure water
vapour escaping from shallow water hydrothermal vents (Westall et al.,
2023b). There were, thus, many ways of producing micro-scale amounts
of oxygen in the early Archaean that need to be appreciated in a dis-
cussion of potential microbial biomes.

While most of the preserved sedimentary environments from the Eo-
Palaeoarchaean geological interval represent shallow water environ-
ments, some enclaves of deep-water sediments were preserved from this
era. For example, the BIFs of Isua are described as representing deep
water chemical deposits (Nutman et al., 2017), as are various fine
grained, metamorphosed mudstones of the Pilbara and Barberton
Greenstone Belts. For the record, we need to emphasise here that “deep
water” simply means deposition below wave base. Wave base today is at
a depth of about 20 m (Dietz and Fairbridge, 1968), but is obviously
variable depending upon local geomorphology and can reach greater
depths during storms. For example, the storm wave base for the Gulf
coast of Florida and the Atlantic side is 50 and 100 m, respectively
(Peters and Loss, 2012). Although episodic phenomena, storms can
create more important and lasting effects on sedimentation in a basin
(Morton, 1988). This is in contrast to Flemming (2024) who concludes
that bedforms and associated sedimentary structures produced by the
storm waves are most likely to be altered or obliterated by subsequent
fair-weather swells. Given the evidence for storm deposits (shore face
deposits) in the Palaeoarchaean, these considerations are of importance.
Moreover, the closer position of the Moon during the Eo-Palaeoarchaean
likely meant that wave base could have been deeper in specific locations.
The preserved crustal fragments from this early period represent mostly
flooded proto-continents (Arndt et al, 2012) on top of which were semi-
circular, growth-fault-bounded basins several hundreds of kilometres in
diameter and between 50-60 m in depth according to the sedimento-
structural analysis of Nijman et al. (2017) for the Pilbara. Tidal action
in these environments may have been amplified by the closer moon and
tidal resonance amplification (op. cit.). Sub wave-base, turbiditic sedi-
ments are described for the Isua sediments (Rosing, 1999) and also for
some of the Barberton lithologies (Byerly et al., 2019).

In contrast, Retallack and Schmitz (2023 and references therein)
have identified a number of palaeosols beneath and within their newly
dated 3.3 Ga Strelley Pool Chert Formation that formed under a
temperate climate, an anoxic atmosphere with CO; levels 4-10 times
present atmospheric levels, and in low relief coastal environments that
included estuaries, rivers and floodplains. Palaeosol identifications were
based on field observations, petrology, molar weathering ratios, the
chemical index of weathering, and major element concentration ratios.
Note that these identifications of Palaeoarchaean palaeosols in the Pil-
bara are contested (e.g., van Kranendonk and Pirajno, 2004; Brown
et al., 2006). However, while coastal sediments are well represented in
the Palaeoarchaean terrains (Lowe, 1999; de Vries et al., 2010), rare
subaerial sediments attest to the presence of exposed landmasses.
However, there is geochemical evidence for terrestrial fluvial input into
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the early coastal waters in both Barberton and the Pilbara that is
documented through elevated LREE signatures compared to HREE, as
well as Pr/Nd versus Y/Ho ratios (Hickman-Lewis et al., 2020b; Clodoré
et al., 2024).

The rocky and sedimentary substrates hosting microbial biomes were
mostly volcanoclastic and hydrothermal, occurring at various water
depths through to clastic tidal flats (Noffke et al., 2013; Howard et al.,
2024). Evidence for hydrothermal activity comes from veining and
fracturing, especially at the tops of lava flows and through the overlying
sedimentary deposits (e.g., Hofmann and Harris, 2008), as well as
elemental leaching of the upper crust and silica saturation of hydro-
thermal effluent and the seawater adjacent to the rocky or sedimentary
interface that resulted in pervasive silicification (Hofmann and Harris,
2008). Chemically deposited layers of silica may have been related
directly to hydrothermal effluent or simply due to pervasive over-
saturation of the seawater with respect to silica (Trower et al., 2014;
Ledevin, 2018). With respect to silica concentrations in seawater, we
also note that in situ devitrification of the volcanic sediments will raise
concentrations of silica in the pore waters.

The environmental conditions that we have briefly outlined above
are necessarily generalised. Of importance for microbial biomes are the
microbial-scale environmental parameters that would affect environ-
ments ranging from possibly as much as several kilometres, down to the
sub-millimetric scale. At these small scales, there would be a wide range
of potential habitats, each exhibiting different conditions and probably
each hosting different life forms, as will be described below.

All the identified Eo-Palaeoarchaean sediments and biosignatures
were preserved by rapid silicification owing to the supersaturation of
silica in the sea water, particularly at the rock/water interface (Westall
and Hickman-Lewis, 2018). Where they occur in shallow water facies,
silicification was likely augmented by evaporative processes.

4.2. Eoarchaean evidence of life

We have already commented on the possible traces of life in the 4.3
Ga or 3.7 Ga Nuvvuagittuq jaspilite (Dodd et al., 2017; Papineau et al.,
2022) (Fig. 3A). Apart from these rocks, the 3.8-3.65 Ga Isua Greenstone
Belt contains purported traces of life in the form of carbon isotope sig-
natures (Schidlowski, 2001), or C-depleted graphite interpreted as a
chemofossils of planktonic life forms (Rosing, 1999), organic molecules
of possible biogenic origin trapped in inclusions on metastable garnets
(Hassenkam et al., 2017), and putative stromatolites (Fig. 3B, Nutman
et al., 2016, 2019). Stromatolites are laminated biosedimentary struc-
tures exhibiting vertical relief, whose formation is linked with microbial
activity in phototrophic biofilms that mediates the precipitation of cal-
cium carbonate in microbial extracellular polymeric substances (EPS),
as well as the trapping of clastic material by the sticky EPS (cf. Reid
et al., 2000; Allwood et al., 2006, 2007). However, a number of abiotic
processes have been suggested to explain these purported biogenic sig-
natures (cf. van Zuilen et al., 2002). The purported stromatolites occur
in fine- to medium-grained dolomite in a low deformation area. The
rocks are interpreted to have been deposited in a shallow marine setting,
based on geochemical data and preservation of sedimentary structures.
However, the interpretations of the Isua stromatolites (Nutman et al.,
2016) have elicited much debate and they have been reinterpreted as
tectonic folds by Allwood et al. (2018) and Zawaski et al. (2020). The
amphibolite grade metamorphism to which the Isua rocks have been
subjected clearly complicate the preservation and interpretation of po-
tential biogenic remains.

We noted above the problem of syngenicity and the possibility of
younger contamination of older rock samples, using an example of BIF
from the Isua Greenstone Belt (Westall and Folk, 2003). This phenom-
enon extends also to the schists analysed in some of the above studies
(Westall, personal observations), thus introducing contaminants to an-
alyses made on bulk samples. This observation does not negate the re-
sults of the previous analyses made; certainly, there is strong evidence of
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life at Isua times and, therefore, depleted carbon isotopes are to be ex-
pected. The actual values may be slightly skewed as a result of more
recent contamination. The recent contamination also accounts for the
finding of yeast cells by Pflug and Jaeschke-Boyer (1979).

Hassenkam et al. (2017) investigated carbonaceous inclusions in a
metastable garnet crystal in metapelites from Isua using in situ FTIR,
demonstrating carbon bonded to nitrogen and oxygen, and probably
also to phosphate. The compositional characteristics of the molecules
are consistent with the degree of metamorphism of the host rock and,
therefore, Hassenkam et al. concluded that the carbonaceous remains
were those of 3.7 Ga biogenic organisms.

4.3. Palaeoarchaean evidence of life

The relatively low metamorphic grade (lower greenschist to
greenschist, generally < 350 °C) of the Pilbara and Barberton cratons
means that both rocks and potential fossilised traces of life are well-
preserved. Other similarly aged cratons exist, e.g., the Dharwar and
Singhbhum-Orissa cratons in India, but they are more metamorphosed.
The Palaeoarchaean Pilbara and Barberton formations already docu-
ment a rich variety of phototrophic and chemotrophic remains,
emphasising the relatively high degree of evolution attained by life at
this early stage. There have been a number of reviews of early life in
recent years (Javaux, 2019; Lepot, 2020; Homann, 2019; van Kra-
nendonk et al., 2018; Sugitani, 2018; Hickman-Lewis et al., 2018;
Hickman-Lewis and Westall, 2021). Therefore, we will not attempt to
address all the occurrences and descriptions, the interested reader is
encouraged to look at the above-mentioned reviews and the articles
referenced therein. Our aim here is to highlight a few examples that
illustrate the early traces of life in terms of metabolism, habitat and
biome.

4.3.1. Phototrophic microbial biofilms and mats

An interesting aspect of the Palaeoarchaean terrains is that there are
frequent occurrences of littoral environments exposed to sunlight. Some
of the oldest described biosignatures come from environments similar to
what are today described as sabkha, i.e., supratidal mud or sandflats
formed in semi-arid to arid climates that are characterised by an accu-
mulation of evaporite-saline minerals, as well as tidal-flood, and aeolian
deposits. Microorganisms in these environments need to be able to cope
with osmotic stress owing to the high salt concentrations (typically salt
crusts form on top of the microbial mats), while they are also exposed to
strong UV flux. It appears that the salt crusts can attenuate the pene-
tration of UV radiation into a mat (Kminek et al., 2003; Cockell and
Raven, 2004) (e.g., Fig. 4E, F). In fact, study of modern microbial mats
dominated by photosynthetic microorganisms demonstrates the
complexity of processes active at various levels within a mat. The top
layer of such mats comprises EPS and pigments that protect the under-
lying cells (Visscher and Stolz, 2005; Braissant et al., 2009). This pro-
tective layer then sustains a suite of microorganisms using diverse
metabolic strategies to degrade their organic remains (Oren, 2002).
These metabolisms, today, include hydrolysis of organics, aerobic
respiration, and sulphate reduction, the latter leading to sulphurisation
during early diagenesis (Summons, 1993) and an active sulphur cycle
(Jgrgensen et al., 1979). The complexity of microbial communities and
their metabolic interactions in mats is also discussed in Reid et al.
(2000), Baumgartner et al. (2009) and Stal and Caumette (2013).

There is strong evidence for the presence of phototrophic microbial
mats that produced sedimentological structures, such as microbially-
induced sedimentary structures (MISS) and stromatolites from the
very beginning of the Palaeoarchaean. Considering the importance of
phototrophic mats as biosignatures during the Precambrian, we have
illustrated their formation and fossil examples in Figs. 4 and 5. Noffke
et al. (2013) describe MISS on bedding surfaces of volcanic sandstones in
the 3.48 Ga Dresser Formation of the Pilbara (Fig. 5 panel 1) and used
uCT and sulphur isotope investigations to document a taxonomically
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Fig. 4. Microbially induced sedimentary structures (MISS). (A) Schematic distinction between the preservation of MISS and stromatolites (Noffke and Awramik,
2013). (B-F) 3.33 Ga fossilised, epibenthic microbial biofilm, Barberton Greenstone Belt showing (B) an overview of the streamlined biofilm, (C) the tiny microbial
filaments (arrow) and their EPS that formed the biofilms, (D) entrapped detrital particle, (E) evaporitic crystals (pseudomorphed gypsum) embedded in the exposed
s‘urface of the biofilm, (F) FIB section along white line in (E) showing incorporation of crystals into the surface of the biofilm (Westall et al., 2006).
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Fig. 5. Fossilised Archaean MISS. Panel 1. Variety of MISS textures found in the 3.48 Ga Dresser Formation tidal flat sediments (Pilbara) and their modern
counterparts including (A) mud cracks, (B) tufted textures, (C) parallel mat laminations (Noffke et al., 2013). Panel 2. MISS textures from the 3.47 Ga Middle Marker
Formation, Barberton. (A) Tufted mat texture with detail of tuft in optical microscopy, (B) and Raman spectral map (C) showing the carbonaceous nature of the tuft,
(D) optical and (E) Raman spectral map of the fine, carbonaceous laminations of the microbial mats (Raman spectral maps: green = carbon; yellow/orange = quartz;
blue = anatase), (F) Raman spectrum showing the mature nature of the carbonaceou matter with the D and G peaks centred around 1350 and 1580 em ™! (Hickman-
Lewis et al., 2018).
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diverse community associated with the MISS (Howard et al., 2024). The
environmental context is interpreted as being similar to a modern sab-
kha, where phototrophic, filamentous microorganisms associated with
microbial polymer interact with sediments, forming an intricate, inter-
weaving network that stabilises sediment surfaces (Noffke, 2009).
Living in an exposed environment at the edge of the Dresser sea, MISS
exhibit the effects of desiccation, such as polygonal oscillation cracks
and gas domes, erosional remnants and pockets, and mat chips. In thin
sections from the Dresser MISS, microscopic laminae comprising the
MISS fabrics are carbonaceous and clearly demonstrate trapping and
binding of sedimentary grains. The similarity between the textures and
habitat of the Dresser Formation mat-like features, and those in modern
and ancient sabkha environments suggests formation by photo-
synthesising microorganisms. The main difference between these MISS
and stromatolites is that the former show early diagenetic mineralisation
whereas the latter arise from syngenetic mineralisation (cf. Fig. 4A;
Noffke and Awramik, 2013). The Dresser Formation, therefore, records a
complex ecosystem of microbial mats formed by photosynthesising mi-
croorganisms. After discussing the possibility that the photosynthetic
primary producers could have been oxygenic cyanobacteria, Noffke
et al. (2013) conclude that they were more likely to have been anoxy-
genic phototrophs. We note that preserved cyanobacterial fossils are not
recorded until the Mesoproterozoic (Demoulin et al., 2019; see also Arp
et al. 2001 on the mineralisation of cyanobacteria).

More understanding of the Palaeoarchaean phototrophic commu-
nities comes from another example that has been extremely well-
preserved owing to extremely rapid preservation by silica concerning
a biofilm from the 3.33 Ga Josefsdal Chert, Barberton (Westall et al.,
2006, 2011a). The exquisite preservation of a 10 um thick biofilm
permitted its investigation on a nanometer scale in the kind of detail
normally used for modern microbial mats (Fig. 4B-G). Formed on top of
volcanoclastic sands in a shallow water, littoral environment, the
carbonaceous biofilm exhibits evidence of formation under flowing
water (parallel orientation of the top layer of filaments, overturning of
portions of the biofilm in the direction of flow). It was also subjected to
subaerial exposure, as evidenced by desiccation cracks and the precip-
itation of a suite of pseudomorphed evaporite minerals, including
aragonite, calcite, gypsum and halite, intercalated between different
layers of the biofilm. The upper layer of the ~ 10 um thick film com-
prises of fine filaments < 0.5 ym in diameter and up to tens of microns in
length, all coated with a thick layer of polymer. Below the top layer of
filaments, the biofilm comprises degraded organic matter intermixed
with nanocrystallites of aragonite (incipient in situ calcification) and
impregnated with silica, in an alveolar, partially granular texture.
Trapped particles of quartz and volcanic particles occur in the biofilm.
The biofilm and the surrounding sediment were rapidly coated and
impregnated by silica, as indicated by the turgidity of the filaments. One
of the interesting features of this biofilm is the documentation of
metabolic stratification, as would be found in modern photosynthesising
mats. Two features point to heterotrophic degradation of the organic
matter and exudates (e.g., EPS) produced by the primary producers: (1)
the presence of nanocrystals of aragonite, and (2) the presence of the
sulphur molecule thiophene and an elevated concentration of sulphur
(up to 1 %). These would have been the by-products of sulphate-
reducing microorganisms. Given the high flux of UV radiation at that
time, the biofilm probably survived because of a thick coating of poly-
mer and dead cells, and partly because of the salt crusts. Interestingly,
there is no evidence of oxidised conditions associated with the film.
Hickman-Lewis et al. (2020b) analysed a number of phototrophic bio-
films, some of them tufted, from the Barberton Greenstone Belt,
including its oldest preserved sediments of the Middle Marker (Fig. 5,
panel 2; Hickman-Lewis et al., 2018) to determine their local environ-
mental conditions, i.e., on a microbial scale, as opposed to the general,
bulk environmental conditions. They found no evidence of oxygenic
conditions associated with the phototrophic biofilms. They did, how-
ever, document increased riverine input when the biofilms and mats
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flourished, suggesting that terrestrial nutrients may have stimulated
microbial growth.

As a result of their relatively large size, phototrophic microbial
biofilms and mats lend themselves readily to ecological studies. Thus,
Tice and Lowe (2004) and Tice (2009) documented a series of three
different mat morphologies in the 3.42 Ga Buck Reef Chert, Barberton,
formed in very shallow water conditions, whose distribution suggests
control by either light intensity or small variations in the ambient cur-
rent energy.

While most of the phototrophic microbial facies occur in volcano-
clastic sediments, there is one significant exception. The 3.4 Ga Strelley
Pool Chert in the Pilbara formed on a carbonate platform that developed
away from terrestrial sedimentary input. Consequently, it hosts the
oldest preserved stromatolites (Hofmann et al., 1999; Allwood et al.,
2006) that reveal much information on their ecology (Fig. 7A). Different
stromatolite facies associations occur in different microenvironments of
the carbonate platform, although some stromatolite types occurred
across different palaeoenvironments. The controlling factors were the
interplay between biological and environmental processes, such as
variations in water depth, sediment influx and hydrothermal activity.
Sediment influx to the platform was low, as was the influence of hy-
drothermal activity, but evaporitic precipitation also contributed to the
formation of the stromatolites. Thus, on a small scale, covariation of
microbial mats with stromatolite development followed environmental
changes, suggesting adaptation of the benthic microbial populations to
these changes.

The Strelley Pool Chert is one of the rare known occurrences of
Palaeoarchaean stromatolites. Since it formed on a sediment-starved
carbonate platform, while the other Palaeoarchaean phototrophic
mats and biofilms developed on volcaniclastic sands, one may
hypothesise that absence of clastic sediment input was a controlling
factor in stromatolite formation as opposed to MISS-forming microbial
mats. However, tabular phototrophic mats in the 3.33 Josefsdal Chert in
Barberton developed in a semi-restricted basin between episodes of
volcanic activity-related clastic sedimentation over a relatively long
period of time but there is no indication of stromatolite formation
(Westall et al.,, 2015). This argues against the constraint of clastic
sedimentation.

Stromatolitic structures were also identified in Palaeoarchaean de-
posits in Barberton, including the 3.4 Ga Kromberg Formation (de Wit
et al., 1982 [later interpreted as liesegang structures by Nijman, Westall
and de Wit in the field]), the 3.3 Ga Fig Tree Formation (Byerly et al.,
1986) and the 3.3 Ga Witkop Formation, Nondweni Greenstone Belt
(Wilson and Versfeld, 1994). Byerly et al. (1986) note that the stro-
matolites, identified in three locations in the Barberton Greenstone Belt,
formed in shallow water on basement highs with sparse sediment influx
and in relatively tranquil water conditions. Subaerial exposure and
desiccation occurred under evaporitic conditions. These stromatolites
were widespread, exhibited morphological variability, and were asso-
ciated with a variety of sedimentary lithologies. Moreover, the common
occurrence of tourmaline within the stromatolitic laminae suggests
evaporation of seawater containing silica, magnesia, iron- and boron of
hydrothermal exhalative origin. The Nondweni stromatolites were
formed in a shallow-water environment on top of volcanics and strongly
influenced by hydrothermal activity (Hofmann and Wilson, 2007). In
contrast to the carbonate platform of the Strelley Pool Chert, the South
African stromatolites are clearly associated with shallow water volcanic
environments strongly affected by hydrothermal activity.

4.3.2. Banded iron formations

Banded iron formations (BIFs) have sometimes been used as proxies
for microbial phototrophy, for example, through anoxygenic photo-
synthesis using iron as an electron donor (Kappler et al., 2005; Kon-
hauser et al., 2007; Posth et al., 2014. Dreher et al., 2021). We note,
however, that other microbial metabolisms have been suggested as
contributing to BIF production, including chemolithotrophic iron
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oxidisers in low oxygen conditions (Field et al., 2016; Chan et al., 2016).
While abiotic mechanisms for contributing to the deposition of iron
minerals in the BIFs are recognised (e.g., Rasmussen et al., 2017, 2019),
Dreher et al. (2021) conclude that the greatest contribution is from
microbes. Thus, based on Fe isotopic measurements, BIFs 3.8-3.6 Ga
occurring in the Isua greenstone belt (Polat and Frei, 2005) are attrib-
uted to anoxygenic photosynthetic processes (Czaja et al., 2013). While
major BIF deposits of Palaeoarchaean age have not been preserved,
there are numerous occurrences of jaspilite deposits and their surficial
oxidised expressions (pink and white banded chert). These, too, may
have resulted from a combination of abiotic and biogenic processes,
such as Fe?* oxidising and Fe>" reducing metabolisms. For Dreher at al.
(2021), the combination of Fe?* oxidising and Fe3* reducing biological
processes is critical to the formation of BIFs. We noted above the pur-
ported morphological and sulphur isotopic evidence for life in the 4.3 Ga
or 3.7 Ga Nuvvuagittuq jaspilite. The degree of metamorphism makes
interpretation of a biological morphology challenging (Fig. 3A) (Dodd
et al., 2017) but the 5°*S data are suggestive of microbial S dispropor-
tionation (Papineau et al., 2022). Jaspilites in the 3.48 Ga Dresser For-
mation in the Pilbara are attributed to photoferroautotrophs, with
variations in the iron isotopes reflecting different contributions of ma-
rine and freshwater influence (Johnson et al., 2022). There is also rare,
morphological evidence of phototrophic microbial involvement in a
jaspilite deposit from the 3.33 Ga Josefsdal Chert in Barberton in which
the remains of the microbial mats have been preserved (Westall et al.,
2015a). Jaspilites occur in the 3.33-3.26 Ga Mendon Formation
deposited immediately above the Josefsdal Chert, but they are inter-
preted as deep-water sediments (Lowe, 1999; Trower and Lowe, 2016).
Nevertheless, the published petrological images show that fine, anas-
tomosing carbonaceous films are associated with the Fe-rich layers,
similar to the shallow water biofilms and mats from the Josefsdal Chert
(Westall et al., 2015a), as well as shallow water phototrophic mats and
biofilms in the 3.42 Ga Buck Reef Chert (Tice and Lowe, 2004).

4.3.3. Hydrothermal environments

The 3.48 Ga Dresser Formation in the Pilbara is a volcano-
sedimentary succession comprising replaced micritic carbonates and
evaporites deposited under shallow-water, low-energy (sabkha-type)
conditions, interbedded with sandstone and conglomerate, the latter
formed during periods of growth faulting and tectonic activity (Buick
and Dunlop, 1990; Noffke et al. 2013 and references therein). Growth
fault-associated hydrothermal fluids pseudomorphed the original sedi-
mentary mineralogy. Noffke et al. (2013) described a variety of MISS
structures formed in an ancient coastal sabkha environment, identical to
those formed in similar environments throughout geological time.
Recently, a novel interpretation of the Dresser Formation as a sub-
merged, low eruptive caldera very strongly affected by hydrothermal
fluids has been proposed (see review, van Kranendonk et al., 2018), but
is not unanimously accepted. In the newly proposed interpretation,
metre-sized barite pods exhibiting streamer phenomena highly sugges-
tive of hot spring, geyserite deposits were identified as hot spring pools
(Djokic et al., 2017, 2021; van Kranendonk et al., 2018). Small scale
stromatolitic textures are associated with the geyserite deposits (Djokic
et al., 2017, 2021; van Kranendonk et al., 2018). Note that the sabka
coastal environment and caldera hypotheses may not be mutually
exclusive: calderas in shield volcanoes can form at shallow water depths,
for example adjacent to the Figi Fracture Zone (Fouquet et al., 2018).
The Campi Flegrei volcanic area on the southern Italian coast next to
Naples, where part of the caldera margin is submerged, is another
example (Steinmann et al., 2018). In an evaporitic setting, the Afar
depression can be cited (e.g., Yirgu et al., 2014).

Nevertheless, the Dresser Formation documents widespread evi-
dence for a variety of life forms based on a diversity of metabolic pro-
cesses and electron donors/acceptors (van Kranendonk et al., 2018) and
colonising not only shallow water environments, but also subaerial hy-
drothermal environments, as well as the underlying feeder veins (Ueno
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et al., 2006; Morag et al., 2016). Carbonaceous filaments from Dresser
Formation cross-cutting chert veins have very light carbon isotopic
signatures (—56 %o) suggestive of microbial methanogenesis (Ueno
et al.,, 2006). Moreover, studies of the sulphur isotope fractionation
signatures of barite/pyrite pairs in Dresser Formation hydrothermal
deposits also point to microbial sulphate reduction (Ueno et al., 2008).
More recently, MiSbach et al. (2021) documented that organic com-
pounds in fluid inclusions in hydrothermal barite from the Dresser
Formation, including H,S, COS (carbonyl sulphide), CS, (carbon disul-
phide), CHy, acetic acid, organic (poly-)sulfanes, and thiols, may have
contributed to the feedstock of sulphur and methanogenic metabolisms.

Similarly, carbonaceous filaments occur in other feeder veins, for
example in the 3.42 Ga Buck Reef Chert in Barberton. In this case,
Cavalazzi et al. (2021) described possible methanogenic filaments
(Fig. 6C) colonising the walls of the feeder veins through which fluids
with different compositional and pH gradients flowed, providing energy
and nutrients to lithoautotrophic organisms. The evidence of life in
hydrothermal fractures in the Palaeoarchaean crust is testimony to the
widespread distribution of life already flourishing 3.5 billion years ago.
Today, it is widely recognised that the crust is host to a biome that
developed in autonomy over hundreds of millions of years (Onstott
etal., 1999, 2019) and certainly by Palaeoarchaean times life had spread
to the subsurface.

Interestingly, Glickson et al. (2008) compared carbonaceous remains
from high temperature, hydrothermal environments in the Dresser
Formation (and the Hoeggenoeg Formation in Barberton) with the hy-
drothermal chemolithotroph Methanocaldococcus jannaschii. The latter
organism, together with Pyrococcus abyssi, was used in an experiment to
silicify chemolithotrophic Archaea under anoxic and relatively hot (60
°C) conditions as analogues of Palaeoarchaean life (Orange et all.,
2009). While the cells of M. jannaschii lysed immediately and only the
abundant EPS of the organisms were fossilised, those of P. abyssi did not
lyse and were perfectly preserved. The conclusion was that M. jannaschii
was unlikely to be preserved as fossilised cells, although their degraded
remains and organic signatures could be preserved in a silica matrix.
This study underlines the fact that what is preserved on the rock record
is only a fraction of what was once there.

Hydrothermal environments were important for life inhabiting
different types of microenvironments in the Dresser Formation, as well
as elsewhere on the Palaeoarchaean Earth. Westall et al. (2015) and
Hickman-Lewis et al. (2020a) documented carbonaceous clots (Fig. 6D,
E) concentrated in volcanoclastic sediments of the 3.33 Ga Josefsdal
Chert that were very strongly influenced by hydrothermal activity. In all
cases, the clots had formed around a volcaniclastic kernel. These authors
concluded that the volcanic particles had been initially colonised by
chemolithotrophs and subsequently by chemoorganotrophs that oxi-
dised the dead organic matter of the lithotrophs.

4.3.4. Subsurface environments

It is now widely recognised that life in the continental crust today is
abundant (Onstott et al., 1999, 2019). However, there is less informa-
tion about life in the sedimentary subsurface of the Palaeoarchaean
although there is evidence that it was present chert feeder veins (Ueno
et al., 2008; Cavalazzi et al., 2021). We know today that microbial life
occurs in deep-sea sediments (Jorgensen and Boetius, 2007) and has
been documented down to depths of 2 km (Parkes et al., 2014). Deep-sea
sediments from the Palaeoarchaean, as such, are not preserved. As noted
above, subwave base deposits are described from certain sedimentary
formations, such as the 3.42 Ga Buck Reef Chert of Barberton, but deeper
water facies are generally only preserved in the younger, Mesoarchaean
units (Lowe, 1999). Nevertheless, even in shallow waters, subsurface
volcanoclastic sediments hosted subsurface life.

Westall et al. (2006, 2011b, 2015b) described monolayers of very
small, carbonaceous coccoidal structures (<1lum in size) occurring on
the surfaces of volcanic clasts and in the dusty volcanic matrix of tidal
sediments from the 3.45 Ga Kitty’s Gap Chert in the Pilbara (Fig. 6A, B).
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Fig. 6. Various microbial signatures from the Palaeoarchaean. (A) Colony of chemotrophic microfossils with detail of individual cells (B) from the 3.45 Ga Kitty’s
Gap Formation, Pilbara (Westall et al., 2006). (C) Filaments in a 3.42 Ga hydrothermal chert vein, Kromberg Fm. (Cavalazzi et al., 2021); (D, E) Stellate carbonaceous
clots (D) interpreted as chemotrophic colonies from hydrothermal sediments, 3.33 Ga Josefsdal Chert (Westall et al., 2015; Hickman-Lewis et al, 2020a), with PIXE
elemental spectrum (b) and elemental maps (c) from the dotted area in the optical micrograph in (E), illustrating that the clots grew around a small volcanic particle

(now altered to phyllosilicate and highlighted by K, Fe, Cu, As) (op.cit.).

The combined biosignatures, morphological, carbon isotopes, nano-
structure of the carbonaceous matter, and trace element compositions
are indicative of a biological origin. The close association of these
structures with volcanic substrates would suggest a lithotrophic meta-
bolism. Indeed, concentrations of transition elements associated with
the organic matter in these sediments (Clodoré et al., 2024) demonstrate
that the volcanic particles were important sources of nutrients for the
lithotrophs that colonised them. However, Wacey (2018) noted that
volcanic glass bubbles could be coated with organic matter and sug-
gested that this could be an abiotic explanation for some of the
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structures, including larger spherules and ellipsoids, observed in
Palaeoarchaean cherts. Indeed, most volcanic particles in the Palae-
oarchaean sediments are coated with carbonaceous matter (e.g.,
Clodoré, 2024). Such coatings today are caused by the rapid formation
of an organic conditioning film sourced from dissolved organic matter in
seawater (Bhagwat et al., 2021). This film then becomes the substrate
for the attachment of benthic microorganisms that, in environments rich
in nutrients, such as hydrothermal environments, then become sub-
strates form chemoorganotrophs, as documented by the Kitty’s Gap
Chert and also, as described below in cherts from Barberton.
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Fig. 7. Palaeo-Mesoarchaean microfossils. (A) Conical stromatolite from the 3.4 Ga Strelley Pool Formation, Pilbara (Allwood et al., 2007). (B) Conical stromatolites
from the Chobeni Formation, Pongol (Siahi et al., 2016). (C) Rod-shaped chains of microbial casts in silica from vadose cracks in siliciclastic sediments of the 3.30 Ga
Moodies Group (Homann et al., 2016). (D) Morphological variations in the acritarchs from the 3.0 Ga Farrel Quartzite (Sugitani et al., 2009).

Effluent in the nutrient-rich environment of hydrothermal systems
would have been enriched in small carbon molecules, such as ketones
and H,. The environment of the volcanic facies of the 3.33 Ga Josefsdal
Chert in Barberton was metal-rich, warm-hot, anoxic, and strongly
influenced by hydrothermal activity with its associated chemical dis-
equilibria (Westall et al., 2018). Layers of clotted, carbonaceous sedi-
ments represent variable mixtures of volcanic clasts very heavily coated
with organic matter, and stellar, carbonaceous aggregates that grew in
situ in a mixture of chemically-precipitated silica gel and volcanic dust
(Fig. 6D, E) (Westall et al., 2015a; Hickman-Lewis et al., 2020a). As
opposed to the mono-layer colonies of lithotrophs in the Kitty’s Gap
Chert (Westall et al., 2006, 2011b, 2024 in review), this biomass
development is attributed to thermophilic chemoorganotrophs possibly
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using methanogenic and/or diazotrophic metabolisms, as well as
potentially other metabolisms, such as sulphate reduction (Hickman-
Lewis et al., 2020a).

4.3.5. Acritarchs and other structures

The Strelley Pool locality has also revealed a wide range of enig-
matic, large coccoidal and lenticular structures of potential biological
origin that have been reviewed by Wacey et al. (2011, 2018) and
Sugitani (2018). These carbonaceous features exhibit characteristics
compliant with biogenicity, including morphology, size distribution,
taphonomic features, evidence of cellular reproduction, light carbon
isotopes, and associated pyrite with sulphur isotopic signatures sug-
gestive of sulphur metabolising microorganisms. The structures are
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large, of the order of several tens of microns in diameter, and many
comprise acid-resistant carbonaceous matter. Wacey et al (2018) later
modified their interpretation to suggest that some of these features could
be carbon-coated volcanic vesicles. Of interest is the fact that these large
structures occur in sediments of the same age distributed over different
formations, in the Panorama, Warralong, and Goldsworthy greenstone
belts (Sugitani, 2018 and references therein). Similar structures of
similar age are described from the Barberton Greenstone Belt (Walsh,
1992; Oehler et al., 2017; Hickman-Lewis et al., 2018). Sugitani (2018)
explains the diversity of morphologies as reflecting a diversity of types of
microorganisms and life strategies. Assemblages of smaller spheroids are
interpreted as the remains of planktonic colonies, while some of the
larger structures and their associated features are considered to have
represented different stages of complex life cycles, including the pro-
duction of daughter cells by larger cells, and planktonic or resting stages.
If some of the structures were planktonic, they may have been photo-
synthetic. Sugitani (2018) notes that the large size and complexities
exhibited by these structures are more akin to those found in algae,
rather than prokaryotes. He reflects on the possibility that they may
represent early cyanobacteria, or possibly sulphur bacteria. We note that
molecular biological clocks suggest that cyanobacteria may have
appeared in the Palaeoarchaean (Sanchez-Baracaldo et al., 2022).

Retallack and Schmitz (2023) report microfossils in their interpreted
palaeosols from the 3.3 Ga Strelley Pool Formation, similar to other
large, coccoidal or lenticular structures in that formation described by
Sugitani (2018) and Sugitani et al. (2018) and references therein, and in
the 3.42 Kromberg Formation, Barberton (Walsh, 1992; Oehler et al.,
2017), as well as younger formations. These acritarchs, were interpreted
as sporangia of actinobacteria, sulfur-oxidizing photosynthetic bacteria,
and methanogens (Rettallack et al., 2016).

A very recent experiment suggests an alternative explanation for
many of the larger, enigmatic structures and acritarchs in the Eo-
Palaeoarchaean sediments. Hypothesising that wall-less cells must
have evolved before cells with walls, Kanaparthi et al. (2024) devised an
experiment to study the structural changes and behaviour of cells whose
walls had been eliminated. They found that the wall-less cells exhibited
many of the morphological features documented by interpreted cells in
the Pilbara and Barberton sediments. The wall-less cells were often
larger and some divided by producing internal daughter cells, similar to
those identified by Sugitani (2019). The implications of these new
findings for the interpretation of Eo-Palaeoarchaean biosignatures need
to be digested (cf. Zhu and Szostak, 2009; Budin and Szostak, 2011).

4.4. Summary and discussion of traces of life in the Eo-Palaeoarchaean

The Eo-Palaeoarchaean heralds the earliest preservation of sedi-
mentary deposits, their preservation related changes in crustal heat
flow, geodynamics, crustal rheology, and probably to significant silici-
fication. Many have noted the importance of silicification of terranes
from this period (Lowe, 1999; Hofmann and Harris, 2008; Pirajno and
Huston, 2019; Byerly et al., 2019; Ledevin, 2019). It has been proposed
that early seawater was saturated with respect to silica as a result of a
global, widespread input of hydrothermal silica, documented by a
ubiquitous Eu anomaly in the sediments (Hofmann and Harris, 2008).
Contributing to this would be input related to weathering of exposed
land surfaces, and, where there was interaction between seawater and
volcanic rocks (sediments and lavas), to devitrification. Indeed, Westall
et al. (2015a, 2018) note stronger, more rapid silicification of rock/
sediment/water interfaces during periods of volcanic activity, rather
than during intervening episodes of quiet, non-eruptive deposition.

The preserved Eo-Palaeoarchaean sedimentary environment is rep-
resented primarily by shallow water environments comprising semi-
circular basins up to a couple of hundred kilometres in diameter and
drowned calderas probably not deeper than 50-100 m in depth (Nijman
et al., 2017; van Kranendonk et al., 2018), although some sediments
appear to have been deposited below wave-base (Lowe, 1999; Rosing,
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1999; Fedo et al., 2001). While many of the shallow water environments
may have been restricted basins, the Strelley Pool carbonate platform
stands out as probably being open to the ocean (Allwood et al., 2006).
Note that sabkha-type environments have also been identified in the
Dresser Formation (Noffke et al., 2013).

One of the characteristic features of the Palaeoarchaean sediments is
their rhythmicity as exemplified by alternating black and white cherts
and jaspillites. Cyclicity in the production of global volcanic activity and
hydrothermal fluids (e.g., Steinhoefel et al., 2009) has been suggested,
as well as cyclicity based on climate forcing (Posth et al., 2008; Ledevin,
2019).

The Eo-Palaeoarchaean environment was anoxic, although abiotic
processes would have locally produced very minor amounts of oxygen,
notably in shallow water, UV-bathed environments and shallow water
high pressure hydrothermal systems. Overall pH was probably slightly
acidic, although pH would have varied locally, depending upon alkaline
hydrothermal activity and alteration of ultramafic rocks and sediments.
Rock/water temperatures would have been high (up to 75 °C, van den
Boorn et al., 2010; Tartese et al., 2017; Lowe et al., 2014) during vol-
canic activity. UV flux to the surface would have been also high (Cockell
and Raven, 2004). Throughout the Eo-Palaeoarchaean, there would
have been spatially and temporally limited local variations in environ-
mental conditions that could have been exploited by different kinds of
microorganisms. In the abundant shallow water environments identi-
fied, salinity would have likely have been high, owing to evaporation.
Fluvial runoff from exposed landmasses also affected the adjacent
coastal environments (cf. Hickman-Lewis et al., 2020b).

The wide distribution of microbial biosignatures underlines the fact
that life flourished in all possible environments: in the photic zone on
shallow water surfaces and possibly in the planktonic realm,as well as in
coastal sabkha-like environments, in and around hydrothermal systems,
within subsurface sediments, and in hydrothermal crustal fractures.
These environments hosted organisms using anoxygenic phototrophic,
chemoorganotrophic and chemolithotrophic metabolisms. Note that, in
the case of the Dresser Formation, Noffke et al. (2013) raised the pos-
sibility that the phototrophic mats were formed by cyanobacteria but
ultimately concluded that they could also have been formed by anoxy-
genic phototrophs. While traces of O, were likely to have been produced
by abiotic processes, as noted above, the Palaeoarchaean environment
was anoxygenic and there is no direct evidence for the presence of
oxygenic cyanobacteria or eukaryotes (cf. Sugitani, 2018). One expla-
nation for such structures could be that early cellular life may not have
had cell walls, which may explain why some of the cellular features are
uncharacteristically large for primitive, anoxic prokaryotes (Kanaparthi
etal., 2024). In some cases, the biosignatures suggest methanogenesis or
methanotrophy, sulphate reduction and iron cycling.

Of significance is the similarity in the kinds of biosignatures found in
the Pilbara and Barberton cratons. This suggests that, at least by the
Palaeoarchaean (and possibly already during the Eoarchaean) life was
widespread, inhabiting all available biomes. The ubiquity of life at this
early period in Earth’s history, particularly the evidence for photo-
trophy, leads to the conclusion that the shallow water habitats that
hosted phototrophic microbial mats and biofilms occurred frequently
and that, perhaps protocontinents were common, although few have
survived. Most of the preserved biosignatures are of benthic organisms,
few are hypothesised to be planktonic. How could the benthic organisms
be so widely distributed world-wide? While the distribution of plank-
tonic phototrophs by ocean currents would be normal, it may also have
been the case for some of the benthic phototrophic mats. Storm activity
affecting the shallow water environments and ripping up benthic mats
was common. Carbonaceous clots also show evidence of transport
(Walsh, 1992; Walsh and Lowe, 1999). Stellar-shaped carbonaceous
clots identified as chemotrophic microbial communities formed in situ in
the Josefsdal Chert benthic sediments but rolled clots also occur in these
sediments and may represent transported chemotrophic colonies. Thus,
it may have been possible that both benthic phototrophic mat fragments
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and chemotrophic clots could have been transported on ocean currents
and thus distributed. Such a distribution would have been facilitated if
there were numerous protocontinental environments on small plates
around the globe (e.g., van Kranendonk, 2010).

The microfossils and other chemical biosignatures were preserved
largely by rapid silicification that impregnated and embedded cellular
structures, microbial colonies and biofilms and their organochemical
compounds (Westall and Hickman-Lewis, 2018). Silicification combined
with in situ calcification produced stromatolites (Allwood et al, 2009).
Much of the degraded organic matter from dead organisms and colonies
was disseminated within the volcanic (and sometimes silica gel) matrix
of the sediments (Westall et al., 2015a; Clodoré et al., 2024). Preser-
vation of organic matter in metastable minerals, such as carbonate or
garnet, also occurred, the latter in the case of the Isua metapellite
(Hassenkam et al., 2017).

An impressively wide range of biosignature types is preserved. They
include morphological features, as described above, and various char-
acteristics of the organic matter including its molecular composition,
elemental composition, isotopic composition, and microstructure.
Associated microbially-induced mineral precipitation (also early
diagenesis) includes carbonates (aragonite, dolomite, siderite, ankerite),
and pyrite and the associated sulphur isotopes of the latter.

We have not attempted to detail arguments for or against the bio-
genicity of all of the occurrences mentioned: there are a number of
publications that deal with this aspect (e.g., Wacey, 2009, 2018; Lepot,
2020). We recognise the strong likelihood that the Eo-Palaeoarchaean
sediments would contain organic matter from a mixture of sources —
biogenic, as well as hydrothermal, extra-terrestrial and reworked. At
times, it may not be possible to distinguish the mixtures (e.g., Gourier
et al., 2019). Nevertheless, the large variety of biosignature types is
testimony to widespread, flourishing of life, especially in the Palae-
oarchaean and, by extension, probably in the Eoarchaean, although the
high metamorphic grade of those rocks complicates identification. The
many lines of evidence for Eo-Palaeoarchaean biosignatures contradict
the implication that virtually all spherical, ovoid and filamentous
structures found in Archaean cherts were formed by abiotic processs
(Lepot, 2020).

One caveat concerns the interpreted Strelley Pool palaeosols and the
acritarchs they host (Retallack and Schmitz, 2023). If these are really
palaeosols, there is the question of how the acritarchs could have found
their way into the soils. The interpretation of Retallack and Schmitz
presupposes the existence of complex life forms living in soils on
exposed land masses.

We noted above the problem of syngenicity of biosignatures in
ancient rocks. Over the last couple of decades, there is more awareness
of the problem and analytical techniques using in situ methods have been
able to overcome this challenge.

In conclusion, the Palaeoarchaean sediments are the best preserved,
oldest sediments in Earth history. For this reason, we have provided as
much detail as possible to cover the variety of life forms and bio-
signatures, without being exhaustive. Life in the Palaeoarchaean, and
probably in the Eoarchaean, was already highly diversified, had colon-
ised all possible habitats, except perhaps land surfaces exposed to the
atmosphere, and used a diversity of metabolisms. It lived and flourished
in an polyextreme environment of high UV, salinity, temperature, con-
centrations of trace and transition elements, and salinity, but these were
the conditions in which life first emerged and developed. Preservation,
at times, exquisite preservation of the microbial remains, as well as
preservation of their sedimentary habitats was due primarily to high
silica saturation in the seawater (and pore waters of the volcanic sedi-
ments) that permeated all lithologies and biological matter.
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5. Meso-Neoarchaean
5.1. Geological and environmental evolution

The Meso-Neoarchaean eras were marked by the amalgamation of
increasingly stable crustal cratons and an increase in volcanism, espe-
cially komatiitic volcanism, although there was a gradual decrease in
mantle heat flow (Arndt and Nisbet, 2012; Hawkesworth et al., 2020).
This resulted in the appearance of larger passive margin continental
shelf areas and epicontinental seas that exerted a positive influence as a
sink of CO; through weathering, on the availability of nutrients, such as
phosphorus, and thus, on the flourishing of microbial life, especially
phototrophs.

Continental crust may be formed by a number of different processes
(O’Neill et al., 2013; Roberts et al., 2015, 2024). Archaean continental
crust consolidated around primitive, K-poor granites (TTGs) obtained
from melting and fractionation of basaltic crust. Later K-rich granites
formed in a variety of settings (op. cit.) that necessitated horizontal
tectonics. Crustal formation throughout geological time has been
episodic: while most of the Mesoarchaean is characterised by a slow-
down in crustal and TTG formation compared to the Palaeoarchaean, the
Neoarchaean saw a strong renewal of activity that produced possibly the
greatest amount of newt crust (and TTGs) (O’Neill et al., 2013).

There is clear evidence that some form of horizontal plate tectonics
and crustal cratonic amalgamation occurred in the Mesoarchaean
(Roberts et al., 2015, 2024; Dhuime et al., 2012; Hawkesworth et al.,
2020), with consequent erosion of core TTG granites and deposition of
more quartzose sediments, e.g., the 3.2 Ga Moodies Group in Barberton
(Heubeck, 2018) and the 3.0 Ga Farrel Quartzite, Pilbara (Sugitani et al.,
2009), both interpreted as coastal to fluvial deposits. The increasing
availability of sediment supply owing to the growth of continents,
controlled changes in the clastic sediment record through geological
time (Spencer, 2020). Epicontinental and continental basins formed on
top of more stable crust during the Meso-Neoarchaean (Wilson et al.,
2013). While volcano-sedimentary greenstone successions still formed
during the Palaeoproterozoic, they gradually gave way with time to
more cratonic sediment sequences. Sediments were deposited in a va-
riety of tectonic environments, ranging from rift to passive margin set-
tings, controlled by isostatic movement contiguous with crustal flexure
related to sediment loading, to compressional and strike-slip basins
(Grotzinger and Ingersoll, 1992).

The existence of more emergent landmass had a corresponding effect
on climate and the supply of nutrients to the oceans (cf. the influence of
fluvial supply on phototrophic microbial mat development in the 3.472
Ga Middle Marker horizon, the 3.33 Ga Josefsdal Chert, and other
sedimentary formations, Hickman-Lewis et al., 2020b). The Pongola
Supergroup, for example, preserves unambiguous evidence for both
epicontinental and continental basin development atop stable crust
(Wilson et. al., 2013). The stabilised continents may have hosted sub-
aerial habitats, such as the acid volcanic lakes preserved in the 3.0 Ga
Dominion Group of the Kaapvaal Craton (Agangi et al., 2021). Despite
the increased volcanic activity, silicification of the sedimentary facies
was not as prevalent as during the Eo/Palaeoarchaean, occurring rather
in late-stage diagenetic/alteration scenarios. This suggests that,
possibly, the heavy silicification characteristic of the Eo/Palae-
oarchaean may have been stimulated by rapid devitrification of the
mafic volcanic sediments, as well as hydrothermal input. As of the
Mesoarchaean, sediments became increasingly quartzitic, with the
erosion of exposed continental masses, as well as more carbonate-
enriched in the shallow water environments. This continues into the
Neoarchaean. Govind et al. (2021), for example, note relatively high
873r/86Sri values for the Neoarchean carbonate rocks of the Vanivilas
Formation, Dharwar Craton (2.7 Ga), suggestive of chemical weathering
of Palaeoarchaean crust.

In the Pilbara craton, quartzitic sediments occur in the ca. 3.2-3.0 Ga
Farrel Quartzite in northeast Pilbara, exhibiting evidence of shallow-
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water deposition in fluvial, coastal plain, beach, deltaic and shallow-
water submarine fan environments, with some evidence for palaeosols
and evaporite deposits of coastal salinas (Hickman, 2012). The younger
ca. 2.7-2.63 Ga Jeerinah Formation of the Fortescue Group comprises
mainly clastic sedimentary rocks deposited in a passive margin basin
following continental breakup of the Pilbara Craton at ca. 2.71 Ga
(Hickman, 2023). In the 2.7 Ga Neoarchaean Superior craton in Canada,
poorly sorted, immature fluvial polymict conglomerate and sandy sed-
iments of felsic origin were deposited in a high-relief and active tectonic
(Haugaard et al., 2023). Other Meso-Neoarchaean cratons exhibiting
felsic-derived clastic sediments include the 2.9 Ga Singhbhum craton,
eastern India (Charkrabarty et al., 2021), and the ca. 2.8 Ga Pitangui and
Rio das Velhas greenstone belts in Brazil (Brando Soares et al., 2017).

One interesting observation is that, based on analysis of finely
laminated sediments from the Neoarchaean Joffre Member of the
Brockman Iron Formation, NW Australia, the distance between the Earth
and Moon was 321,800 + 6,500 km and the day length 16.9 + 0.2 hours
(Lantink et al., 2022).

Atmospheric compositions were probably similar to those of the Eo/
Palaeoarchaean, with most of the CO5 and CH4 coming from volcanic
outgassing. Methane will also have been sourced from microbial meth-
anogenetic activity. As we will see below, proxies suggest continuing
minimal to almost non-existent oxygen levels (Fig. 1; Roberge et al.,
2019; Catling and Zahnle, 2020; Zahnle, 2006; Lyons et al., 2014).
However, there is increasing evidence for the appearance across the
globe of localised free oxygen associated with large, carbonate stro-
matolitic platforms. This is documented geochemically in a number of
localities using various chemical proxies. For example, the 3.0-2.9 Ga
Pongola Supergroup hosts carbonate and shaley/BIF sediments that
exhibit a small negative Ce anomaly in the case of a stromatolitic car-
bonate platform (Siahi et al., 2018), or negative §°°Fe values in pyrites
that record the oxidation of Fe in oxygenic shallow oceans, coupled with
biogenic Fe reduction during diagenesis (Eickmann et al., 2018). The
Mozaan Group of the Pongola Supergroup contains manganese enriched
shales and BIFs that are interpreted to be evidence of local photosyn-
thetic oxygenation (Ossa et al., 2016). In Canada, the 2.93 Ga Red Lake
of Ontario carbonate deposits are characterised by high Mn concentra-
tions and positive Ce anomalies, suggestive of local oxidation (Afroz
et al., 2023). In India, Mukhopadhyay (2020) reports BIFs in association
with manganiferous formations and microbial carbonates from the
Neoarchaean (as well as back through to the Palaeoarchaean) that are
interpreted to reflect the redox stratification of oceanic hydrosphere
related to oxygenation of early atmosphere.

Briiske et al. (2020) used U isotopes as a proxy for determining the
redox state of ocean waters since U is redox sensitive and there are
generally isotopic offsets between the oxidized and reduced reservoirs.
Analyses pf Palaeoarchaean to Palaeoproterozoic samples (shales car-
bonates and BIFS) from the Barberton Greenstone belt, Zimbabwe
Craton and Pilbara Craton showed, however, that there was only minor
U isotope enrichment in Palaeo-Neoarchaean samples, i.e., little oxida-
tive weathering.

Bosco-Santos et al. (2020, 2022) documented evidence for localised
oxygenation in early Neoarchean sediments in the ca. 2.7 Ga Rio das
Velhas and the Pitangui Greenstone Belts. In the latter case, Bosco-
Santos et al. (2020) used the sulphur isotopic composition of sedimen-
tary sulphides to document an early input of sulphate from oxidative
weathering. Other geochemical signatures (attenuation of sulphur mass
independent fractionation, Feygr/Fer, Ce anomalies, and rare earth
element fractionation) are consistent with the presence of free oxygen.

Yet another proxy for oxygenation is iodine. Fang et al. (2024)
analysed iodine concentrations in carbonates from across the North
American craton ranging in age from Mesoarchaean to Palae-
oproterozoic, demonstrating non-zero carbonate I/(Ca + Mg) ratios that
are suggested to indicate localized oxygen of biogenic origin in Archean
and Paleoproterozoic shallow marine environments.

Finally, another approach is to model the increase in marine and
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atmospheric oxygen levels, with a consideration of the recycling and
build-up of carbonate, as well as the emerging continents and degassing
of the mantle (Peng et al., 2022), all underlining the importance of the
interplay between long-term cycles of oxygen, phosphorus and carbon.
In summary, there is abundant geochemical evidence for the pres-
ence of oxygen oases in Meso-Neoarchaean cratons across the globe. We
will see below that the main “culprit” for the appearance of oxygen is the
emergence of oxygenic phototrophs but recycling and build-up of car-
bonate, emerging continents and degassing of the mantle are also
implicated (e.g., Sanchez-Baracaldo et al., 2022; Peng et al., 2022).

5.2. Meso-Neoarchaean life

The major particularity of the Meso-Neoarchaean was the appear-
ance of significant formations of carbonate platform stromatolites
created principally by phototrophic microorganisms, many associated
with proxy signatures for oxygen as noted above. The occurrences are
many and spread globally (the Southern African craton, the Pilbara/NW
Australian cratons, the Brazilian cratons, and the North American
craton). A review of Archaean stromatolite/microbial mat occurrences
by Schopf et al. (2007) documents principally domical and stratiform
structures occurring in Palaeo-Mesoarchaean cratons in Australia, South
Africa, Zimbabwe, Canada, and India, with columnar stromatolites
appearing principally in the Mesoarchaean and dominating the Neo-
archaean, particularly present in Canada and Australia, as well as in
India, Zimbabwe and South Africa. Schopf et al.’s (2007) review does
not consider the later described 2.7 Ga tabular stromatolites of the
Carajas Basin in the Brazilian craton (e.g., da Luz and Crowley, 2012; da
Costa et al., 2023). Apart from that of Schopf et al. (2007), a number of
reviews document the fossiliferous evidence for life in the Meso-
Neoarchaean and even into the Palaeoarchaen, e.g., Lepot (2020),
Hickman-Lewis and Westall (2021) covering Southern Africa, Fairchild
et al. (2012) covering Brazil, and Grey and Awramik (2020) who pro-
vided an overview of stromatolites through time.

In the following, we do not intend to make a compendium of all
known occurrences of traces of life in this period but, instead, consider
only a few examples from each craton to illustrate variability in envi-
ronment of formation and type of structure.

5.2.1. Southern African cratons

The 32.2—32.09 Ga Moodies Group sediments record the first sig-
nificant (ca. 3.6 km thick) immature to mature quartzose sedimentary
deposits in the Kaapvaal craton (Heubeck, 2019). They formed in allu-
vial, fluvial, deltaic, tidal to shallow-marine environments and comprise
conglomerates, siltstones and minor volcanic rocks and ferruginous
sediments. Importantly, the quartzitic clastic sediments record the
erosion of granitoid rocks representing continental core material and
indicating the presence of long-lasting, stabilised continents (op. cit.).
Indeed, the tectonic setting for the formation of these thick sedimentary
deposits is interpreted to be in subsiding troughs formed between rising
granitic plutons, ie., in a vertical tectonic setting rather than a hori-
zontal one. Rising and falling sea levels would have created a variety of
environments for hosting life, from fluvial environments, through to
deltaic, tidal and shallow marine ones. The unprecedented extent of
preserved environments permits evaluation of the microbial record that
spans terrestrial environments to shallow water ones.

Noffke et al. (2006), together with Heubeck (2009) were the first to
recognise the presence of MISS in the tidal sedimentary facies. Indeed,
one of the key findings is that phototrophic microbial mats dominated
these environments, in both relatively quiet dynamic situations and
high-energy settings (Homann et al., 2015, 2016). Homann et al. (2015)
described the earliest known examples of cavity-dwelling microbiota
(coelobionts) (Fig. 7C) that created mini-stromatolitic structures within
bedding parallel cracks in peritidal clastic sediments. Unusually, bio-
morphological casts of chain-forming rod-shaped are preserved in a
siliceous matrix. Analysis of C and N isotopes of the associated
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kerogenous remains suggest possible chemotrophic or photosynthetic
metabolisms with indications of adaptations of the biosphere to terres-
trial settings (Homann, 2019). Homann (2019) concludes that the
“Moodies microbial mats show some striking morphological similarities
to modern cyanobacterial mats”.

The ca. 3.0 Ga stromatolites (Fig. 7B) of the Chobeni Formation,
Nsuze Group (Pongola Supergroup, South Africa) formed in a silici-
clastic, volcanoclastic carbonate and tide dominated shallow marine
environment with a shoreline that was open to ocean. While
microbially-induced sedimentary structures (MISS, cf. Noffke, 2009)
occur in siliciclastic sediments, there is a wide variety of other microbial
biosignatures that are found in the carbonate facies, including stro-
matolites, ooids, and oncoids (Mason and von Brunn, 1977; Beukes and
Lowe, 1989; Siahi et al., 2016, 2018). The environment was strongly
influenced by shallowing up sedimentary cycles from subtidal to inter/
supratidal that reflect fluctuating sea levels. Following the different
cycles, digitate, stratiform, and small-scale domal stromatolites formed
in the supratidal to upper-intertidal settings, while larger domes,
conical/columnar stromatolites and possibly biogenic oncoids were
restricted to higher energy, lower intertidal and shallow subtidal set-
tings. As noted above, various proxies suggest local oxygenic conditions
(Ossa et al., 2016; Siahi et al., 2018; Eickmann et al., 2018), suggesting
that water was oxidised during photosynthesis, thus releasing oxygen as
a by-produce and,thus, supporting the presence of oxygenic
photosynthesis.

Noffke et al. (2008) described MISS from the siliciclastic facies of the
2.9 Ga Nhlazatse Section of the Pongola Supergroup, documenting four
different microbial mat facies including endobenthic and epibenthic
microbial mats comprising planar, tufted, and spongy subtypes, each
related to a specific tidal zone, as in similar modern setting. While
Noffke et al. (2008) tentatively identified the remains of cyanobacterial
filaments associated with the MISS, they acknowledged that MISS may
also be formed by anoxygenic phototrophs that leave similar morpho-
logical signatures.

An epicontinental setting is suggested for the 2.8 Ga Mushandike
Limestone of the Masvingo Greenstone Belt, Zimbabwe craton that hosts
low relief stromatolitic domes (Orpen and Wilson, 1981; Abell et.al.,
1985). REE analyses of the carbonates (Kamber et al., 2004) indicate
that the stromatolites formed in a highly restricted basin setting strongly
influenced by fluvial input from the exposed, granitoid landmasses.
Analysis of the carbon isotope signatures (averaging ca. — 27 %o, Nisbet
et al.,, 2007) suggest that the microorganisms were oxygenic photo-
synthesisers using form I Rubisco, similar to cyanobacteria.

5.2.2. The Pilbara craton

The 3.0 Ga Farrel Quartzite in the Pilbara host a remarkable
collection of carbonaceous acritarchs whose morphological diversity
and complexity (Fig. 7D) suggest further evolution of microbial life in
the Mesoarchaean (Sugitani et al, 2007, 2009, 2011). Geo-
organochemical studies of the acritarchs confirms the biogenicity of
the organic matter (Oehler et al., 2010; Delarue et al., 2018). The
morphological diversity of the structures led Sugitani et al., (2007) to
attempt a taxonomic classification (thread-like, film-like, small (<15
um) and large (>15 pm) spheroidal, and spindle-like). Concentrating
only on the spheroids, Sugitani et al. (2009) identified four subdivisions
((1) simple single-walled spheroids, (2) thin-walled spheroids having a
diffuse envelope, (3) thick-walled spheroids, and (4) spheroids having
an extensively folded wall) that, together, are suggestive of various
reproductive phases. If correct, these observations emphasise the degree
of evolution of life in the Mesoarchaean but we recall the experiments of
Kanaparthy et al. (2024) suggesting that early cells had not yet devel-
oped cell walls and, thus, could have produced a wide variety of
morphologies.

Retallack et al. (2016) took examination of the Farrel Quartzite
further and suggested that it represents a pedogenic environment
characterised by a sulphate rich sediment, unusual for the
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Mesoarchaean anoxic environment, with the high ferrous/ferricmo-
lecular weathering ratios and iron depletion similar to those in swamp
soils today. Evaporite crystals indicate that the soils were not water-
logged (Sugitani et al., 2003). Retallack et al. (2016) suggest that the
described microbiota (e.g., Sugitani et al. 2007, 2009, 2011) include
actinobacteria, purple sulphur bacteria, and methanogenic Archaea,
comparing the individual morphotypes to specific species, with purple
sulphur bacteria being responsible for the precipitation of minerals, such
as barite. Furthermore, they note that opaque grains in the soils may
have protected the biota from harmful ultraviolet radiation (c.f. Sagan
and Pollack, 1974).

The ca 2.7 Ga Tumbiana Formation of the Fortescue Group, NW
Australia formed in shallow ephemeral evaporative lakes (Buick, 1992;
Awramik and Buchheim, 2009; Coffey et al., 2013). It hosts stromato-
lites (Fig. 8C) associated with carbonaceous matter having carbon
isotope signatures indicative of phototrophic microorganisms, as well as
methanogens and methylotrophs. Although there is no geochemical
indication of oxygenic photosynthesis, Buick (1992) concluded that the
intercontinental stromatolites were formed by oxygenic phototrophs
because the lack of sulphate (sedimentary iron and sulphur minerali-
sation) indicates a paucity in the volcanic and hydrothermal discharges
into the basin, and therefore a lack of basic nutrients for anaerobic
phototrophy. He concluded: “Thus, the late Archaean biota had perhaps
reached the maximum level of metabolic complexity and diversity
possible in a suboxic world inhabited exclusively by prokaryotes”.
However, sulphate was not common in the Palaeoarchaean where there
is abundant evidence for anoxygenic photosynthesisers, as described
above.

Flannery (2010) also concludes that the microorganisms producing
the stromatolites of the Tumbiana Formation were most likely to be
oxygenic phototrophs, i.e., cyanobacteria, because of the amount of
biomass produced, the presence of tufted mats, today only produced by
oxygenic photosynthesisers, as well as the geochemical evidence for
oxygen. Although he claims that these tufted mats are the oldest known,
they have been described from Palaeoarchaean sediments (e.g., Hick-
man-Lewis et al., 2018), where they are associated with anoxic envi-
ronmental parameters. Evidently, in the absence of oxygenic
photosynthesisers, anoxygenic species exhibited the same, light-seeking
behaviour.

5.2.3. The North American craton

Mesoarchaean carbonate platforms are preserved also in North
America. McIntyre and Fralick (2017) describe laterally-linked and
isolated domal stromatolites, as well as low relief domes from the (2.93
Ga) Red Lake carbonate platform, northwest Ontario, Canada. As with
the Pongola stromatolites, morphological differentiation was controlled
by physical parameters, such as water depth, with Stratifera and Colle-
niella type stromatolites occurring in the peritidal zone, while only
Stratifera occurred in the more deeper water regions of the platform.
Here, proxies suggest oxygenic phototrophy with the oxygen reacting
with Fe-rich ocean waters to precipitate Fe oxides, thus contributing to
the formation of BIFs in the deeper regions of the platform (Afoz et al.,
2023). Close in age to the Red Lake carbonate platform is that of ca. 2.8
Ga Mosher Carbonate at Steeprock in south central Canada (Fig. 8A, B),
the oldest large exposure of a Mesoarchaean carbonate platform, up to
500 m in thickness (Fralick and Riding, 2015). The stromatolites here
formed on a shallow water platform at the edge of open water that, with
time, became increasing restricted. Together, negative Ce anomalies,
positive Gd anomalies and reduced positive Eu, as well as very large,
metre-sized stromatolitic domes, indicate significant phototrophic
biomass development. The authors conclude that the stromatolites
(comprising domal, pseudocolumnar, columnar and fenestral stratiform
morphologies) were produced by oxygenic photosynthesisers, such as
cyanobacteria (Riding et al., 2014). Contributing environmental factors
were the extent of oxygen production, initial terrestrial run-off, and
interplay withthe open ocean waters that was sub- or anoxic and rich in
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Fig. 8. Stromatolites from the Mesoarchaean. (A) Large, domical stromatolites from the 2.8 Ga Steeprock Formation, Canada (photo F.W.). (B) Field photograph of
the crinkly dolomitic laminae in the Steeprock stromatolites (Fralick and Riding, 2015). (C) Conical stromatolite from the 2.7 Ga Tumbiana Formation, Western

Australia (Coffey et al., 2013).

bicarbonate and dissolved iron, as well as with water depth and platform
size (Fralick and Riding, 2015; Riding et al., 2022). The oxygen pro-
duction on the platform resulted in a seaward chemocline, a decrease in
the Mn/Fe ratio, and accumulation of Fe, Mn and Ce cerium oxides
(Fralick et al., 2024).

5.3. Neoarchaean life

Carbonate deposition, carbonate platforms and stromatolites
continue to dominate the Neoarchaean palaeontological record,
although geochemical biosignatures (carbon, sulphur isotopes) indicate
the presence of non-photosynthetic life forms as to be expected in any
phototrophic microbial mat community where the organic matter pro-
duced by the primary phototrophs is consumed by heterotrophs (Stal,
2012). Of interest in the Neoarchaean of Southern Africa is the emer-
gence of large domical stromatolites, up to several metres to tens of
metres in height and length, that contrast with the smaller, more
discrete stromatolitic morphotypes in Palaeo-Mesoarchaean formations.

5.3.1. Southern African craton

Neoarchaean biosignatures and their respective environmental con-
ditions of the Neoarchaean in Southern Africa are reviewed in detail in
Hickman-Lewis and Westall (2021). Here, we summarise the pertinent
points. The Neoarchaean sedimentary formations of Zimbabwe
comprise the 2.7 Ga Manjeri Formation and the slightly younger, 2.65
Ga Cheshire Formation. Columnar stromatolites are well developed in
shallow water sediments in the Manjeri Formation, where REE + Y
analyses indicate both anoxic marine (i.e., shallow water environments
with access to the open ocean) and hydrothermal fluids influences
(Grassineau et al., 2002). Long-duration environmental cyclicity in the
Cheshire Formation attests to stable lagoonal conditions (with open
access to the ocean), as well as minimal continental detrital influence,
with the cyclic chemical variability possibly influenced by seasonal
changes (Martin et al., 1980). Shallow water stromatolites in the
Cheshire Formation comprise domical macrostructures of decimetre- to
metre-scales, as well as tabular stromatolites, and form larger reefs.
They also exhibit conical Conophyton-like structures and branching
columnar forms (Martin et al., 1980), thus attesting to the diversity of
Neoarchaean stromatolite types existing in Southern Africa. This is
underlined by sulphur and carbon isotope evidence for metabolisms
using the complete sulphur cycle, methanogenesis and methylotrophy,
as well as rubisco activity indicative of anoxygenic and oxygenic
photosynthesis (Grassineau et al., 2001, 2006), all typical of photo-
trophic microbial mat communities (cf. Stal, 2012). In contrast to the
previous, mostly marine environments, the giant domical stromatolite
mounds and conical and cuspate microbialites of the 2.7 Ga Huntsman
Quarry in the Bulawayo greenstone belt formed in hydrothermally
influenced marine conditions, however, with considerable inputs from
proximal continents (i.e., a light REE-enriched riverine contribution
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(Sumner, 2000; Kamber et al., 2014).

In South Africa, the slightly older, 2.78 Ga Ventersdorp Supergroup
hosts small lobate, domical, columnar and linked pseudo-columnar
stromatolites formed during periods of clastic input quiescence in a
high-energy environment (Wilmeth et al., 2019). Other localities in the
Hartbeesfontein Basin exhibit low relief, domical to conical stromato-
lites (Pope et. al., 2000), whose changing morphology may be related to
either changes in hydraulic energy or chemical stress (Hickman-Lewis
et al., 2019). Cambell Rand Subgroup and the Malmani Subgroup of the
Transvaal Supergroup, together, represent a major 2.3-2.6 Ga old car-
bonate buildup (Beukes 1987; Schroder et al., 2008). Again, microbialite
(including stromatolites) and carbonate deposits reflect environmental
conditions ranging from high energy platform margins to quieter la-
goons, intertidal flats and supratidal regions. Similarly, stromatolites in
the 2.64 to 2.52 Ga Griqualand West Basin of the Transvaal Supergroup
flourished in semi-restricted marine and epicontinental environments
(Eriksson and Altermann, 1998). The dominance of shallow water
phototrophs may have resulted in an increase of oxygen in the
biosphere, as suggested by increasingly heavy carbon isotope fraction-
ations, from approximately —40 %o to —25 %o, upward through the
Campbellrand-Malmani stratigraphy (Eroglu et al., 2017). Thus, it ap-
pears that oxic environments gradually became more important from
the Meso- to Neoarchaean in Southern Africa.

Despite the concentration of interest on Meso-Neoarchaean stro-
matolites and carbonate microbialites, geochemical evidence of che-
motrophic microorganisms consists of carbon isotope fractionations in
2.59 to 2.50 Ga sediments of the Campbellrand platform indicative of a
range of autotrophic carbon fixation mechanisms and heterotrophic
processes including fermentation and methanotrophy (Fischer et al.,
2009). Large coccoidal microfossils buried in finely laminated deep-
water chert in the Gamohaan Formation have been compared to
sulphur-oxidising bacteria, such as Thiomargarita (Czaja et al., 2016),
evidence of a sulphuretum supported by analysis of sulphur isotopes
(Kamber and Whitehouse, 2007; Kaufman et al., 2007). Moreover, ni-
trogen isotope increases of > 2 %o in the ca. 2.53 Ga Gamohaan For-
mation relative to values from the Palaeoarchaean suggest coupled
nitrification and denitrification (chemolithotrophic pathways) or
anaerobic ammonium oxidation reactions (Godfrey and Falkowski,
2009). The necessity of access to free oxygen for these metabolic path-
ways supports the emergence of widespread oxygenic ecosystems
around this time.

5.4. Summary Meso-Neoarchaean

The Meso-Neoproterozoic saw the appearance of consolidated, stable
continents with the development of adjacent continental platforms on
their passive margins. A gradual decrease in internal mantle heat flow
(with episodic increases related to large increases in volcanic activity)
and an increase in horizontal plate tectonics contributed to the
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phenomenon of the building of stable continents. Concomitant with the
establishment of continents and their tectonic mountain ranges came
erosion down to the granitic cores of the continents (still K-poor TTG
granites), a marked change in the composition of terrigenous sediments
that became more quartzitic, and the release of nutrients essential for
life, in particular phosphorus. Intracratonic basins and fluvial systems
added to environments that could be colonised by life. Microbial life
colonised terrestrial fluvial environments as of about 3.22-3.209 Ga
(Moodies Group, Barberton, Homann, 2019) and evidence for photo-
trophic stromatolites in ephemeral intercontinental basin lakes occurs in
the 2.7 Ga Tumbiana Formation, Pilbara (Buick, 1992; Lepot et al.,
2008) confirms the gradual extension of life inland, away from conti-
nental margins. It is possible that life transitioned towards terrestrial
environments at an earlier stage, but these were not preserved in the
rock record (although Retallack and Schmitz (2023) identified potential
coastal plain sediments and associated spindle-shaped structures,
possibly microfossils, in the Palaeoarchaean Strelley Pool Chert). With
respect to the Southern African craton, Hickman-Lewis and Westall
(2021) noted the gradual migration of life into terrestrial biomes
concomitant with the growth and stabilisation of continents, a situation
that Cawood et al. (2018) compares with the “Matworld” scenario of
Lenton and Daines (2016).

Perhaps the most striking change in microbial evolution is the
development of extensive carbonate platforms and large, at times giant,
stromatolites across the globe. As with the Palaeoarchaean stromatolites
at 3.4 Ga Strelley Pool Chert, environmental conditions and stresses in
terms of water depth, dynamics and nutrient availability affect the
morphology of the stromatolites. The relative abundance of phosphate
and other transition metals brought in by rivers from erosion of the
newly available continental cores would have contributed to biomass
development. The abundance of biomass documented by the develop-
ment of the large carbonate platforms and stromatolites attests to the
availability of nutrients and, perhaps even without the geochemical
evidence for increasingly oxygenic conditions through the Meso-
Neoarchaean period, to the evolution of a more efficient metabolism,
that of oxygenic photosynthesis. The evolution of oxygenic photosyn-
thesis from anoxygenic photosynthesis was key to the further evolution
of life on Earth through the revolution of the energetic and enzymatic
fundamentals of life (Homann-Marriott and Blankenship, 2011). The
latter authors state that “The repercussions of this revolution are man-
ifested in novel biosynthetic pathways of photosynthetic cofactors and
the modification of electron carriers, pigments, and existing and alter-
native modes of photosynthetic carbon fixation. Furthermore, the
presence of large, acritarch-like microfossils occurring in shallow water
sediments, such as those of the Palaeoarchaean Strelley Pool Chert
(Sugitani et al., 2015), the Mesoarchaean Moodies Group (Javaux et al.,
2010), or the Farrell Quartzite (Grey and Sugitani, 2009) beg the
question as to whether they represent phototrophic organisms (benthic
or planktonic) or even primitive eukaryotes (although, as noted above,
such structures could be explained as wall-less cells (Kanaparthi et al.,
2024).

Energy for maintaining metabolic processes in all life forms is pro-
cessed by the flow of electrons from an electron donor to electron
acceptor, controlled by protein complexes that always contain metallo-
organic cofactors. There are different ways of storing energy, either by
dissipating the energy gradient (generating or breaking chemical bonds)
or by the presence of membrane-bound complexes that couple the
transfer of electrons across the membrane to the generation of an ion
gradient and transmembrane electrical potential. Energy thus produced
is stored in ATP (adensoine triphogphate), a chemiosmotic mechanism
was likely present in the last common ancestor and has been carried
forward to the three presently persisting domains of life, Bacteria,
Archaea, and Eukarya (Lane et al., 2010). While oxygen can be produced
by nitrite-driven anaerobic methane oxidation by oxygenic bacteria
(Ettwig et al., 2010), it is only through oxygenic photosynthesis that
large quantities of the gas can be generated (Homann-Marriott and
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Blankenship, 2011). Oxygenic photosynthesis is a process by which the
decomposition of water is carried out by a water-splitting complex in
oxygenic photosynthesisers containing a manganese (Mn) cluster in
Photosystem II. The energy provided by the photon enables the
photolysis of water through an electron transport chain, facilitating the
production of Oy, protons, and electrons needed for the rest of the
photosynthetic process. Table 1 illustrates the amount of energy ob-
tained from various reductants, highlighting the huge difference be-
tween reduction of H,O and other common reductants. It was the
evolution of this particular process that provided Meso-Neoarchaean
phototrophs with the potential for significant biomass development,
limited only by nutrient availability Sanchez-Baracaldo et al., 2022).
Nisbet and Fowler (2014) consider the change in phototrophic mat
communities and architecture as an evolution through the “age of
Rubisco” from the CO,-specific form I Rubisco to a more specialised and
efficient enzymatic machinery that resulted in ecological advantages.
The evolution of photosynthetic bacteria was complex and involved
lateral gene transfer of photosynthetic components and one or more
endosymbiotic events (Homann-Marriott and Blankenship, 2011).

Anoxygenic photosynthesisers may already have appeared by 3.7 Ga
(Czaja et al., 2013) and were definitely widespread by 3.5 Ga (Noffke
et al., 2013). The question then is, when and how did oxygenic photo-
trophs emerge? Sanchez-Baracaldo et al. (2022) reviewed evidence
based on comparative structural biology, phylogenetic analyses and
molecular clocks, experimentation and ecological studies, which sug-
gests that some form of water oxidation coupled with phototrophy
existed already in the Palaeoarchaean (Fig. 9). The limiting factors
would have been the availability of other reductants for electron
transfer, such as Fe>", H,S, and H, since, when present, even today
cyanobacteria can switch to anoxygenic photosynthesis using these re-
ductants. Thus, only when the availability of these reductants started to
become reduced through geochemical changes in seawater related to
geological evolution, could microorganisms with the capacity for oxi-
dising the most commonly available reductant, water, take over from
anoxygenic phototrophs. Limited availability of phosphorus as a
nutrient would also have contributed to a delay in the appearance of
oxygenic phototrophs. The early oxygenic phototrophs were primarily
benthic and, therefore, limited to shallow water coastal and terrestrial
environments. Major diversification of cyanobacteria occurred in the
Neoarchaean although lack of preservation of cyanobacterial fossils
hinders more precise estimations. This diversification included multi-
cellularity, an increase in cell size and differentiation of cells used for
specific metabolic tasks. Sanchez-Baracaldo et al. (2022) note that,
although Neoarchaean and Proterozoic benthic microbial mats and
stromatolites were widespread in these environments, their biomass was
nowhere near as high as that of the later appearing planktonic algae that
accompanied a major increase in atmospheric oxygen.

Although phototrophic ecosystems have specific environmental

Table 1
Redox midpoint potentials of electron donor and electron carrier redox couples
(after Homann-Marriott and Blankinship (2011)).

Reductant Redox couple Redox midpoint potential at Ph7
)
Hydrogen Hy/2H" -0,42
Sulphide H,S/° 0,24
Ferrous iron FE%*/Fe(OH); 0,15
Hydrogen H;0,/04, 0,27
peroxide
Water H20/1/204 0,815
ferroxidoxin (red) Fd(red)/Fd(ox) -0,43
NADPH NADPH/NADP -0,32
menaquinol MQ(red)/MQ(ox) -0,07
Ubiquinol UQ(red)/UQ(ox) 0,1
Plastquinol PQ(red)/PQ(ox) 0,01
Rieske FeS cluster RFeS(red)/RFeS 0,100-0,270
(0x)
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Fig. 9. Evolution of oxygenic phototrophs through geological time (Sanchez-Baracaldo et al., 2022).

requirements, i.e., access to sunlight, this is not the case for chemosyn-
thetic microbial communities. Nevertheless, chemosynthesisers form an
integral part of a phototrophic mat community (Stal, 2012) with which
their geochemical signatures are frequently associated.

While stromatolites flourished in the Meso-Neoarchaean period,
nevertheless, there was a delay in a concomitant rise in atmospheric
oxygen. This was influenced largely the presence of chemical buffers,
such as ferrous iron, which, when oxidised, forms magnetite, hematite,
and siderite, typical components of BIFs. Deposition of BIFs may be
attributed to the evolution of oxygenic phototrophs, particularly from
the Mesoarchaean onwards, although ferric mineral production by
anoxygenic phototrophs using ferrous oxide as an electron donor were
probably the main agent prior to the Mesoarchaean (Olson and Blan-
kenship, 2004). However, as noted above, there is clear geochemical
evidence for a rise in oxygen through the nitrogen cycle (Godfrey and
Falkowski, 2009), from chromium signatures (Frei et al., 2009), and the
evidence from sulphur isotopes (Farquhar et al., 2007). However, the
Neoarchaean rise in atmospheric oxygen was not monotonic, rather it
was characterised by oscillations up to ca 2.5 Ga (Gumsley et al., 2017).

A noticeable evolution between the Palaeoarchaean and the Neo-
archaean is the decrease in the preservation of carbonaceous microfos-
sils. Certainly, the coarse-grained clastic sediments that started to
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appear in the Mesoarchaean are less conducive to microfossil preser-
vation as such (an exception being the fine-grained chert matrix of rod-
shaped casts occurring in vadose deposits of the Moodies Group
(Homann et al., 2016). Mantle heat flow started to decrease towards the
end of Mesoarchaean and into the Neoarchaean, thus there would have
been a gradual decrease in the amount of ocean silica produced by hy-
drothermal venting. Nevertheless, as we noted above the apparent
importance of silica as a fossilising agent with respect to Palaeoarchaean
carbonaceous microfossils, with an important contribution of dissolved
silica coming from devitrification of the predominant volcanic sedi-
ments. With the introduction of quartzitic sediments, more difficult to
dissolve than volcaniclastics in the early oceans, organic microbial
components were degraded and oxidised before silicification could
occur.

Carbonate is less favourable as a fossilising agent than silica. Summons
et al. (2011) note the following mineral matrices in order of ascending
preservation: ice, halite, sulphates, carbonates, phyllosilicates, silica, he-
matite, and phosphates. Microfossil preservation in the Meso-Neoarchaean
formations is rare. Kazmierczak et al (2009), however, describe coccoidal
casts in microbial mats whose mucilaginous matrix was fossilised by cal-
cium carbonate with an admixture of Al-K-Mg-Fe silicates, similar to
modern benthic colonial cyanobacterial mats.
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6. Proterozoic
6.1. Geological and environmental evolution

Episodic geological evolution linking mantle to atmospheric pro-
cesses during the Proterozoic continued with cycles of continent build-
ing and massive volcanism associated with the breakup of
supercontinents, particularly centred around 2.1, 1.9, and 1.1 Ga
(O’Neill et al., 2013; Hawkesworth et al., 2020). These are summarised
by the latter authors as being indicated by upper mantle depletion
events in gnd, Nb/Th, osmium isotope and “He/sHe, in the palae-
omagnetic, palaeomagnetic intensity and sulphur isotope mass-
independent fractionation data. Modelling of the various causes of
mantle overturn from episodic subduction, mantle avalanches,
basalt-eclogite transition episodicity to the dynamics of the ‘basalt
barrier’ at the 670 km discontinuity, all produce the same end effect
(O’ Neill et al., 2013).

6.1.1. The Great oxidation event

The Palaeoproterozoic is dominated by the so-called Great Oxidation
Event (GOE, Holland, 2002; Lyons et al., 2014) that coincided with the
first global glaciation event (between ca. 2.46 and 2.426 Ga, Gumsley
etal., 2017). The GOE was a “tipping point” for the rise of oxygen in the
atmosphere and upper ocean after neutralisation of the various buffers
(such as reduced mantle Hy, C, S, Fe?>") that consumed free oxygen as it
was produced by oxygenic phototrophs. As noted above, the gradual
decline in the availability of reductants other than water (Fe?t, H,S and
Hp) stimulated the flourishing of oxygenic phototrophs. The increased
oxidation of the oceans and production of molecular oxygen stimulated
the productivity of oxygenic phototrophs even further, which resulted in
the production of more oxygen and therefore biomass. As a conse-
quence, organic carbon was removed from the environment by deposi-
tion and burial, as indicated by the carbon isotope signatures (e.g.,
Bekker et al., 2001). At the same time, mantle events led to the pro-
duction of significant effusions of volcanic rocks to form the first Large
Igneous Provinces (LIPs) that formed on an amalgamated super conti-
nent comprising the Transvaal, Pilbara, and Superior-Korelia provinces
(Fig. 10, Gumsley at al., 2017; Chen et al., 2022). Erosion of these low-
latitude terrains provided nutrients (including phosphorus) for the
development of phototrophic mats in the shallow water environments of
the extensive continental platforms.

The preplacement of prviously reducing (and "greenhouse") gases in
the atmosphere, such as methane and hydrogen, by oxygen led to
decreasing global temperaturesand global glaciation. The change from a
reducing atmosphere to an oxidising one is strongly marked in the mass
dependent/mass independent sulphur isotope record (Farquhar et al.,
2007), characterised by the importance of mass independent sulphur
isotope fraction ation before the GOE compared with variations in car-
bon isotope fractionations before and after the GOE (with a similar
carbon isotope scenario following the Sturtian glaciations of the Neo-
proterozoic). The massive rise in atmospheric oxygen and the conse-
quent massive increase in biomass development led to the strongest
known carbon isotope excursion in the geological record, the Loma-
gundi Excursion event that lasted from 2.3 to 2.1 Ga (Karhu and
Holland, 1996). The anomalous behaviour of the carbon isotope record
during the Lomagundi Excursion probably represents intense burial of
reduced, biological carbon and indicates an increase of more than an
order of magnitude of oxygen in the atmosphere. The following drop in
atmospheric oxygen levels may have been controlled by intense conti-
nental weathering, drawing down the still limited amount of atmo-
spheric oxygen (Bekker and Holland, 2012).

The Mesoproterozoic from about 1.8-0.8 Ga is often referred to as
the “boring billion” in which carbon isotope compositions are remark-
ably stable (e.g., Lyons et al., 2014). It was characterised primarily by
deep ocean anoxia as opposed to the moderately oxidising conditions of
the upper ocean and terrestrial surfaces (Canfield, 1998). Geochemical
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evidence from redox sensitive elements (Mn, Cr, for example) suggest
that, locally, ocean shelves exhibited signs of euxinic conditions, which
would have affected biome conditions through feedback mechanisms
related to biomass production, HyS generation and metal availability.
However, for much of the Palaeo-Mesoproterozoic, while surface waters
were oxygenated, the deep oceans were anoxic and Fe?* rich, although
there is increasing geochemical evidence for seafloor oxygenation dur-
ing this period. For example, Xu et al. (2023) conclude that more than
half the global seafloor was oxygenated in the period between
1.60-1.54 Ga on the basis of molybdenum isotopes coupled with sulfur
and carbon isotope compositions and trace element contents from the
carbonates and mudstones of the Gaoyuzhuang Formation in the North
China Craton. This changed in the Neoproterozoic when a combination
tectonic processes led to the pileup of LIPs on the equatorially centred
supercontinent Rodinia that subsequently broke up (Li et al., 2008).
Increased chemical weathering of the igneous material resulted in a
large increase in the flux of biolimiting nutrients to depositional basins
and, thus, to increased biomass development and higher organic carbon
burial (Gumsley et al.,, 2013). Concomitant to increased biomass
development and oxygenation of the environment was the formation of
giant iron and manganese deposits.

For all the apparent monotony of the Mesoproterozoic, important
evolutionary advances were made with the appearance of eukaryotes,
organisms comprising membrane-bound organelles that were, for the
majority, aerobic. However, limitations in the availability of oxygen
likely inhibited the evolution of animals until the second significant
oxidation event associated with the Sturtian glaciation that was pro-
voked by a concatenation of geological and biological processes
including the assembly of large landmasses at low latitudes, LIPs,
incipient rifting, enhanced erosion and the production of nutrients,
enhanced biomass development and high rates of organic carbon burial
leading to surface oxygenation, and Snowball Earth glaciations (Fig. 10;
Gumsley et al., 2017).

6.2. Proterozoic biosphere

The Proterozoic is dominated by the widespread development on all
cratons of stromatolites (prokaryotes) and carbonate platforms. This was
the “golden age” of stromatolites, created by communities of microor-
ganisms, primarily with phototrophs as the primary producers (Figs. 9,
11, 12). In shallow water environments, whether platform or intra-
cratonic, oxygenic phototrophic communities that had already displaced
anoxygenic ones in the Meso-Neoarchaean dominated, while in the non-
phototrophic biosphere, oceans or otherwise, chemotrophs continued
their discrete existence. However, a major change in the evolution of life
during the Proterozoic was the development of the Eukarya. Whenever
they may first have first appeared (some believe during the Meso-
Neoarchaean, others later in the Proterozoic), their gradual rise in the
Proterozoic was predicated on the availability of oxygen and the
diversification of cyanobacteria (see review in Sanchez-Baracaldo et al.,
2022).

6.2.1. Prokaryotes

6.2.1.1. Stromatolites. Fig. 11 illustrates a variety of Proterozoic stro-
matolites while Fig. 12 shows the distribution of stromatolites (anoxy-
genic then oxygenic) throughout geological time (Awramik, 1991),
illustrating the gradually increasing abundance of these phototrophic
microbialites during the Proterozoic, culminating in the Neoproterozoic
before a seemingly catastrophic fall off at the Proterozoic/Cambrian
boundary. Not only did these phototrophic consortia increase in abun-
dance but their diversity also increased during the Proterozoic
(Awramik, 1991). Despite the increase in abundance and diversity
throughout the Proterozoic, it was the Palaeoproterozoic that saw the
evolution of all the major morphological groups of stromatolites,
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Fig. 10. The supercraton Superior. (A) Graph illustrating the approximate chronology of the glaciations and atmospheric oxygen oscillations according to the related
redox indicators in the Huronian and Transvaal basins. (B) Reconstruction of the Neoarchaean-Palaeoproterozoic cratonic fragments of the supercraton Superior that
were positioned near the palaeoequator. (Inset) The hypothesized palaeolatitude of these Archean cratons in the early Paleoproterozoic (Gumsley et al., 2017).

including columns, branching columns, cones, cylindrical cones,
branching cones, domes, planar-laminated structures, and encapsulated
laminar structures (oncoids) (Awramik and Sprinkle, 1999). The
Mesozoic is commonly known as the “boring billion” but was actually
the period of maximum stromatolite development as they diversified
from the early Riphean (1650 to 1350 Ma) and into the middle Riphean
(1350 to 1000 Ma) (op. cit.). As the above authors note, “Biospheric,
hydrospheric, atmospheric, and lithospheric conditions favored a major
expansion of microbial life in shallow marine environments. No
disruptive events or changes of significant magnitude and duration are
recorded, at the resolution available, that might adversely have affected
stromatolite communities“. With the development of suitable basins and
photic environments, cyanobacteria probably underwent a major
adaptive radiation that included the appearance of new species of cya-
nobacteria that were better able to accrete sediment, thus forming new
vertical stacking arrangements of laminae (Awramik, 1991). Awramik
(op. cit.) hypothesised that the Riphean increase in stromatolite diversity
may have been stimulated by the appearance of eukaryotes.

In an early but still highly relevant review of stromatolites, Monty
(1974) examined the factors contributing to the growth, diversity and
demise of stromatolites during the Proterozoic and, in particular the
“gigantism” of the constructs in this time period. He noted that “the
extension and gigantism of Precambrian stromatolites are a direct
response of exponentially growing procaryotes to optimal realized hy-
perspaces which, generalized at this time, will be met again but very
sporadically and locally afterwards .... Among the most important
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parameters of this success stand the possibility of optimal use of ener-
getic sources, the unrestricted availability of nutrients, and the absence
of encrusting competitive groups”. Both diversity and abundance of
Proterozoic stromatolites are documented across the globe, as is their
rapid decline as attested by the disappearance of many types of stro-
matolites, loss of morphological and microstructural growth features
and concomitant appearance of new ones, and the rapid decline in
stromatolite size (op. cit.). Monty noted that developments in the
morphology of the stromatolites could have been driven by ecological
and physiological evolutions in the biomes of the phototrophic com-
munities, as well as changes in the overall environment, such as the
partial pressure of CO5 in the atmosphere and other local environmental
parameters (e.g., water turbulence, depth and alkalinity).

Considering the gigantism in the Proterozoic stromatolites, Monty
(1974) discounted the effects of environmental parameters, such as
tides, platform subsidence rates and specific temperatures, and suggest
that other factors, including energy sources and nutrient availability,
would have been more important. These oxygenic phototrophs actually
develop best under high CO; levels, as well as ready access to nitrogen
(in the form of nitrates) and phosphorus from continental weathering.
These conditions were abundantly fulfilled during the Proterozoic
(Catling and Zahnle, 2020; Stiieken et al., 2016, 2020). Finally, there
were no other competitive or predatory organisms to inhibit photo-
trophic microbial community formation. However, as Monty (op. cit.)
pointed out, despite the overall perfect conditions for stromatolite
development during the Proterozoic, there were limitations.
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Fig. 11. Stromatolites from the Proterozoic. (A) Mesoproterozoic stromatolites from the Glacier National Park, Montana, USA (NPS). (B, C) Domical stromatolites
from the 2.5 Ga Campbellrand-Malmani carbonate platform on the Kaapvaal craton (B) with micrographic detail of the fenestral texture (C) (Sumner, 2000). (D, E)
Sectioned slab of stromatolites from the 1.9 Ga Gunflint Formation at Mink Mountain (D) (Arts, 2015) and optical micrograph of the columnar stromatolites (E)
(Hubert, 2015). (F) Baicalia cf. rara from the Shisanlitai Formation, Neoproterozoic, Liaoning Province, China (Noffke and Awramik, 2013).
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Fig. 12. Abundance of stromatolites throughout geological time based on North American data (Peters et al., 2017).

What were the limitations that led to the demise of the long-lived and
flourishing stromatolites? It is commonly thought that, with the rise of
animals and soft-bodied grazing organisms, stromatolites finally found
an adversary (e.g., Awramik, 1991) and declined as the dominant pro-
karyotic phototrophic association to be replaced by other protistans, and
metazoans that diversified to form more complex, multilevel ecosystems
(Awramik and Sprinkle, 1999). However, Monty (1974, cf. also Riding,
2005) proposed an alternative explanation for their rapid disappear-
ance, ie., that they were too successful. In a comprehensive review of
stromatolite abundance in North America, Peters et al (2017) also noted
that their decline started before the rise of metazoans (Fig. 13). As noted
above, stromatolites and their cyanobacterial-dominated communities

were responsible for the production of large amounts of oxygen, but
these oxygenic phototrophic microorganisms develop best under con-
ditions where there is a significant amount of CO,. A decrease in at-
mospheric CO, would have inhibited their development and contributed
to the flourishing of eukaryotic animals, such as green and red algae.
Moreover, as Monty (1974) noted, blooms of algae produce toxins that
have negative effects on potential eukaryotic grazers. This may have had
an inhibiting effect on their rise in the Neoproterozoic. Reviews of
stromatolites throughout geological time are covered by Riding (1999,
2000, 2008).

In a review of life during the Palaeoproterozoic, Javaux and Lepot
(2018) highlighted the interplay of geochemical conditions at various
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Lepot, 2018).

water depths and at various times in the oceans on the relationships
between different types of microbial groups (prokaryotes and eukary-
otes). Variations in anoxia, dysoxia or euxinic bottom water conditions
indicate temporal and spatial changes in the redox state and composi-
tion of the bottom waters (Johnston et al., 2009). Significant differences
in redox conditions characterised the period colloquially known as the
“boring billion” (~1.9-1.8 to ~ 0.8 Ga), when sulfidic (H3S-rich) anoxic
conditions (euxinia) characterised continental shelves and epiconti-
nental seas owing to prolific phototrophic development in the plank-
tonic domains that produced organic matter to support sulphate reducer
reduction (Poulton et al., 2010). Fig. 13 illustrates the covariation of
microbial metabolisms with global atmospheric and oceanic composi-
tions through geological time (Javaux and Lepot, 2018).

6.2.1.2. Other prokaryotic microbial traces. Javaux and Lepot (2018)
underlined the difficulties in interpretation of biogenicity and the
assignment of individual microfossils to specific domains and species.
For example, the enigmatic cylindrical microfossil Navifusa majensis
from the McDermott Formation, Tawallah Group, Australia (1.78-1.73
Ga) was interpreted as a fossil cyanobacterium. Moreover, on the basis
of thylakoids preserved in N. majensis fossils from Tawallah Group and
the Shaler Supergroup, Canada (1.01-0.9 Ga), Demoulin et al. (2019)
conclude that there is direct evidence for oxygenic photosynthesis and
for the existence of a metabolically active vegetative cell rather than a
cyst (akinete) stage. Javaux and Lepot (2018) summarised the
geochemical and morphological evidence indicating the existence of
eukaryotes, cyanobacteria, green and purple sulphur bacteria, meth-
anogenic archaea and/or bacteria, sulphate-reducing bacteria, meth-
anotrophic bacteria and/or archaea, iron-oxidizing bacteria, anoxygenic
photosynthetic bacteria, and denitrifying bacteria. This diversity is
linked to changes in ocean chemistry with respect to the availability of
specific transition metals necessary for metabolisms necessary for
assimilating nitrogen, such as Fe, Mo, Ni, Cu and V (Anbar and Knoll,
2002; Buick, 2007; Glass et al., 2009; Johnston et al., 2009; Konhauser
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et al., 2009). For example, the 1.64 Ga Barney Creek Formation contains
biomarkers for green and purple sulfur bacteria (anoxygenic photo-
synthesisers) (Brocks et al., 2005).

The presence of a stratified ocean during the Palaeoproterozoic
would have had significant effects on the metabolisms of phototrophic
organisms. Above the euxinic levels, cyanobacteria may have used
anoxygenic strategies based on HzS and/or they may have been sup-
planted by anoxygenic photosynthetic bacteria metabolizing HsS or
Fe?" (Johnston et al., 2009). Note that toxicity from Fe?" may have
affected planktonic cyanobacteria (Swanner et al., 2015).

Stiieken et al. (2016) used the nitrogen isotope record, combined
with additional information on redox availability and sulphur and iron
cycling on the early Earth, to investigate important changes in the ni-
trogen cycle during the Precambrian. They concluded that there had to
have been an early origin of biological Ny fixation since a large
biosphere could not have been supported by the available abiotic ni-
trogen sources. Moreover, the increase in evidence for nitrate through
the Neoarchaean and Palaeoproterozoic corresponds with other evi-
dence for an increase in oxygen at the same time. They also noted that
nitrate availability alone was not a major driver of eukaryotic evolution.
Finally, speciation and size of Proterozoic organisms may be related to
the abundance of ferrous iron and sulphide (op.cit.).

6.2.2. Eukaryotes

The Proterozoic and Phanerozoic eons can be called the age of the
Eukarya. Traditionally, the Eukarya is considered as one of the three
domains of life, the other two being the Bacteria and the Archaea (Woese
et al., 1990). More recent phylogenetic analyses provide support for a
“two-domain” scenario, with the Eukarya nested within the Archaea
(Eme et al., 2017; Hug et al., 2017). Indeed, the Eukarya seems to have
emerged within an archaeal group called Heimdallarchaeia or the more
inclusive archaeal group of Asgard or Asgardarchaeota (Eme et al.,
2023). If true, then the universal tree of life consists of two domains, the
Bacteria and the Archaea, which are separated from each other by the
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deepest phylogenetic divide, with the Eukarya being a clade within the
Archaea.

The prospect that the Eukarya may lose its domain status does not
relegate its evolutionary importance because it embodies a number of
key innovations. Indeed, the origin of eukaryotic cells is considered as a
transformative event and a major transition in evolution (Maynard
Smith and Szathmary, 1997). Typical eukaryotic cells contain
membrane-bound intracellular structures, including nuclei, mitochon-
dria, and, for photosynthetic eukaryotes (such as algae and plants),
chloroplasts. They are also distinguished from prokaryotic cells by DNA-
associated histone, eukaryotic gene regulation, and tubulin- and actin-
based cytoskeletons, which enable endocytosis and exocytosis. Unfor-
tunately, with few exceptions, most of these cellular and intracellular
features are not easily fossilisable, making it difficult to differentiate
simple, smooth-walled, unicellular eukaryotes from prokaryotic cells in
the fossil record. As a result, unambiguous identification of eukaryotic
fossils is often dependent upon more readily fossilisable and recognis-
able morphological features that may be derived, guided by comparison
with living eukaryotic organisms. Excluding convergent evolution of
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such derived morphological features, these approaches necessarily limit
our vision to the crown-group Eukarya, which represents the minimal
clade that includes all living eukaryotes and their last common ancestor.
In other words, these approaches do not specifically address the iden-
tification of stem-group eukaryotes (extinct lineages that lie outside a
crown group but are more closely related to the crown group than to any
other living group), particularly considering that a number of stem-
group eukaryotes are likely prokaryotic (Xiao, 2022).

Our view of living eukaryotes is often biased towards familiar life
forms that are multicellular and macroscopic, such as animals, fungi,
plants, and seaweeds. However, many eukaryotes are unicellular and
microscopic. These microscopic eukaryotes occupy the basal branches of
the eukaryote tree (Keeling and Burki, 2019), with complex multicel-
lularity (i.e., multicellularity with cell differentiation) evolving a num-
ber of times within the eukaryotes (Knoll, 2011). Major clades of living
eukaryotes include the Opisthokonta (e.g., animals, fungi, and their
relatives), Amoebozoa, Archaeplastida (e.g., red algae, green algae, and
glaucophytes), Stramenopila + Alveolata + Rhizaria (collectively
known as SAR and examples of which are brown algae, dinoflagellates,
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Fig. 14. Summary of Proterozoic eukaryote fossils. From left to right are: (1) geological time scale in million years before the present (Ma), eons, eras, and periods;
(2) biomarkers exhibiting an age of protosterols (produced by stem-group eukaryotes and/or prokaryotes) and an age of sterols (produced by crown-group eu-
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and foraminifers, respectively), Cryptista, Haptista (e.g., coccolitho-
phores), and several other minor groups, with the rooting of the
eukaryote tree unresolved (Keeling and Burki, 2019; Burki et al., 2020)
(Fig. 14).

The timeline of eukaryote evolution is of geological importance
because eukaryotic groups play important roles in geological and envi-
ronmental processes. For example, coccolithophores are major primary
producers in marine ecosystems in modern oceans and likely since the
Triassic (Falkowski et al., 2004). In some marine environments, a single
coccolithophore species, Emiliania huxleyi, accounts for 75 % or more of
the total number of photosynthetic plankton (Holligan et al., 1993). As
additional examples, the diversification of animals at the Proterozoic-
Phanerozoic transition had a profound impact on the marine
ecosystem and geochemical cycles (e.g., Canfield and Farquhar, 2009),
and the ecological rise of eukaryotic primary producers in the Neo-
proterozoic likely played an important role in the evolution of the global
carbon cycle and marine redox structures (Brocks et al., 2017; Brocks
et al., 2023).

Molecular clocks provide a means to estimate the timeline of
eukaryote evolution, although these estimates come with large ranges
and uncertainties. For example, molecular clock estimates of the
divergence of crown-group eukaryotes (i.e., the age of the last eukaryotic
common ancestor, or LECA; Fig. 14) range from > 2,300 Ma to ~ 1,000
Ma (Chernikova et al., 2011; Parfrey et al., 2011; Eme et al., 2014;
Porter, 2020; Strassert et al., 2021), almost spanning the entire Paleo-
Mesoproterozoic. Within the crown-group eukaryotes, the divergence
of the crown-group Archaeplastida (which marks the origin of the pri-
mary plastid) is also a matter of debate, with estimated divergence time
ranging from ~ 2,000 Ma to ~ 1,200 Ma (Strassert et al., 2021; Bowles
etal., 2023). Likewise, molecular clock estimates of crown-group animal
divergence time range from ~ 800 Ma to ~ 600 Ma (Dos Reis et al.,
2015; Dohrmann and Worheide, 2017).

Given the large uncertainty in molecular clock estimates, the fossil
record - including body, trace, and molecular fossils (the latter also
known as biomarkers) — provides an indispensable archive of eukaryote
evolution. There have been numerous reviews on the fossil record of
Precambrian eukaryotes focusing on taxonomic diversity (Knoll et al.,
2006; Cohen and Macdonald, 2015), morphological disparity (Huntley
et al., 2006; Xiao and Dong, 2006; Bykova et al., 2020), phylogenetic
framework (Porter, 2020; Porter and Riedman, 2023), and evolutionary
innovations (Javaux, 2007; Javaux, 2011; Xiao, 2013; Knoll, 2014;
Butterfield, 2015). Below, we provide a brief review of Proterozoic
eukaryote fossils (Fig. 14), updated from Xiao (2013) in the context of a
phylogenetic framework to differentiate stem- vs. crown-group eu-
karyotes (Knoll, 2014; Butterfield, 2015; Porter, 2020; Xiao, 2022;
Porter and Riedman, 2023).

Xiao (2013) proposed three stages of Precambrian eukaryote evo-
lution: Stage I when stem group eukaryotes evolved (Neo-
archaean-Mesoproterozoic); Stage II characterised by deep divergence
of major eukaryote clades (late Mesoproterozoic-early Neoproterozoic);
and Stage III represented by the radiation of multicellular eukaryotes
(Ediacaran). Other reviews of Precambrian eukaryotes also recognise
similar stages (Javaux, 2011; Knoll, 2014), although there are some
minor differences in time of transition from one to the next stage. These
stages are based mainly on body fossils, but they are broadly consistent
with the geological distribution of eukaryote biomarkers (Brocks et al.,
2023), lending some confidence that there are true signals in the Pre-
cambrian eukaryotic fossil record, no matter how sketchy it is.

6.2.2.1. Stage i (Neoarchaean? — Mesoproterozoic): Origin of eukaryotes
and diversification of stem-group representatives. What is the oldest
eukaryotic fossil? Are there Archean eukaryotic fossils? These are
challenging questions, not the least because the oldest eukaryotes must
have been morphologically simple — indeed, some early stem-group
eukaryotes were likely prokaryotic (Xiao, 2022), but also because
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Archaean sedimentary rocks are limited and metamorphosed to various
degrees. To date, no convincing eukaryotic fossils have been reported
from the Archaean. Previous reports of eukaryotic biomarkers from
Archaean rocks (e.g., Brocks et al., 1999; Brocks et al., 2003) have later
been shown to be contaminants (Rasmussen et al., 2008). Relatively
large (~120 pm in diameter) leiospheric organic-walled microfossils
from the 3200 Ma Moodies Group in South Africa (Javaux et al., 2010)
could be eukaryote microfossils, but as rightfully pointed out by the
original authors, a bacterial interpretation cannot be excluded.

Since the proposed coupling between the diversification of aerobic
eukaryotes and the rise of atmospheric O, levels (Knoll, 1992), it is
widely speculated that eukaryotes evolved in the Palaeoproterozoic,
concurrently with or shortly after the ~ 2.4—2.3 Ga Great Oxidation
Event (Holland, 1994; Luo et al., 2016). Bengtson et al. (2017b) reported
the discovery of fungus-like filaments from 2,400 Ma vesicular basalt in
the early Palaeoproterozoic Ongeluk Formation of South Africa. If
confirmed, this represents one of the oldest eukaryotic fossils. More
research, however, is needed since the age of these fossils, between
2,400 Ma and 2,060 Ma (Bengtson et al., 2017b) is not tightly con-
strained, and the fungal affinity and biogenicity needs further substan-
tiation (Berbee et al., 2020; McMahon et al., 2021).

Several late Palaeoproterozoic successions — including the Ruyang
Group in the southwestern margin of the North China Craton, dated
between 1711 + 37 Ma and 1647.8 + 3.4 Ma (Lyu et al., 2022), the
Changcheng Group in the northern margin of the North China Craton,
dated between 1,673 + 10 Ma and 1,626 + 9 Ma (age constraints
summarised in Miao et al., 2024a), and the 1,700-1,600 Ma Semri
Group of the lower Vindhyan Supergroup in central India (age con-
straints summarised in Bengtson et al., 2017a) - are particularly
important in the study of Paleoproterozoic eukaryotes. Earlier in-
vestigations of Palaeoproterozoic eukaryotic fossils were focused on
compressed carbonaceous macrofossils, such as Grypania (Fig. 15A-B),
Chuaria, and Tawuia, which are present in the Palaeoproterozoic
Changcheng Group and Negaunee Formation (Hofmann and Chen,
1981; Han and Runnegar, 1992; Zhu et al., 2000; but see Lamb et al.,
2007), although these taxa are better known from younger rocks of
Mesoproterozoic and Neoproterozoic ages. These fossils have been
interpreted as eukaryotes (Walter et al., 1990; Sharma et al., 2009; Li
et al., 2020; Tang et al., 2021), or alternatively as large bacteria cells or
colonies (Steiner, 1994; Sharma and Shukla, 2009). In addition, irreg-
ularly shaped carbonaceous compression macrofossils from the Tuan-
shanzi Formation of the Changcheng Group have been interpreted as
multicellular eukaryotes akin to living seaweeds (Yan, 1995b; Zhu and
Chen, 1995; Yan and Liu, 1997; Qu et al., 2018), but they could alter-
natively represent ruptured fragments of microbial mats. These un-
certainties have not been resolved because the taxa are morphologically
simple, lack phylogenetically diagnostic morphological features, and
could be polyphyletic in origin. Thus, Palaeoproterozoic carbonaceous
compression macrofossils offer suggestive but inconclusive evidence for
early eukaryote evolution.

Similarly, organic-walled microfossils (or acritarchs) with a smooth-
walled spherical vesicle over 100 pm in diameter, often described as
various species of Leiosphaeridia or related genera, provide suggestive
but ambiguous evidence for Palaeoproterozoic (or even Archaean) eu-
karyotes. As mentioned above, leiospheres over 100 pm in diameter are
present in the Archaean Moodies Group (3200 Ma) in South Africa
(Javaux et al., 2010). Poorly preserved leiospheres have also been re-
ported from the 2,150-1,950 Ma Hutuo Group in North China (Yin et al.,
2020), and abundant well-preserved leiospheres are known from late
Palaeoproterozoic Changcheng and Ruyang groups in North China (Yan
and Liu, 1993; Agic¢ et al., 2017; Miao et al., 2019; Miao et al., 2024a).
Some leiospheres from the Ruyang Group contain a tantalizingly
nucleus-like intracellular inclusion within the vesicle, although this
structure more likely represents condensed protoplasts or reproductive
spores rather than membrane-bound nuclei (Pang et al., 2013). Some
leiospheres from the Changcheng Group - variously described under the
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Fig. 15. Representative Stage I fossils. A-B: Grypania spiralis specimens from the Palaeoproterozoic Negaunee Formation (~1,900 Ma) in Michigan (Han and
Runnegar, 1992; Schneider et al., 2002) and the Mesoproterozoic Gaoyuzhuang Formation (~1560 Ma) in North China (Walter et al., 1990), respectively. C:
Qingshania magnifica from the Palaeoproterozoic Chuanlinggou Formation of the Changcheng Group in North China (Miao et al., 2024b). Courtesy of M. Zhu. D-J:
Valeria lophostriata (D-E), Dictyosphaera macroreticulata (F-G), and Shuiyousphaeridium macroreticulatum (H-J) from the Palaeoproterozoic Ruyang Group in
North China (Pang et al., 2015; Agi¢ et al., 2017). E and I are magnifications of D and H, respectively. (D, E, J) Courtesy of K. Pang. K: Tappania plana from the
Mesoproterozoic Kamo Group in Siberia. Courtesy of K. Nagovitsin. (A-B) are reflected light photographs; (C-E, K) are transmitted light photomicrographs; (F-J) are
scanning electron photomicrographs.
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genera Schizofua (Yan, 1982), Schizovalvia (Yan, 1985), and Diplomem-
brana (Yan, 1985) — show evidence of medial splits (Peng et al., 2009;
Miao et al., 2019; Miao et al., 2024a), which have been interpreted as
excystment structures (Moczydiowska and Willman, 2009). A eukary-
otic affinity for these leiospheres was inferred on the basis of the large
vesicle size, medial excystment structures, and vesicle wall ultrastruc-
tures (Lamb et al., 2009; Moczydlowska and Willman, 2009). A potential
caveat is that vesicle size, medial excystment, and vesicle wall ultra-
structures may not be diagnostic of eukaryotic affinities (Knoll et al.,
2006). Hence, these leiospheres offer only tentative evidence for
Palaeoproterozoic eukaryotes.

More convincing Palaeoproterozoic eukaryotic fossils are repre-
sented by acritarchs with vesicle-wall sculptures, which present greater
morphological complexity than simple leiospheres. For example, Valeria
lophostriata is characterised by concentric striations (Fig. 15D-E),
indicative of the presence of a eukaryotic cytoskeleton system. This
species has been reported from numerous Palaeoproterozoic (and Meso-
Neoproterozoic) successions, including the Ruyang Group (Xiao et al.,
1997; Pang et al., 2015; Agic et al., 2017), the Changcheng Group (Miao
et al., 2019), the Limbunya Group (>1642 + 3.9 Ma) in northern
Australia (Riedman et al., 2023), and the ~ 1,650 Ma Mallapunyah
Formation of the McArthur Group in Australia (Javaux, 2007). Theca-
tovalvia annulata (see also Yan and Liu, 1993; Yan, 1995a) and Valvi-
morpha annulata (Yan and Liu, 1993; nomen nudum) from the
Chuanlinggou Formation of the Changcheng Group are morphologically
similar to and perhaps taxonomically synonymous to Valeria lophos-
triata. Another example is Satka colonialica from the Chuanlinggou
Formation (Miao et al., 2019), whose vesicle wall either bears plate-like
structures (Miao et al., 2019) or broadly domical processes (Tang et al.,
2015; Porter and Riedman, 2016), both of which are indicative of a
eukaryotic affinity. A third example is Dictyosphaera macroreticulata
(Fig. 15F-G), which is similar to the acanthomorphic acritarch
Shuiyousphaeridium macroreticulatum (Fig. 15H-J) in having a vesicle
wall constructed from interlocking polygonal plates but lack processes.
Dictyosphaera macroreticulata and its synonyms (e.g., Dictyosphaera del-
icata) have been reported from the Palaeoproterozoic Ruyang Group
(Xiao et al., 1997; Yin et al., 2005; Agic et al., 2015) and Changcheng
Group (Miao et al., 2019), numerous Mesoproterozoic successions [e.g.,
the Roper Group in northern Australia (Javaux and Knoll, 2017), Dismal
Lakes Group in Arctic Canada (Loron et al., 2021; where Dictyosphaera
smaugi is also present), and the Greyson Formation of the Belt Super-
group in the USA (Adam et al., 2017), and the Xiamaling Formation in
North China (Miao et al., 2021)], and the Meso-Neoproterozoic Shaler
Supergroup (Loron et al., 2019a; where Dictyosphaera tacita is also
present). The wide geographic distribution and continual geological
record of Dictyosphaera macroreticulata add confidence to the notion that
Palaeoproterozoic eukaryotes may have been widespread.

The confidence is boosted by the reports of multiple acanthomorphic
(process-bearing) acritarchs from Palaeoproterozoic successions. Acan-
thomorphs can be conclusively interpreted as eukaryotes because only
eukaryotes are known to have the cytological apparatuses necessary to
produce processes (Knoll et al., 2006). In this respect, several Palae-
oproterozoic acanthomorphs stand out as the most important taxa. Ex-
amples include Tappania plana (Fig. 15K) (and its junior synonyms
Tappania tubata and Tappania gangaei; Agic et al., 2017; Javaux and
Knoll, 2017), Shuiyousphaeridium macroreticulatum (Fig. 15H-J),
Shuiyousphaeridium pilatum, Gigantosphaeridium fibratum, and Gigan-
tosphaeridium floccosum; these genera were first reported from the
Ruyang Group (Xiao et al., 1997; Yin, 1997; Li et al., 2012; Agic et al.,
2015; Agic et al., 2017). Tappania plana has a worldwide distribution in
Palaeo-Mesoproterozoic strata, with occurrences in the Chuanlinggou
Formation of the Changcheng Group in North China (Miao et al., 2024a),
the Semri Group (~1630-1600 Ma) of the lower Vindhyan Supergroup
in central India (Prasad et al., 2005), the Limbunya Group (>1642 + 3.9
Ma) in northern Australia (Riedman et al.,, 2023), the Palaeo-
Mesoproterozoic Bahraich Group in the Ganga Basin of northern India
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(Prasad and Asher, 2001; Xiao et al., 2016), the early Mesoproterozoic
Singhora Group of the Chhattisgarh Supergroup in southeastern India
(Singh et al., 2019), the Mesoproterozoic Roper Group (~1400-1500
Ma) in Australia (Javaux and Knoll, 2017), the Mesoproterozoic Greyson
Formation (~1454-1576 Ma) of the Belt Supergroup in Montana of the
USA (Adam et al., 2017), and the late Mesoproterozoic Kamo Group in
Siberia (Nagovitsin, 2009). Gigantosphaeridium fibratum has also been
reported from the Palaeoproterozoic Limbunya Group in northern
Australia (Riedman et al., 2023), the Meso-Neoproterozoic Nelson Head
Formation of the Rae Group, and the lower Shaler Supergroup in Arctic
Canada (Loron et al., 2019a). Shuiyousphaeridium macroreticulatum is
thus far only known from the Ruyang Group, although Shuiyou-
sphaeridium echinulatum has been described from the late Palae-
oproterozoic Chitrakut Formation of the Semri Group in central India
(Singh and Sharma, 2014). However, further study is needed to inves-
tigate whether the Chitrakut specimens could by synonymous with
Gigantosphaeridium floccosum; if a synonymy is established, then a new
combination of Gigantosphaeridium echinulatum would be warranted.
Regardless, these acanthomorphs firmly establish that the Asgard-
Eukarya divergence must have occurred in the Palaeoproterozoic or
earlier.

Not only eukaryotes, but also multicellular eukaryotes may have
evolved in the Palaeoproterozoic. Bengtson et al. (2017a) reported
septate filaments (Rafatazmia chitrakootensis) and multicellular thalli
(Ramathallus lobatus) from the Tirohan Dolomite of the Semri Group in
central India. Ramathallus lobatus is remarkably similar to Thallophyca
thalli from the Ediacaran Doushantuo Formation in South China (Xiao
et al., 2004). Both Ramathallus and Rafatazmia are interpreted as
possible crown-group red algae (Bengtson et al., 2017a). If confirmed,
the morphological complexity of the Tirohan fossils represent paleon-
tological evidence for multicellular eukaryotes in the late
Paleoproterozoic.

The Tirohan multicellular eukaryotes are joined by the septate fila-
mentous microfossil Qingshania magnifica (Fig. 15C) from the Palae-
oproterozoic Chuanlinggou Formation of the Changcheng Group in
North China (Yan, 1989; Yan and Liu, 1993; Miao et al., 2024b). The
multicellular filament of Qingshania magnifica even shows tantalizing
evidence of cellular differentiation, with its expanded clavate terminal
cell possibly representing a specialised reproductive cell akin to spores.

As mentioned above, a number of Palaeoproterozoic eukaryote taxa
also extend into the Mesoproterozoic. These include Tappania plana (e.
g., Adam et al., 2017), Dictyosphaera macroreticulata (e.g., Adam et al.,
2017), and Valeria lophostriata (e.g., Javaux and Knoll, 2017), the last
taxon also extending into the Neoproterozoic (Hofmann, 1999; Baludi-
kay et al., 2016; Beghin et al.,, 2017). It is not until the Meso-
Neoproterozoic transition, when a renewed burst of eukaryote diversi-
fication occurred, that a wide range of crown-group eukaryotes
appeared.

To summarise, the fossil record indicates that the Asgard-Eukarya
divergence occurred in the Palaeoproterozoic or earlier and that some
Paleoproterozoic eukaryotes likely evolved multicellularity (Fig. 14).
However, with the exception of the Tirohan red algae (Bengtson et al.,
2017a), most Palaeoproterozoic eukaryotic fossils cannot be phyloge-
netically placed, with confidence, in any major groups of living eu-
karyotes (e.g., Opisthokonta, Amoebozoa, Archaeplastida, SAR,
Cryptista, or Haptista). The current consensus is that these fossils likely
represent stem-group eukaryotes (Javaux, 2011; Xiao, 2013; Porter,
2020; Cohen and Kodner, 2022; Porter and Riedman, 2023).

6.2.2.2. Stage II (Meso—Neoproterozoic transition): Diversification of
crown-group eukaryotes. The Mesoproterozoic is often characterised as
the “boring billion” (Buick et al., 1995) or the “balanced billion”
(Mitchell and Evans, 2023). This may be true from the perspective of
supercontinent cycles, global carbon cycle, atmospheric redox history,
or even taxonomic diversity. However, from the perspective of
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evolutionary divergence and innovation, the Mesoproterozoic does not
seem to have been quiescent. Instead, the fossil record shows that, at the
Meso-Neoproterozoic transition, or in the Stenian and Tonian periods, a
renewed diversification of eukaryotes occurred, with the appearance of
a number of new forms that can be phylogenetically placed in living
eukaryote subclades with varying degrees of confidence. In other words,
they represent the diversification of crown-group eukaryotes.
Archaeplastida: A number of Stenian and Tonian taxa have been
interpreted as members of the Archaeplastida. The carbonaceous com-
pressions Sinosabellidites huainanensis, Pararenicola huaiyuanensis, and
Protoarenicola baiguashanensis from the Tonian Jiuligiao Formation in
North China (Li et al., 2023) are tubular fossils a few millimeters in
diameter and centimeters in length, characterised by closely spaced
transverse annulations (Dong et al., 2008). These fossils, as well as the
morphologically similar form Parmia anastassiae from Tonian rocks in
the Timan region of Russia (Gnilovskaya et al., 2000), may have been
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tubular archaeplastidans with a coenocytic construction (i.e., multinu-
cleate cells) akin to living siphonous green algae (Dong et al., 2008).
Similarly, Tawuia specimens from the Stenian-Tonian Shiwangzhuang
and Liulaobei formations in North China have been interpreted as
possible coenocytic archaeplastidans (Tang et al., 2021). Another
example of possible archaeplastidans from the Tonian Period is Long-
fengshania stipitata from the Little Dal Group in Canada (Hofmann, 1985)
and the Changlongshan (= Luotuoling) Formation in North China (Du
and Tian, 1986; Jing et al., 2022), which was likely a millimeter-
centimeter-sized benthic archaeplastidan with a simple holdfast con-
nected with an ellipsoidal thallus via a stipe. The presence of arch-
aeplastidans at the Stenian-Tonian transition is also consistent with the
discovery of nickel geoporphyrin moieties in Arctacellularia tetragonala
from the ~ 1,000 Ma Mbuji-Mayi Supergroup in the Congo Basin (Sforna
et al., 2022).

Several Stenian-Tonian taxa stand out because they have been

Fig. 16. Representative Stage II fossils. A: Bangiomorpha pubescens, a bangiophyte red alga, from the ~ 1,000 Ma Hunting Formation in Arctic Canada (Butterfield,
2000). Courtesy of N. J. Butterfield. B: Proterocladus antiquus, a siphonocladous green alga, from the ~ 1,000 Ma Nanfen Formation in North China (Tang et al.,
2020). C: Palaeovaucheria clavata, a possible xanthophyte alga, from the ~ 1,000 Ma Lakhanda Group in southeastern Siberia. Courtesy of A. H. Knoll. D: Our-
asphaira giraldae, a possible fungus, from the Grassy Bay Formation of the Shaler Supergroup in Arctic Canada (Loron et al., 2019b). Courtesy of C. C. Loron and E. J.
Javauxa. E: Cycliocyrillium torquata, a vase-shaped microfossil interpreted as a lobose testate amoeba (amoebozoan), from the ~ 750 Ma Kwagunt Formation of the
Chuar Group in Arizona, showing circular and semicircular drill holes (arrows) produced by predators (Porter, 2016). (A, C-D) are transmitted light photomicro-
graphs; (B) is a reflected light photomicrograph; (E) is a scanning electron photomicrograph.
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classified with specific archaeplastidan groups (ie., red and green
algae), thus representing the crown-group Archaeplastida. Bangiomor-
pha pubescens (Fig. 16A) from the 1,047 Ma Angmaat and Hunting for-
mations has been interpreted as a bangiophyte red alga (Butterfield,
2000; Gibson et al., 2018). This interpretation is based on a close
morphological comparison with living bangiophytes, including the
common feature of multicellular filaments with differentiated holdfasts
and wedge-shaped reproductive cells (Butterfield, 2000).

At least two Stenian-Tonian microfossil genera, Proterocladus
(Fig. 16B) and Palaeastrum, have been interpreted as green algae
(Butterfield et al., 1994). Species of Proterocladus are known from the
Svanbergfjellet Formation (ca. 811.5-752.7 Ma) in Svalbard (Butterfield
et al., 1994), the Diaoyutai and Nanfen formations (ca. 1056-948 Ma) in
North China (Tang et al., 2020; Li et al., 2023), the Khastakh Formation
(ca. 820-720 Ma) of Siberia (Nagovitsin et al., 2015), and the Nonesuch
Formation (ca. 1078 + 24 Ma) in North America (Strother and Wellman,
2021). They are characterised by uniseriate and occasionally branching
filaments with sparse septa, and compare very closely with living
siphonocladous green algae such as Cladophora and Rhizoclonium
(Tang et al., 2020). Palaeastrum dyptocranum (Butterfield et al., 1994),
along with its possible synonyms Palaeastrum hexangularis and Palae-
astrum amplus (Nagovitsin, 2001), may be another example of Stenian-
Tonian green algae. Palaeastrum is known from the Svanbergfjellet
Formation (ca. 811.5-752.7 Ma) in Svalbard (Butterfield et al., 1994),
the Seryi Klyuch Formation (ca. 950-900 Ma) of the Tungusik Group in
Siberia (Nagovitsin, 2001), lower Shaler Group (ca. 1,150-900 Ma) in
Arctic Canada (Loron et al., 2019a), the Lakhanda Group (ca.
1015-1025 Ma) in southeastern Siberia (Hermann and Podkovyrov,
2010), the Chuar Group (ca. 780-740 Ma) in Arizona (Porter and
Riedman, 2016), as well as the ~1500-Ma-old Kotuikan Formation in
northern Siberia (Vorob’eva et al., 2015). It is characterised by colonies
of spherical cells that are held together via attachment discs, similar to
the living chlorophycean green alga Coelastrum.

SAR: The fossil record of SAR has also been reported from the Stenian
and Tonian periods. The vase-shaped microfossil Melicerion poikilon
from the Chuar Group has been interpreted as a euglyphid testate
amoeba, thus representing a member of the rhizarian clade (Porter et al.,
2003). Palaeovaucheria clavata (Fig. 16C) and Jacutianema solubila from
the Lakhanda Group (Hermann, 1990), the latter also from the Svan-
bergfjellet Formation (Butterfield, 2004), are multicellular organisms
characterised by a suite of reproductive features reminiscent of living
xanthophyte algae, which belong to the stramenopiles, whose plastids
were derived from a red alga through a tertiary endosymbiosis event via
the cryptophytes (Stiller et al., 2014; Strassert et al., 2021). Butterfield
(2015) later cast doubt on the xanthophyte interpretation of Palae-
ovaucheria clavata, arguing that a morphologically similar taxon,
Aimonema ramosa from the Lakhanda Group in Siberia (Hermann and
Podkovyrov, 2010), shows evidence of cell fusion, a feature not present
in living xanthophytes. If Palaeovaucheria clavata and Aimonema ramosa
are indeed synonymous or closely related, then a fungal interpretation
would be more appropriate, as advocated by Hermann and Podkovyrov
(2010), who implied that these two taxa are distinct and belong to
xanthophytes and fungi, respectively.

Opisthokonta: There have been numerous reports of Stenian-Tonian
opisthokonts, including both fungal and holozoan fossils. As mentioned
above, Aimonema ramosa was compared with modern nematode-
trapping ascomycetes on the basis of its reticulate mycelium with
closed loops, indicative of secondary cell fusion (Hermann and Podko-
vyrov, 2010). In addition, various fossils from the Shaler Supergroup in
Arctic Canada show evidence of cell fusion and have been compared
with modern fungi. These include Tappania sp., Cheilofilum hysteriopsis,
Plicatosphaeridium impostor, ‘Clavitrichoides’, and ‘Osculosphaera’ from
the Wynniatt Formation (ca. 750-850 Ma) of the Shaler Supergroup
(Butterfield, 2005a; Butterfield, 2005b). In addition, Ourasphaira gir-
aldae (Fig. 16D) from the Grassy Bay Formation of the Shaler Super-
group has been interpreted as a fungus based on ultrastructures and
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FTIR microspectroscopic data (Loron et al., 2019b). It should be pointed
out that Tappania sp. from the Wynniatt Formation may not be conge-
neric with Tappania plana from the Paleoproterozoic Ruyang Group
(Yin, 1997), casting doubt on the proposition of Paleoproterozoic fungi
based on Tappania plana (Butterfield, 2005a). Nonetheless, the presence
of Stenian-Tonian fungal fossils implies that the Holozoa-Holomycota
divergence must have occurred by the Stenian-Tonian periods. Indeed,
Strother et al. (2021) proposed that Bicellum brasieri from the ~ 1,000
Ma Diabaig Formation of the Torridon Group in Scotland, which features
a stereoblastula-like packet of cells differentiated into an outer cell layer
surrounding an inner mass of isodiametric cells, may be a holozoan
fossil.

Amoebozoa: Tonian amoebozoans are represented by numerous
species of vase-shaped microfossils (Fig. 16E), excluding Melicerion
poikilon from the Chuar Group, which is regarded as a euglyphid rhi-
zarian (Porter et al., 2003). These microfossils are distributed globally in
Tonian rocks between 789 Ma and 729 Ma (Riedman et al., 2017). Their
vase-shaped tests compare very closely with the Arcellinida (Lahr et al.,
2019; Porter and Riedman, 2019), which is a subclade of the Amoebozoa
and may have begun to diversify in the Tonian Period according to a
recent molecular clock study (Porfirio-Sousa et al., 2023). It is uncertain
whether these vase-shaped microfossils had organic (Tingle et al., 2023)
or biomineralised tests (Morais et al., 2017), although the presence of
drill holes in some vase-shaped microfossils provide strong evidence for
predation on these early eukaryotic organisms (Porter, 2016). Regard-
less, apatitic scale microfossils from the Fifteenmile Group (~811-720
Ma) in Alaska and northwestern Canada provide solid evidence for
biomineralisation in Tonian eukaryotes (Cohen and Knoll, 2012; Cohen
et al., 2017), although their phylogenetic affinity within the eukaryotes
remains unresolved.

There are many other Stenian-Tonian microfossils that are likely
eukaryotes but their phylogenetic affinities within the eukaryotes are
not resolved (see Loron et al., 2019a for a review). One important taxon
with a global distribution is the genus Trachyhystrichosphaera, which is
an easily identifiable acanthomorph and has been reported nearly 20
Stenian-Tonian successions around the world (Beghin et al., 2017; Loron
et al., 2019a; Pang et al., 2020). Further research is needed to constrain
the phylogenetic affinities of these eukaryotes in order to explore their
implications for crown-group eukaryote diversification.

To summarise, the fossil record shows that major extant eukaryote
clades, including the Archaeplastida, SAR, Opisthokonta, and Amoebo-
zoa must have diverged and diversified by the Stenian-Tonian periods.
By inference based on the topology of the eukaryote tree (Fig. 14), all
major extant eukaryote groups may have diverged by the Stenian-
Tonian periods. Thus, the Stenian-Tonian periods represent the diver-
sification of crown-group eukaryotes, and by the late Tonian Period,
crown-group eukaryotes may have become ecologically important, as
evidenced by the increase in the abundance of cholesteroids in the
biomarker record (Brocks et al., 2023).

6.2.2.3. Stage IIl (Ediacaran): Radiation of multicellular eukaryotes and
the initial animal diversification. Although multicellular organisms,
notably red algae and green algae, appeared earlier in the Proterozoic, it
is not until after the Cryogenian (~720-635 Ma) that multicellular eu-
karyotes radiated in diversity and abundance. The Cryogenian repre-
sents the greatest disruption of the Earth system and the biggest divide in
the Earth system history. Two global glaciations or “snowball Earth
events” occurred at the beginning and end of the Cryogenian Period
(Hoffman et al., 2017). Cryogenian glacial diamictites are inherently
unfavourable in terms of fossil preservation because of their coarse grain
size. It is also possible that Cryogenian eukaryotes were restricted in
ecological distribution and depauperate in taxonomic diversity. None-
theless, there are reports of micro- and macrofossils from fine-grained
sediments of Cryogenian age (e.g., Riedman et al., 2014; Ye et al.,
2015), but their diversity is relatively low.
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Eukaryote diversity rose sharply in the Ediacaran Period (~635-538
Ma). Although the stratigraphic subdivision and global correlation of the
Ediacaran System remain a matter of debate (Xiao and Narbonne, 2020),
there is an emerging picture of the first-order evolutionary patterns of
Ediacaran eukaryotes (see Anderson et al., 2024 for a recent review).
The early Ediacaran Period (~635-580 Ma) experienced a rapid diver-
sification of relatively large (some reaching nearly 1 mm in diameter)
acanthomorphic acritarchs or Doushantuo-Pertatataka acritarchs
(DPAs; Fig. 17A) (Ouyang et al., 2021), benthic macroalgae (Yuan et al.,
2011), and possibly animals (Xiao et al., 1998; Yuan et al., 2011). The
late Ediacaran Period (~580-538 Ma) began with a brief ice age — the
580 Ma Gaskiers glaciation (Pu et al., 2016), followed by the most
negative carbon isotope excursion in Earth history — the Shuram
excursion (Grotzinger et al., 2011), perhaps additional glaciations
(Wang et al., 2023), the rise and fall of the Ediacara biota (Fig. 17C-F)
(Xiao and Laflamme, 2009; Darroch et al., 2023), the rise of crown-
group animals (Schiffbauer et al., 2020; Darroch et al., 2023), and the
advent of animal biomineralisation (Fig. 17H-I) (Hua et al., 2007),
although the exact timing of these events remains to be clarified (Wood
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et al., 2019).

It is abundantly clear that early Ediacara acritarchs and macroalgae
reached unprecedented morphological complexity and taxonomic di-
versity (Huntley et al., 2006; Knoll et al., 2006; Cohen and Macdonald,
2015; Bykova et al., 2020). The lower Doushantuo Formation in South
China serves as an excellent example to illustrate this diversification
event. In the Yangtze Gorges area of South China, the lower Doushantuo
Formation (i.e., Member II and equivalents) has yielded a number of
multicellular algal fossils (Ouyang et al., 2021) and over 50 species of
acanthomorphic acritarchs (Liu and Moczydiowska, 2019) — some of
which are multicellular and may represent animals (Yin et al., 2007;
Cohen et al., 2009). The Weng’an biota, which occurs in phosphorites of
the lower Ediacaran Doushantuo Formation in Guizhou Province of
South China, also preserves over 50 species of acanthomorphs (Fig. 17A)
(Xiao et al., 2014a), along with numerous multicellular algae possibly
belong to red algae (Fig. 17B) (Xiao et al., 2004) and possible animal
fossils (Xiao et al., 2014b). The Lantian biota, which occurs in black
shales of the lower Ediacaran Lantian Formation in Anhui Province of
South China, contains two dozen of carbonaceous compression

Fig. 17. Representative Stage III fossils. A-B: Mengeosphaera eccentrica, an Ediacaran acanthomorph (A) and a multicellular algal thallus (B) from the Doushantuo
Formation (~600 Ma) at Weng’an, South China (Xiao et al., 2014b; Xiao et al., 2014a). C: Fractofusus misrai, a rangeomorph from the ~ 565 Ma Mistaken Point
Formation in Newfoundland, Canada (Gehling and Narbonne, 2007). D: Dickinsonia costata from the ~ 560-550 Ma Ediacara Member in South Australia (Sprigg,
1947). E-G: Helicolocellus cantori (E), Yilingia spiciformis (F), and trace fossils (G; possibly Streptichnus ichnosp.) from the Shibantan Member of the Dengying
Formation (~551-539 Ma) in South China (Chen et al., 2019; Xiao et al., 2021; Wang et al., 2024). H-I: Cloudina riemkeae, a biomineralised tubular fossil from the
Dengying Formation (~551-539 Ma) in southern Shaanxi Province, South China (Hua et al., 2005). (A, H, I) are scanning electron photomicrographs; (B) is a

transmitted light photomicrograph; (C-G) are reflected light photomicrographs.
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macrofossils (Yuan et al., 2016), most representing macroalgae although
some may be animals (Wan et al., 2016). Beyond South China, early
Ediacaran fossil assemblages are known from the Krol A Formation in
northern India (Xiao et al., 2022) and possibly the Ura Formation in
Siberia (Moczydiowska and Nagovitsin, 2012), although the age
constraint on the latter is tenuous.

Ediacaran acanthomorphs remain abundant and diverse in the upper
Doushantuo Formation (Member III) in South China (Liu et al., 2014b)
and possibly equivalent strata in Australia (Grey, 2005). However, their
diversity declined subsequently, with only a few occurring in the late
Ediacaran and possibly extending to the Cambrian (Golubkova et al.,
2015; Ouyang et al., 2017; Anderson et al., 2019; Grazhdankin et al.,
2020). It is uncertain exactly when this decline occurred, but it may have
coincided with the ~ 580 Ma Gaskiers glaciation (Zhou et al., 2007) and
concluded by the Shuram excursion, which has been constrained be-
tween 574.0 + 4.7 Ma and 567.3 + 3.0 Ma (Rooney et al., 2020), as very
few Ediacaran acanthomorph taxa postdate the Shuram excursion.

As Ediacaran acanthomorphs fell in diversity, the Ediacara biota and
macroscopic animals were poised to rise. The Ediacara biota is not a
natural phylogenetic clade; rather, it includes soft-bodied macroscopic
and likely multicellular fossils in the late Ediacaran Period, as exem-
plified by those from the Ediacara and Nilpena members in South
Australia (Gehling et al., 2019). Phylogenetically, the Ediacara biota
includes fossils that can be reasonably considered as stem-group and
crown-group metazoans, but most cannot easily be assigned to any
living animal phyla (Xiao and Laflamme, 2009; Erwin et al., 2011). The
Ediacara biota may also include macroalgal fossils (Wan et al., 2020;
Xiao et al., 2020).

The earliest-known fossils of the Ediacara biota, as represented by
the ca. 575-560 Ma Avalon assemblage (Narbonne, 2005; Matthews
et al., 2020), are preserved in deep-water sediments postdating the
Gaskiers glaciation (Narbonne and Gehling, 2003), predating the
Shuram excursion (Boag et al., 2024), and apparently recording a deep-
ocean oxygenation event (Canfield et al., 2007). These temporal re-
lationships raise the possibility that the rise of the Avalon assemblage in
deep marine environments may be causally related to the decline of
acanthomorphs, the Gaskiers glaciation, the Shuram excursion, and the
deep-ocean oxygenation event (e.g., Boag et al., 2018), although a
critical assessment of their relationships requires more precise age
constraints. The Avalon assemblage is dominated by epibenthic ran-
geomorphs (Liu et al., 2015), modular organisms consisting of repetitive
branching leaf-like units (Fig. 17C). Putative cnidarian body fossils (Liu
et al., 2014a; Dunn et al., 2022) and cnidarian trace fossils have been
reported from the Avalon assemblage (Liu et al., 2010); indeed, some
rangeomorphs may be total-group eumetazoans or even stem-group
cnidarians (Butterfield, 2020; Dunn et al., 2021). However, thus far no
convincing bilaterian body fossils have been known from the Avalon
assemblage. In this apparently bilaterian-free benthic marine ecosystem,
multicellular organisms seem to have interacted ecologically, exhibiting
evidence for resource competition and facilitation (Darroch et al., 2018;
Mitchell and Butterfield, 2018).

The Avalon assemblage is succeeded by the White Sea assemblage,
which has much greater taxonomic diversity, as represented by ca.
560-550 Ma macrofossils from Ediacara and Nilpena members of South
Australia (Droser et al., 2017; Droser et al., 2019), the Lamtsa, Ver-
khovka, and Zimnegory formations in the White Sea area of Russia
(Grazhdankin, 2014), and the Molyliv and Yaryshiv formations in the
Polodia region in Ukraine and Moldova (Francovschi et al., 2021).
Taxonomic diversity became greater in the White Sea assemblage, which
consists of hold-over rangeomorphs from the Avalon assemblage, but
also include many new taxa, including Dickinsonia (Fig. 17D), Kimber-
ella, Spriggina, Tribrachidium, and Eoandromeda (Droser et al., 2017), the
last of which also occurs in the ~ 551 Ma Miaohe Member in South
China (Zhu et al., 2008). Importantly, members of the total-group
bilaterians are present in the White Sea assemblage (Fedonkin and
Waggoner, 1997; Evans et al., 2020), which is also supported by
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bilaterian scratch marks, burrows, and trails in the Ediacara Member of
South Australia (Gehling et al., 2014; Gehling and Droser, 2018).

Enigmatically, a large proportion (~80 %) of taxa in the White Sea
assemblage disappeared around 550 Ma (Shen et al., 2008; Evans et al.,
2022), which, coupled with a decreased origination rate, resulted in the
taxonomically depauperate Nama assemblage (ca. 550-538 Ma). Thus,
there appears to be an extinction event separating the White Sea and
Nama assemblages. The drivers of this extinction event are unclear. The
survivors of this extinction event seem to have a high surface area to
volume ratio, which may have facilitated oxygen uptake through
diffusion in oxygen-deficient environments, favouring global oceanic
anoxia as a driver (Evans et al., 2022). Indeed, there are independent
geochemical data suggesting a terminal Ediacaran anoxia event (Evans
et al., 2018; Tostevin et al., 2018; Zhang et al., 2018). Alternatively and
additionally, ecological interactions with rising bilaterian animals may
have suppressed the diversity of the Nama assemblage and eventually
caused a biotic replacement of the Ediacara biota by the Cambrian fauna
(Laflamme et al., 2013; Darroch et al., 2015; Cribb et al., 2019; Darroch
et al., 2023).

It is important to point out that the Nama assemblage does include
fossils that can be plausibly placed in the animal tree at various phylo-
genetic resolutions. For example, Helicolocellus cantori (Fig. 17E) and
Yilingia spiciformis (Fig. 17F) from the Shibantan Member (~551-539
Ma) in South China has been interpreted, respectively, as a crown-group
sponge related to the hexactinellids (Wang et al., 2024) and as a pro-
tostome related to either annelids or arthropods (Chen et al., 2019).
Bilaterian trace fossils (Fig. 17G), including burrows, trails, and track
ways, from the Shibantan Member were likely produced by bilaterian
animals (Xiao et al., 2021), some of which probably had appendages
(Chen et al., 2018) while others may have interacted with microbial
mats (Meyer et al., 2014; Xiao et al., 2019). Similarly, there are abun-
dant bilaterian trace fossils in the terminal Ediacaran Kuibis and
Schwarzrand subgroups (~550-539 Ma) in Namibia (Darroch et al.,
2021), and some of them may have been produced by priapulan-like
animals (Turk et al., 2022). Finally, biomineralising animals are pre-
sent in the Nama assemblage. These include -claudinomorphs
(Fig. 17H-I), Corumbella, and Namacalathus, which have been inter-
preted as bilaterians (Hua et al., 2005; but see Vinn and Zaton, 2012;
Schiffbauer et al., 2020; Yang et al., 2020), a cnidarian (Pacheco et al.,
2015; but see Osés et al., 2022), and a lophophorate (Zhuravlev et al.,
2015; but see Cunningham et al., 2017), respectively. In spite of their
controversial phylogenetic placement within the animal tree, these
fossils indicate that the initial evolution of animal biomineralisation had
already taken place while the Ediacara biota experienced a decline.

Ultimately, the Ediacara biota disappeared almost completely at the
Ediacaran-Cambrian transition, possibly representing another extinc-
tion event (Darroch et al., 2023). It is unclear whether the White Sea-
Nama and Ediacaran-Cambrian extinctions represent two distinct
events with different causes or two pulses of a single protracted event.
Regardless, the fossil record seems to show that internal divergence of
crown-group animals had already started in the Ediacaran Period or
earlier, resulting in the divergence of sponges, eumetazoans, bilaterians,
and probably protostomes and deuterostomes. As such, a number of
animal groups must have survived the Ediacaran-Cambrian extinction,
consistent with the continuity of animal taxa across the Ediacaran-
Cambrian boundary (Zhu et al., 2017; Cai et al., 2019; Wood et al.,
2019), even though this boundary remains an important divide in Earth
history.

6.3. Summary of the Proterozoic

The Proterozoic was characterised by the assembly and breakup of
the supercontinents Columbia (late Palaeoproterozoic) and Rodinia
(Meso-Neoproterozoic). Horizontal tectonics dominated geodynamical
processes. The GOE between 2.4-2.3 Ga was a major event that had
enormous consequences on biomass development resulting in a spike in
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oxygen production (the Lomagundi Excursion event that lasted from 2.3
to 2.1 Ga) followed by a major decrease owing to the continuing slow
flow of nutrients. Massive spikes in the carbon and sulphur isotope re-
cords mirror these events. Thereafter, nutrient supply was generally
abundant but periods of euxinia on the continental shelves due to
overproduction occurred episodically. For much of the Proterozoic, the
deep oceans remained anoxic until the Neoproterozoic and the NEO
(also characterised by spikes in oxygen production and the sulphur and
carbon isotope records) when the breakup of Rodinia coincided with
global glaciation and the appearance of planktonic algae.

While the widespread distribution of continental shelves in the
Palaeo-Mesoarchaean provided ideal habitats for phototrophic micro-
organisms and the buildup of massive stromatolitic formations on car-
bonate platforms across the globe, the Proterozoic was the golden age of
giant stromatolites as cyanobacteria flourished and diversified in
different environmental conditions, while non-oxygenic phototrophs
continued in the background, either in non-phototrophic environments
or buried in the lower layers of oxygenic cyanobacterial mats. Stro-
matolites declined in the Neoproterozoic even before the rise of algae,
protistans and metazoans, likely because of their own success in pro-
ducing too much Os; stromatolites develop best when CO; is present in
the atmosphere (Monty, 1974; Riding, 2005). Nevertheless, eukaryotes
contributed to this decline well into the Palaeozoic, resulting in their
becoming relegated to protected marginal marine and peritidal envi-
ronments (Awramik and Sprinkle, 1999).

It is in this era that eukaryotes appeared. The fossil record of early
eukaryotes is murky in the Neoarchaean, but becomes increasingly clear
in the Palaeoproterozoic and increasingly recognisable in the Meso-
Neoproterozoic. Three stages of early eukaryote evolution can be rec-
ognised. Stage I (?Neoarchaean-Mesoproterozoic) records the origin of
eukaryotes and the evolution of stem group eukaryotes that eventually
vanished in Earth history. Stage II (Mesoproterozoic-Neoproterozoic
transition) represents the diversification of crown-group eukaryotes that
have survived to the present. Stage III (Ediacaran) is characterised by the
radiation of multicellular eukaryotes, including early animals and bio-
mineralising animals. The evolutionary history of eukaryotes is intri-
cately linked with the biogeodynamic evolution of the Earth system.

Apart from carbonate, silica and iron oxides, fossiliferous material is
also preserved with phosphate. This mineral is one of the most stable
fossilising minerals (Summons et al., 2011) and permitted study of su-
perb morphological features, for example in the Weng’an biota of the
Doushantuo Formation (~600 Ma) (Fig. 17A, B; Xiao et al., 2014b; Xiao
et al., 2014a). With the advent of larger multicellular organisms, trace
fossils made their appearance in the Neoproterozoic (Fig. 17G).

7. Conclusions and perspectives

The Precambrian, covering 80 % of the history of the Earth, saw the
appearance of life, its early metabolic diversification, the appearance of
anoxygenic and oxygenic photosynthesis, cellular differentiation, and
the appearance of eukaryotes including, towards the Neoproterozoic,
animals. The majority of the most important evolutionary changes
occurred in this time period. It was also a time when the Earth itself was
changing, evolution in the geodynamical regimes fuelling the formation
and destruction of continental crust, as well as changes in the compo-
sition and stability of the latter. While the geosphere dominated the
biosphere for most of the Hadean and Archaean, the biosphere increased
in importance from the Neoarchaean throughout the whole of the Pro-
terozoic, particularly since the GOE. This led to reciprocal feedback
mechanisms whereby burial of reduced carbon and carbonates removed
CO, from the atmosphere, while increased oxygenic phototrophy pum-
ped oxygen into the atmosphere. Global glaciations triggered by the
disposition and breakup of supercontinents greatly contributed to the
flow of nutrients, the rise in atmospheric oxygen and subsequent spurts
in the evolution of life.

We have attempted to summarise the parallel evolution of

33

Precambrian Research 414 (2024) 107589

geodynamics and environmental conditions with the evolution of life.
This broad overview highlights aspects in the evolution of life that are
still unclear and merit further investigation. The first of these is the
origin of life. Given the lack of rock record and the likely specificity of
the accompanying environmental constraints, we will probably never
know exactly how, when or where life emerged (cf. Westall 2018,
2023b). Certainly, the finding of definitive traces of life elsewhere in the
Solar System or on exoplanets will support the current understanding
that life emerged in a geological scenario that would have been common
on other terrestrial planets. Such a finding would perhaps improve our
understanding of abiogenesis, although it is necessary to keep in mind
the fact that life may emergence in different scenarios on different
planets. The finding of life on Mars will be paradigm breaking: yes, life
(more or less as we know it) can appear elsewhere. However, it will not
necessarily tell us whether life on Earth arose in a subsurface, hydro-
thermal environment or closer to the surface in the photic zone, both
scenarios being theoretically feasible on Mars (Westall et al., 2015b,
2018; Westall et al., 2023b). On the other hand, finding traces of life on
one of the icy satellites would clearly indicate a subsurface, non-photic
scenario for the emergence of life.

Secondly, the early evolution and diversification of life is a conun-
drum. If the geochemical indications of anoxygenic photosynthetic Fe**
oxidation in the 3.7 Ga Isua BIFs (Czaja et al., 2013) and the organo-
chemical indications of biogenicity (Hassenkam et al., 2017) are correct,
the Eoarchaean sediments at Isua document life and likely phototrophs.
However, photosynthesis was not the first metabolism (Martin et al.,
2008; Blankenship, 2010). There are various mechanisms for evolution
(Hohmann-Marriott and Blankenship, 2011) including gene duplication,
gene fusion and splitting, and lateral gene transfer, perhaps, by viral
vectors. The evolution of cofactors, i.e., specific protein complexes and
molecules, are essential for electron transport, proton translocation, and
light harvesting in photosynthetic systems. Examples include FeS clus-
ters, hemes, quinones, chlorophyll, and rhodopsins. The evolution of
photosynthesis involved the co-evolution of a number of interacting
factors, including photosynthetic pigments, reaction centres (RCs),
light-harvesting (LH) antenna systems, electron transport pathways, and
carbon fixation pathways (Blankenship, 2010). Each of these factors, in
turn, were the result of their own evolutionary processes. Chlorophylls
(green pigments) are essential for photosynthesis and form complexes
with the photosystems used by photosynthesising organisms. They are
used for harvesting light, the transfer of the light energy to the reaction
centres of the photosystems, and for charge separation. Chlorophyll-
based photosynthesis first evolved in Bacteria. Phototrophic organisms
use two types of reaction centre complexes, Reaction centre Complex I
and Reaction centre Complex II, both of which share a common ancestor
(Blankenship, op. cit.). Anoxygenic phototrophs use either one or the
other, and only oxygenic cyanobacteria use both. The evolution of
oxygenic photosynthesis is crucial to the emergence of eukaryotes,
probably through a process of endosymbiosis (Margulis, 1991; Archi-
bald, 2015).

Missions to Mars are searching for biosignatures like MISS and
stromatolites (among others). The surface environment on Mars was not
permanently habitable as it was on Earth and it can be questioned as to
how far Martian life (if it exists/existed) could have evolved. The con-
servative view is that primitive Martian life may have resembled prim-
itive, non-phototrophic prokaryotes. However, the finding of evidence
for phototrophs on Mars (cf. Noffke, 2015, 2021) would suggest that, in
favourable circumstances, this kind of energy production developed
very rapidly. Such information would be informative for understanding
the evolution of life on Earth.

The development of eukaryotes and particularly animals is appar-
ently an evolutionary event unique to the biosphere on Earth. Claims of
extant or extinct eukaryotes on Mars (Rizzo et al., 2021; Joseph et al.,
2022) have not been subjected to rigorous scientific evaluation. Are
eukaryotes and animals inevitable once life evolves on a planet? What
are the environmental and biological prerequisites for the evolution of
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complex life forms such as eukaryotes? And how would eukaryotic life
transform other planets? Proterozoic eukaryotes on Earth can provide
some insight, but these questions cannot fully be addressed until we
discover another extra-terrestrial body that hosts a biosphere.
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