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Abstract

The great oxidation event (GOE), ~2.4 billion years ago, caused fundamental changes to
the chemistry of Earth's surface environments. However, the effect of these changes
on the biosphere is unknown, due to a worldwide lack of well-preserved fossils from
this time. Here, we investigate exceptionally preserved, large spherical aggregate (SA)
microfossils permineralised in chert from the c. 2.4 Ga Turee Creek Group in Western
Australia. Field and petrographic observations, Raman spectroscopic mapping, and
in situ carbon isotopic analyses uncover insights into the morphology, habitat, re-
production and metabolism of this unusual form, whose distinctive, SA morphology
has no known counterpart in the fossil record. Comparative analysis with microfossils
from before the GOE reveals the large SA microfossils represent a step-up in cellu-
lar organisation. Morphological comparison to extant micro-organisms indicates the
SAs have more in common with coenobial algae than coccoidal bacteria, emphasising
the complexity of this microfossil form. The remarkable preservation here provides
a unique window into the biosphere, revealing an increase in the complexity of life
coinciding with the GOE.
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1 | INTRODUCTION

The great oxidation event (GOE), ~2.4 billion years ago, represents
an irreversible shift in atmospheric composition that dramatically al-
tered weathering and nutrient cycles on the early Earth. Yet little is
known about the effect of this change on the biosphere, as there is
a worldwide scarcity of well-preserved fossiliferous rocks from this
time period.

A well-preserved fossil deposit from this time period has recently
been recognised within the lower part of the c. 2.4 Ga Turee Creek
Group (TCG) in Western Australia. Work on this deposit has so far
revealed a microbialite reef complex containing an assortment of
very well-preserved macroscopic and microscopic fossils that pro-
vide unique insight into the diversity of life during the GOE (Bar-
low et al., 2016; Barlow & Van Kranendonk, 2018; Fadel et al., 2017;
Nomchong & Van Kranendonk, 2020; Schopf et al., 2015). In par-
ticular, the appearance of the oldest known thrombolites and
sideways branching stromatolites (Barlow et al., 2016; Nomchong
& Van Kranendonk, 2020), two new microfossil forms (Barlow &
Van Kranendonk, 2018) and the oldest known phosphorite (Soares
etal, 2019), point to a link between the diversification of life and the
rise of atmospheric oxygen.

Here, we provide a detailed morphological description and in situ
carbon isotopic analyses of one of the new microfossil forms: a large
spherical aggregate (SA) permineralised within nodular black chert
(NBC). We combine field, petrographic and in situ carbon isotopic
data to confirm the biogenicity of this unique fossil occurrence. We
then interpret aspects of the SA microfossil morphology, assess its
likely habitat and investigate its possible metabolism and reproduc-
tion. The remarkable preservation of the studied material reveals the
SA microfossils constitute a form of cellular organisation previously
unseen in rocks of this age, suggesting a possible link between the

GOE and the development of more complex life.

2 | GEOLOGICAL SETTING
2.1 | Overview

The TCG is an approximately 4km thick succession of metasedi-
mentary rocks that crops out in the Hamersley Ranges of Western
Australia, with its type locality in the Hardey Syncline (Figure S1).
The group comprises, in ascending order, the Kungarra, Koolbye and
Kazput formations (Thorne & Tyler, 1996), followed by the newly
defined Munder and Anthiby formations (Figure S2; Martin, 2020).
The TCG has experienced low-grade (prehnite-pumpellyite) burial
metamorphism (Smith et al., 1982), with a maximum temperature es-
timated at between ~240°C and 280°C (Fadel et al., 2017; Williford
etal., 2011).

The age of the TCG is constrained by the 2449 + 3Ma Woon-
garra Rhyolite of the conformably underlying Hamersley Group
(Barley et al., 1997) and the 2209 +15Ma Cheela Springs Basalt
of the unconformably overlying Shingle Creek (previously lower

Wyloo) Group (Martin et al., 1998; Figure S2). Detrital zircon geo-
chronology and estimated sedimentation rates have been used to
argue that the whole of the TCG was likely deposited by ~2.42Ga
(Krapez et al., 2017). This interpretation was disputed by subsequent
studies that reported a ~2.3 Ga maximum age for the Meteorite Bore
Member (MBM) diamictite of the Kungarra Formation (Caquineau
et al., 2018; Philippot et al., 2018). However, a recent review ques-
tioned whether the ~2.3 Ga data represented a depositional age and
concluded that the whole of the TCG, including the MBM, was most
likely deposited between ~2450 and 2420 Ma (Bekker et al., 2020).

2.2 | Studied unit

The microfossil-bearing black chert studied here comes from within
the upper stratigraphic portion of a well-preserved microbialite
reef complex in the lower TCG (Barlow et al., 2016). This reef com-
plex crops out on the faulted eastern limb of a tight, NW-plunging
syncline within a coherent fold-train of Hamersley Group and TCG
rocks (Figure S3). A minimum age for the reef complex has been ob-
tained from two independent dates from euhedral apatite (c. 2.1-
2.0Ga), reflecting the timing of recrystallisation during regional
metamorphism (Soares et al., 2019). The stratigraphic position of
the microbialite reef complex is below the MBM, within the lower
siliciclastic-dolostone member of the Kungarra Formation, confining
its depositional age to c. 2.4 Ga during the earliest stages of the GOE
(Bekker et al., 2020; Krapez et al., 2017; star within Figure S2).

The microbialite reef complex hosts a variety of shallow water
dolomitic microbialites deposited in a setting that intermittently
fluctuated between a restricted to semi-restricted lagoonal system
and a more open ramp system (Barlow et al., 2016; Nomchong, 2021;
Nomchong & Van Kranendonk, 2020). The shallow water portion of
the reef complex is stratigraphically overlain by a deeper-water fa-
cies that contains dolosiltite, shale, ironstone and microfossiliferous
nodular and bedded black chert units (Barlow et al., 2016; Barlow &
Van Kranendonk, 2018).

2.21 | Sampling locality and description

The focus of this paper is the discovery of a novel type of large SA
microfossil from cryptocrystalline black chert nodules that lie within
shale at the base of an interbedded shale-ironstone-dolosiltite se-
quence (Barlow & Van Kranendonk, 2018). As part of a broader sam-
pling campaign investigating the diversity of microfossils preserved
at this locality, this interbedded shale-ironstone-dolosiltite se-
quence was mapped for ~12.5km along strike, between 22°26.291’
S, 116°27.888’ E and 22°31.021" S, 116°33.151'E (white dots in
Figure S3; Barlow, 2019). Chert samples were collected along the
whole length of this sequence, including from the collection site of
previous studies from where there is a break in the ridge colloqui-
ally known as the ‘drive through’ locality (Fadel et al., 2017; Schopf
etal., 2015; white cross in Figure S3). The stratigraphy compiled from
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10 transects across this deeper-water sequence by Barlow (2019) is
summarised in Figure S4.

Black chert nodules occur over the transition between a ~0.5
and 1m thick unit of fissile, grey weathering shale and an overlying,
~2m thick, interbedded section of finely laminated silicified shale,
ironstone and fine-grained bedded dolosiltite deposited as part of a
regressive systems tract (Figure S4; Barlow et al., 2016). Black chert
nodules are generally in the order of ~20cm wide and ~7 cm high,
but range to both smaller and larger sizes. Bedding bends down and
around the curved underside of the nodules, indicating they were
silicified before compaction accompanying lithification of this unit
(Barlow & Van Kranendonk, 2018).

2.2.2 | Thin section description

In this study, SA microfossils are described from within eight thin
sections created from four of the hand samples of NBC, collected
from across ~12km along strike. In thin section, these samples con-
sist of a distinctive texture, termed NBC texture 3 (Figure S5; Bar-
low, 2019; Barlow & Van Kranendonk, 2018). This texture typically
contains abundant organic material, with large (hundreds of pm long)
dense clumps that are elongated parallel to bedding and small (up to
~10-20pum wide) fluffy clots that are distributed throughout. This
texture also contains thick (~8-10 um wide) filamentous microfossils
(Figure S5c¢,d), as well as dispersed carbonate rhombohedra that are
generally 2100 pm wide along the short axis. NBC texture 3 is distinct
from the other microfossil assemblages previously described from
separate samples of this nodular chert unit in the TCG microbial-
ite reef complex: NBC texture 1, which contains an assortment of
long filamentous, cob-web like microfossils of a benthic microbial
community (Barlow, 2019; Barlow & Van Kranendonk, 2018; Fadel
et al., 2017; Schopf et al., 2015), and NBC texture 2, which contains
long, straw-like filamentous sheaths that encircle clusters of pyrite
(Barlow, 2019; Barlow & Van Kranendonk, 2018).

3 | ANALYTICAL METHODS
3.1 | Petrographic microscopy

Images were captured on a Nikon Eclipse Ci POL microscope with a
Nikon DS-Vil camera at the University of New South Wales. Both
thick (~100pum) and thin (~30pm) sections of NBC texture 3 (see Bar-
low, 2019; Barlow & Van Kranendonk, 2018) were studied using 5x,
10x, 20x and 50x oil-free magnification lenses under plane polar-
ised light (PPL), cross polarised light (XPL) and reflected light (RL).

3.2 | Raman spectroscopy

Raman spectroscopy was undertaken in the Materials Charac-
terization Laboratory in the Materials Research Institute at the
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Pennsylvania State University. Raman measurements were per-
formed on a Horiba LabRam HR Evolution using a 532nm excita-
tion laser (Oxxious—LCX) with an incident power of 340 pW focused
through a 100x (NA 0.9) objective lens. The spectrum was recorded
with a 300 gr/mm grating and with a back-illuminated deep-depleted
Siarray detector (Horiba—Synapse). The spectrometer was calibrated
using the spectral response of a single crystal Si sample (520cm™).
A low-resolution Raman map of a 20 x 50 um area was acquired with
5x10pum steps, with a 60-s integration time at each pixel in the map.
The laser was focused through a 50x LWD (NA 0.5) objective lens
and an incident power of 34 uW. A high-resolution Raman map was
acquired with 0.9 integration second and step interval of 0.5 um over
a 12x20pum area. A rendered image of the Raman spectral results
was acquired by measuring the peak amplitude of the carbon (G
band centred at ~1610cm™) and quartz (centred 465 cm™) after cor-

recting for the background.

3.3 | Confocal laser scanning microscopy

A confocal laser scanning microscope (CLSM) was used to image
the SAs, both at the surface and at depth, to gain a sense of their
three-dimensional nature and internal structure in a non-destructive
manner. CLSM images were captured on an Olympus FV1200 micro-
scope at the University of Cincinnati, using Owympus FLuoview soft-
ware (version 3.1b). Limited fluorescence was produced from the
large SA microfossils with excitation by the 458, 488, 515, 559 and
635nm lasers, so reflected light was used instead. Images were ob-
tained in 2D using the 488 nm laser at 10% power, with a 60x lens, a
confocal aperture of 65pum and no filter. These were then compared
to transmitted light images of the same area to establish the amount
of ‘noise’ in the images, in the form of scattered light from features in
the adjacent material (as per Czaja et al., 2016). The amount of ‘noise’
was considered minor and thus, the 2D CLSM images displayed here

are ‘raw’.

3.4 | Secondaryion mass spectrometry

Two thin sections of NBC texture 3 were viewed on a petrographic
microscope under both PPL and RL to find areas where several micro-
fossils were exposed at the surface, from which three small (~5mm?)
regions of interest (ROIs) were selected for in situ carbon isotope
analyses. ROls (labelled 318Fv3_01, 318Fv3_02 and 318Fv2) were
removed from the thin sections using a diamond-tipped glass cutter,
then each ROI chip was mapped in both PPL and RL.

Composite sample pucks (labelled CO1, CO2 and C03) were cre-
ated with each puck containing ROI chip/s and a small (<5 mm? at
surface) piece of carbon standard (‘PEEK’; 613CVPDB value of -27.7%o;
House, 2015; Oehler et al., 2017). Each puck was sonicated sequen-
tially: three times each for 1 min in deionised water, followed by 30s in
ethanol and again twice each for 30s in deionised water. Sample pucks
were then dried with a stream of high purity nitrogen and placed in a
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60°C vacuum oven overnight to degas. Before analysis, sample pucks
were gold coated and placed in a 60°C vacuum oven for 48 h.

In situ carbon isotope measurements of microfossils were
carried out in multi-collection mode (*2C*2C™ on an off-axis Far-
aday cup and '2C™C” on the axial electron multiplier) using a
CAMECA-IMS 1290 secondary ion mass spectrometer (SIMS) at
the University of California, Los Angeles. Carbon standards were
presputtered using a 400-pA beam, followed by carbon isotope
measurement using a 100-pA primary ion beam for 30 cycles. Due
to differences in count rate (i.e. carbon signal), a greater beam
intensity was used to measure the carbon isotope ratios of sam-
ple material than for carbon standards. TCG chert samples were
presputtered for 90s using a 400-pA beam, followed by carbon
isotope measurement using either a 400 pA, 1 or 3nA primary
ion beam for up to 30cycles. Internal precision is defined as one
standard error (+16) of each measurement.

To account for the deviations from the true isotope ratio caused
by instrumental mass fractionation and the difference in detec-
tor gains/yields, a bias factor («x) was calculated using Equation (1),
where 613C0b57Std is the weighted mean raw (observed) value of the
standard measured during a single SIMS session, and the 613Cexp_std
is the true (expected) value of the standard measured externally by a
gas-source mass spectrometer in relation to Vienna Pee Dee Belem-
nite (VPDB). The standard used in this case was a synthetic carbon
standard called ‘PEEK’, which has a true 513CVPDB value of -27.7%o
(House, 2015; Oehler et al., 2017).

Ve (83Cops st + 1000) 0
8"3Ceyp sta + 1000

The bias factor (a) was then used to determine the corrected
(‘true’) 8'3C value of TCG samples using Equation (2), where
613C0b5_sam is the raw value of the sample measured by SIMS.

(8"3Cgps sam + 1000)

613Ctrue_sam (%0) = «

- 1000 2)

4 | RESULTS

4.1 | Key morphologic and petrographic
observations

The forms described here are spherical to slightly ellipsoidal-shaped
aggregates (Figures 1-3) whose three-dimensionality was evidenced
by varying the focal depth within thick sections (~100 um) under the
petrographic microscope. The SA microfossils range in size from ~52
to 162 pmin diameter, with most specimens between ~83 and 110 um
diameter (mean=97pm, measured population=59; Figure Séa,b).
They are preserved as distinct, individual forms, with some speci-
mens locally occurring in relatively close proximity (Figure 2a-d),
but most are widely scattered throughout a section (e.g. Figure $10).
Previous, preliminary work showed the SA microfossils have a ker-
ogenous composition (Barlow & Van Kranendonk, 2018), which

we confirm with additional Raman spectroscopic analysis here
(Figure 4a-c).

Sixty per cent of measured specimens are surrounded by a dis-
tinctive rind that forms a prominent, optically clear, circular halo
visible in thin section (Figures 1-3). These rinds are free of the
fluffy, particulate organic matter (OM) that fills the matrix of stud-
ied samples, but high-resolution Raman mapping shows the opti-
cally clear rinds do contain sub-micron-sized kerogen embedded
within the quartz (Figure 4a,d,e). Rinds are, on average, ~20um
wide (Figure Séc,d) and are composed of fine-grained microquartz
that is either the same size as (Figure 1c), or much finer-grained
than (Figure 1e), the microquartz that preserves the fluffy OM
in the matrix. About 30% of measured specimens have a carbon-
ate (calcite) rhomb directly associated with them—either touch-
ing the main spheroidal body, or poking into the clear rind (e.g.
Figures 1la-c,e and 2b,e).

Some SA microfossils lie on a layer of concentrated OM that de-
flects downwards, partly around the stratigraphic underside of the
fossil (Figures 1a, 2d, and 3d; Figure S7). In these cases, the SA rind
varies from being either an even thickness the whole way around the
aggregate (e.g. Figure 1a) or thinned on the stratigraphic underside
of the aggregate and bulged around the stratigraphic topside (e.g.
Figure 2d; Figure S7c,d).

The outer portion of the organic body of the SA microfossils has
anirregular edge, with jagged to wispy wire-like structures that poke
out into the clear rind (Figures 1-3). In some places, these structures
are intricately bent and twisted and extend out into the clear rind
up to 15um further than the rest of the main spheroidal body (e.g.
Figure 3a).

Internally, the SAs consist of a honeycomb-like framework of
sub-spherical to slightly polygonal compartments composed of
granular, dark brown- to black-coloured OM (e.g. clearly visible in
Figures 1d and 3b). The compartments are densely packed, which
makes it difficult to definitively determine their diameter or the
number of compartments per microfossil. However, most SAs were
observed to contain at least 20 compartments, ranging from ~12 to
17 pm (av. 15um) wide. In some SA specimens, the compartments
are present only around the perimeter of the microfossil, creating
the appearance of a hollow core (e.g. Figure 3a, Figure S12e-h).

In several specimens, amber brown-coloured cell-like spheres
fill the honeycomb-like compartments (Figures 5 and 6). These
cell-like spheres are generally ~11 pm diameter, commonly contain
clear central domains and are distinct in colour and texture from
the surrounding compartment walls (Figures 5d,e,g and 6c-g,j). In
one specimen, multiple tightly packed cell-like spheres as small
as ~3.5pm diameter were observed within a single compartment
(Figure 6c,e).

4.2 | Insitucarbon isotopes

In situ carbon isotopic data were obtained from the SAs and as-
sociated OM within the chert matrix of NBC texture 3 samples
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FIGURE 1 Archetypallarge spherical aggregate (SA) microfossils with wide, kerogen-free surrounding rinds. Microfossil shape is most
commonly spherical, with radial symmetry. All images are vertical cross sections through bedding. (a) Plane polarised light (PPL) image

of slightly ellipsoidal SAs oriented with long axes perpendicular to bedding; note the even width of rinds. Dense, bedded organic matter
(OM) that directly underlies the left SA appears to be deflected downwards, around the SA and its surrounding rind (arrow). (b, c) and (d,

e) show specimens in both PPL and cross polarised light (XPL), highlighting the very fine microquartz grainsize within the rinds (arrow in e).
Carbonate rhombs are occasionally observed intruding into microfossil rinds; these are visible in a (left SA, right side of rind), in b, c (left side

of rind), and in e (right side of rind).

(Figures $8-516; Tables S1-54). SA §'3C values spanned -32.2%o
to —24.6%o, with a weighted mean 8°C of -30.4+2.3%0 (n=19;
Figure 7). Variations in the carbon isotopic composition of specific
features within the SAs (e.g. wispy wire-like structures, compart-
ment walls or cell-like spheres) could not be resolved, as these fea-
tures were too closely spaced to be individually distinguished using
the ion microprobe beam (e.g. see Figures 511, 512, and 514).
Within the chert matrix, the dense, bedded OM and fluffy-
looking OM clots collectively recorded a lighter range of §'3C values
(=37.2 to —29.1%0; w. mean -31.8+2.2%o; n=12; Figure 7), with the
lightest value coming from OM that forms a partial rim around the

outside of a SA rind (8'3C -37.2 +0.6%o; Figure $12). (For the defini-
tion of w. mean as used here, see Table S1.)

5 | DISCUSSION

5.1 | Syngeneity and biogenicity

The syngeneity and biogenicity of the SAs have briefly been dis-

cussed previously (Barlow & Van Kranendonk, 2018), but here we
provide a more complete assessment of each.
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FIGURE 2 SA microfossils appear as individual specimens of consistent size and shape and are occasionally observed in relatively close
proximity. The main organic ‘body’ of the SAs has an irregular edge, with thin, wispy, wire-like structures that extend out into the clear
surrounding rind (most clearly visible in c). Note the transparent calcite rhombs poking into the SA rinds in (b) and (e). Arrow in (d) highlights
deformed OM that bends around the underside of the SA; note the SA rind here is uneven (thin on the underside and thick on the topside;
see also Figure S7d). All images are vertical cross sections through bedding in PPL, taken from thick (~100 pm) petrographic sections. The
thickness of the section combined with the density of surrounding OM obscures the SA rind in places.

Firstly, the syngeneity of the SAs and associated OM in nodular

chert samples is demonstrated by:

o thelack of a magmatic componentin the TCG that could have pro-
duced (and/or subsequently transported) abiotic OM (cf. Thorne
& Tyler, 1996);

e the absence of hydrothermal or cross-cutting veins associated
with TCG black chert samples at outcrop scale, precluding OM
having been supplied into the chert nodules at a later time;

e the absence of any indication of fluid/oil migration or large-scale
redistribution of OM at either hand sample or thin section scale
(e.g. Rasmussen et al., 2021);

e the fact that the chert nodules themselves formed very early,
pre-compaction of the surrounding sediments (evidenced by the
way the surrounding carbonate and shale layers bend around the
nodules; see fig. 2d of Barlow & Van Kranendonk, 2018), showing

that their contained OM was also preserved early and cannot
have formed from later input; and

e the fact that the SAs were clearly preserved in place before minor
(sub-mme-scale) quartz fractures (e.g. see cross-cutting relation-
ships in Figures S8, S10 and S13).

Combined, these details show that the SAs and associated OM
are indigenous to, and are the same age as, the surrounding rock in
which they are encased.

Secondly, multiple lines of evidence (modified after Brasier
et al., 2004) demonstrably establish the SAs as bona fide, biogenic

microfossils, as they:

e occur in a geological context plausible for life, that is, within
sedimentary rocks formed in a marine setting that were sub-
jected only to relatively low-grade burial metamorphism, with
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FIGURE 3 In thinner (~30 pm thick) petrographic sections, SA microfossils are more transparent, revealing an internal framework of
honeycomb-like compartments. The compartments are sub-spherical to polygonal in shape and are composed of dark brown, often granular,
OM. (a) SA specimen with a hollow core and an even rind that is partially outlined along the outer, top edge. Inset shows enlarged view of
thin, wispy structures emanating out from the SA body into the surrounding rind. (b-h) Variably preserved SA microfossils and surrounding
rinds. Arrow in (d) points to deflected underlying bedding (see also Figure S7). Fragments of thick filamentous microfossils are visible in

(f) and (h). The line in (g) that cuts diagonally across the image is the broken edge of the thin section. All images are vertical cross sections

through bedding in PPL.

temperatures not exceeding ~240 to 280°C (Fadel et al., 2017;
Williford et al., 2011). This setting and history are inconsistent
with abiological formation of OM through high-temperature
mineralisation (i.e. ~500°C; Garcia-Ruiz et al., 2003) or Fischer-
Tropsch-type synthesis (e.g. McCollom et al., 1999), and are also
inconsistent with pseudo-fossil formation through localised

mobilisation of OM, as this has been described from rocks that
have experienced extensive, syn-sedimentary hydrothermal
input and subsequent high-temperature (~350°C) metamor-
phism (e.g. Coutant et al., 2022);

e occur in a stratigraphic sequence with other fossils of unambig-
uous origin, that is, multiple varieties of microbialites (Barlow
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FIGURE 4 Raman mapping of a SA microfossil, its rind and the
organic material of the surrounding matrix. (a) Close-up of a SA
microfossil specimen with dashed boxes showing the location of
Raman maps b/c (red box) and d/e (black box). This is the same SA
specimen as shown in Figure 1b. (b, c) Low magnification and (d,
e) high magnification maps of the regions shown in (a), displaying
carbon (parts b, d) and quartz (parts c, e) distribution. The greyscale
bars in parts (b) and (d) reflect the relative intensity of the carbon
peak (G band, centred at ~1610 cm™), and those in parts (c) and
(e) depict the relative intensity of the quartz peak (centred at
~465cm™).

et al,, 2016; Nomchong & Van Kranendonk, 2020) and other
bona fide microfossils with cellular preservation (Barlow & Van
Kranendonk, 2018; Fadel et al., 2017; Schopf et al., 2015);

e occur within multiple petrographic thin sections produced from
different samples that were collected from kilometres apart along
strike;

e occur in a distinct and repeated microfossil assemblage (termed
NBC texture 3; Barlow & Van Kranendonk, 2018; Barlow, 2019)

alongside other kerogenous microfossils of markedly different,
filamentous morphotype (Figure S5c¢,d);

e each have a three-dimensional morphology of consistent size and
shape (Figures 1-3; Figure Sé);

o exhibit both a morphology and size range that is consistent with
that known to be produced by life (see Section 5.2.3);

e are of kerogenous composition and are not composed of any
minerals other than the microquartz in which they are preserved
(Figure 4; see also Barlow & Van Kranendonk, 2018); and

e have anin situ carbon isotopic composition that is consistent with
biological fractionation (§33C of ~ ~30%o; Hayes et al., 1999).

5.2 | Microfossil analysis

Most biological information (e.g. physiological, genetic, biochemi-
cal, reproductive, ecological) is typically not preserved in fossilised
micro-organisms from ancient rocks. Usually, only the morphology
and basic chemical information are retained and available for inves-
tigation (Knoll, 2014). This data paucity means that microfossil char-
acterisation is largely reliant on the interpretation of morphological
and contextual observations, as well as morphological comparison
to modern forms (Golubic & Barghoorn, 1977); we thus use such an
approach in our investigations here.

5.21 | Interpretation of morphological and
contextual observations

Timing of silicification

As outlined above (see Section 2.2.1), field observations indicate
that the chert nodules were silicified during early diagenesis, prior
to compaction from the overlying sediments. More specifically, in
order to preserve the SA microfossils, the filamentous microfossils
and the variation in the morphology and texture of the matrix-
filling OM, silicification of the nodules must have initiated very
early, as microbial decomposition can occur within the timeframe
of days to weeks (Bartley, 1996). Very early silicification is sup-
ported by observations of the consistently spherical shape of
both the SAs and their surrounding rinds, despite being located
among beds of dense OM that are flattened along bedding planes
(e.g. Figure S8 and Figure 10). Where the shape of the SAs and
their surrounding rinds is ellipsoidal, the long axis is either paral-
lel to (Figure 2b) or, more commonly, perpendicular to (Figure 1a;
Figure S7a,b) bedding. This shows that the microfossils were not
affected by widespread compaction-related deformation, sup-
porting very early silicification of this material.

Clear outer rinds

Clear outer rinds are unusual but are not unknown from the fossil
record. They have been documented in fossilised micro-organisms
from younger deposits and have been variously interpreted as
being of diagenetic origin (Anderson et al., 2019; Xiao et al., 2000),
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FIGURE 5 Well-preserved SA microfossils contain amber brown-coloured cell-like spheres within the honeycomb-like compartments.
(a, b) Dense, opaque SA specimen in PPL (a) and XPL (b). Part b shows the fine-grained microquartz that preserves the SA. (c-e) Same
specimen as a/b imaged under higher magnification and overexposed to more clearly show the internal structure (d and e are taken in the
same x/y position but at different focal depths). Note the darker, more granular nature of the honeycomb-like compartments that surround
the cell-like spheres. (f) Another opaque SA specimen in PPL; note the thin wispy structures that extend out into the kerogen-free rind. (g)
Same specimen as in f, overexposed to show it is composed of tightly packed cell-like spheres that are distinct from the honeycomb-like
framework. Note the clear central domains within the cell-like spheres in (d), (e) and (g).

taphonomic origin (Jing et al., 2022), or the remains of something in-
herent to the original micro-organism (Kazmierczak & Kremer, 2009;
Sergeev, 1994).

A diagenetic origin has been proposed for the clear outer rinds
in acritarch microfossils described from Ediacaran phosphorites
(Anderson et al., 2019; Xiao et al., 2000). This is due to the ori-
entation and isopachous nature of acicular apatite crystals in the
rind that indicate nucleation on, and subsequent growth outwards
from, the cell wall (see fig. 1e-h of Xiao et al., 2000). Although this
example involves a different mineral to that studied here (i.e. ap-
atite as opposed to quartz), a similar process could have occurred
in our samples via a silica mineralisation front pushing OM away
from the SAs. Such a process has been demonstrated in an artifi-
cial fossilisation experiment by Oehler (1976), who documented
that fibrous, radiating, spherulitic quartz precipitated outwards
from an OM-rich nucleation site and pushed OM ahead of the

growth front. This experiment resulted in a ~7-12 pm thick halo of
clear quartz around the nucleation site and a ~2.5 pm thick rim of
concentrated OM around the outside of the halo (see fig. 5j of Oe-
hler, 1976). However, we regard this explanation for the formation
of the SA rinds as unlikely, as characteristics of this process (i.e.
fibrous or radiating spherulitic quartz and a dense concentration
of OM around the outside of the entire rind) are not present in the
studied microfossils (Figure 1).

Taphonomic experiments on extant micro-organisms have es-
tablished that cellular contents can shrink dramatically due to water
loss during decomposition (Golubic & Hofmann, 1976; Knoll & Bar-
ghoorn, 1975). It is therefore plausible that shrinkage could explain
the occurrence of clear outer rinds described in microfossils from
other deposits. For example, Jing et al. (2022) documented single
spheroidal bodies of variable size and shape, each surrounded by a
clear rind either with, or without, an opaque cell wall on the outside
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FIGURE 6 Internal structure of the SA microfossils, continued. (a, b) Opaque SA microfossil in PPL (a) and XPL (b), highlighting the
consistent size of the microquartz preserving the microfossil. (c-g) Higher magnification images in PPL of same specimen as in a/b; Images
are overexposed to show internal detail more clearly. Parts (c) and (d) are taken in the same x/y position but at different focal depths,
highlighting the tightly packed cell-like spheres contained within the SA. Part (e) is detail of boxed area in (c), showing what appear to be
multiple, smaller cell-like spheres contained within one compartment. At least five cell-like spheres are visible, and these are ~3.5 to 4pm
in diameter. Parts (f) and (g) show detail of boxed areas in (d), indicating the spherical nature of the cell-like spheres (f) and that they appear
to be separate from the OM of the surrounding compartments (arrow in g). (h-j) Confocal laser scanning microscope (CLSM) images of

SA microfossils. Note the clear rind visible in (h), and the spherical to polygonal compartments in (j) (arrow). Also note the clearer central
domains within the cell-like spheres (visible in ¢, f, g, j). Parts (a), (h), (i) and (j) are of different specimens.

of the rind (see figs. 10 and 11 of Jing et al., 2022). The variability
in size and shape of these spheroidal bodies is fully consistent with
shrinkage during decomposition (Golubic & Hofmann, 1976; Knoll &
Barghoorn, 1975).

It is likely that some shrinkage may have occurred during decom-
position of the SA microfossils described here prior to silicification.
However, a taphonomic origin for the clear rind is unlikely, as this
would require the SAs to have had an outer cell wall to hold back
the OM in the surrounding matrix. Although we have observed one
specimen that contains what could be the remains of a partial cell
wall (Figure 3a), this feature has not consistently been observed
in the specimens here (Figures 1, 2, and 3b-h). Moreover, SA size
does not vary with the presence or absence of a rind: the mean di-
ameter of SAs with a rind is 96.7pm and those without is 97.6 um
(Table S5). This indicates that, if shrinkage occurred in the SAs, it was

independent of the presence/absence of a rind, suggesting taphon-
omy alone cannot explain the formation of the rind here.

Instead, morphological comparison with extant and fossilised
micro-organisms suggests that the clear rind could derive from an orig-
inal feature of the SA micro-organism. Many extant micro-organisms,
particularly colonial forms, contain thick mucilaginous membranes that
provide a wide, physical barrier between the cells and the outside world
(Figure 8a; Komarek & Johansen, 2015; Matthews, 2016; Nakada &
Nozaki, 2015). Mucilaginous membranes have also been documented
in younger fossilised micro-organisms that have distinctive, clear outer
rinds (Figure 8b; Kazmierczak & Kremer, 2009; Sergeev, 1994). There
are marked similarities between these modern and fossilised mucilagi-
nous membranes and the relative size, shape and structure of the clear
rind around the SAs, including in the appearance of holding back sur-
rounding particles (cf. Figures 1a,b and 8a). Based on these examples,
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FIGURE 7 |Insitu carbon isotope results from nodular black
chert samples (NBC texture 3 of Barlow, 2019; Barlow & Van
Kranendonk, 2018). SA microfossil data are depicted by circles
(asterisk above SA data set is w. mean: §'3C -30.4 +2.3%o; n=19).
Data collected from the dense and fluffy OM were combined and
are displayed here as diamonds (asterisk above OM data set is w.
mean: 8*3C -31.8+2.2%o; n=12). For definition of w. mean, see
Table S1. Grey bars in main data sets indicate error (for individual
measurement errors, see Tables S2-54). Grey bars for weighted
means=1SD.

we interpret the clear rind around the SA microfossils as a silicified mu-
cilaginous membrane.

This interpretation is supported by high-resolution Raman map-
ping of a SA rind, which shows the optically clear rind is composed of
sub-micron-sized kerogen (Figure 4a,d,e). The presence of a calcite
rhomb in close spatial association with ~30% of SA specimens may
also support this interpretation, as the degradation of extracellular
polymeric substances (EPS) is known to result in calcite minerali-
sation (Dupraz & Visscher, 2005, and refs therein). Moreover, the
observation of microquartz in some SA rinds being distinctly finer
grained than that in the surrounding chert matrix (e.g. Figure 1e)
hints at multiple generations/phases of silicification and suggests
that the SA rinds may have acted as a template for very early silica
precipitation (cf. Knoll, 1985). This further supports the argument
for the rinds being an original feature of the micro-organism.

Deflected, underlying laminae

One mode of formation for the deflected underlying laminae be-
neath some SA microfossils could be compaction from deposition of
overlying material during burial. However, this process would con-
sistently produce bedding-parallel lens-shaped SAs and lens-shaped
surrounding rinds, and symmetrically deflected upper and lower sur-
rounding material, which is not the case for the specimens described
here (Figure 1a). Instead, the fact that the shape of the microfossils is
spherical (Figures 2d and 3d), or ellipsoidal perpendicular to bedding
(Figure 1a; Figure 7a,b), and that only the material beneath the SAs
is deflected, indicates that another process was responsible for the
deformation of underlying laminae.

The deflected nature of the underlying laminae is compatible
with local compaction from infalling planktonic SAs whose mu-
cilaginous membranes (rinds) were at least partially silicified prior
to having fallen into the sediment. Firstly, a planktonic origin for
the SA microfossils is supported by the random arrangement of
SA specimens within the chert-OM matrix (e.g. Figure S10), which

FIGURE 8 Examples of extracellular mucilage in an extant
micro-organism, Asterococcus (a) and a fossilised micro-organism,
Eogloeocapsa avzyanica (b). Note how the mucilage in both
examples creates a clear, wide boundary around the cells that
keeps the surrounding matrix material at bay. (c, d) ‘Polyhedral
packing morphology’ in colonial micro-organisms: extant form
Gloeothece (c) and sketch of extant form Gloeocapsa (d), showing
tightly packed cells results in the cell envelope shape varying
from spherical to pentagonal. Images from: (a) Matthews (2016);
(b) Sergeev (1994); and (c, d) Golubic and Barghoorn (1977).

indicates they likely settled from a floating (planktonic) population
(Moorman, 1974). In modern systems, planktonic micro-organisms
come out of suspension in the water column and settle into OM-rich
sediment on the seafloor when, for example, they encounter buoy-
ancy changes, or density stratification in the water column (Guasto
et al., 2012). The abundant, fluffy clots of OM present throughout
these samples are also connotative of particulate OM having rained
down on the sediment. In modern systems, such detritus is primar-
ily derived from planktonic micro-organisms in overlying waters
(Riley, 1971).
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Secondly, early silicification of the rinds surrounding the SAs is
supported by a recent study, which found that photosynthesis under
Proterozoic-like conditions triggered silica precipitation in EPS due
to localised changes in pH (Moore et al., 2021). This could provide
a mechanism for the early mineralisation of the SA rind and could
also explain the multiple phases of microquartz (i.e. the finer-grained
microquartz in the rinds compared with the surrounding matrix) ob-
served in some samples (see Section Clear outer rinds). In this sce-
nario, early partial silicification of the SA micro-organisms and/or
their surrounding mucilaginous membranes (rinds) may have caused
them to drop out of suspension in the water column, fall down into
very light, fluffy OM, and depress slightly the underlying bedded
OM to create the locally deflected underlying laminae observed
in the sections examined here. Variable silicification of the micro-
organism and/or its surrounding rind may account for the observed
differences in preserved rind morphology, including that only ~60%
of specimens contained a distinct rind, and that some SAs have a
thinned rind on their underside and a bulging, thicker rind on their
topside (Figure S7c,d).

Jagged to wispy structures along irregular edge

The jagged to wispy wire-like structures on the outer edge of the
main spheroidal body of the SA microfossils likely reflect a combina-
tion of partial preservation of compartment walls in the outermost
parts of the SAs (in the case of the jagged edges) and possibly some
local, super fine-scale mobilisation of OM around microquartz grain
boundaries (in the case of the wispy edges).

However, it is also possible that taphonomic processes altered,
but did not entirely destroy, an original morphological feature of the
SA micro-organism. For example, younger, acritarch microfossils dis-
play processes and plexuses, which are recognised as original struc-
tures that emanated out from the body of these micro-organisms
(Agicetal.,2015; Moczydtowska & Willman, 2009; Nagovitsin, 2009;
Yin et al., 2021). Furthermore, taphonomic experiments on extant
micro-organisms have shown that the morphology of flagella (super-
fine appendages that aid in colony movement) can be fossilised, al-
beit thicker silicified than when alive (Francis et al., 1978), raising the
question of whether some of the fine kerogenous structures in the
rinds of the SA microfossils could represent fossilised flagella. Ad-

ditional work is needed to establish whether this could be the case.

Internal compartments and cell-like spheres

The characteristic internal compartments and their contained cell-
like spheres could ostensibly have formed as diagenetic artefacts,
whereby originally dispersed OM became distributed around mes-
ocrystalline, or botryoidal, quartz crystals during diagenesis. How-
ever, the grainsize of the microquartz within the microfossils and
their surrounding rinds is much finer than the size of either the
compartments or the individual cell-like spheres (cf. Figures 5b,
6b and 5d,e,g and é6c,d), and botryoidal quartz (known to provide a
template for OM resulting in the formation of vesicular shapes, see

Coutant et al., 2022) has not been observed. This makes a diagenetic

origin via OM mobilisation along quartz boundaries or templating on
quartz crystals highly unlikely.

An alternative abiotic mode of formation of the honeycomb
compartments and cell-like spheres could be OM mobilisation via
diffusion in a silica gel prior to quartz mineralisation (e.g. Coutant
et al., 2022). However, if either of these SA features had formed by
diffusion of OM in a precursor silica gel, we would expect a number
of additional components to be present in these samples that have
not been observed, including: internal carbonaceous masses from
which the ‘cells’ had formed; ‘cell walls’ made of diffuse, nanopar-
ticulate OM that extends into the surrounding area; carbonaceous
veins indicating mobilisation of OM throughout the sample; and ev-
idence of OM diffusion gradients, such as Liesegang rings of OM,
and/or multi-layered ‘cell walls’ (e.g. see figs. 1a, 1b, 8b of Coutant
et al., 2022). A lack of such features in the material studied here thus
indicates the honeycomb compartments and cell-like spheres are in-
consistent with a diffusion origin.

Rather, the morphology of the honeycomb compartments and
the cell-like spheres lends weight to a biogenic origin. The mor-
phology of these features indicates they were affected by early ta-
phonomic alteration, consistent with minor organic decomposition
prior to silicification. For example, the gaps between the cell-like
spheres and the surrounding compartment walls (e.g. Figure 6g)
are consistent with decomposition experiments on extant micro-
organisms in which water loss during decomposition causes cellular
contents to shrink away from their surrounding sheaths (cf. fig. 1
of Knoll & Barghoorn, 1975). Sheaths are known to degrade more
slowly than cells during initial decomposition prior to fossilisation
(Bartley, 1996; Manning-Berg et al., 2022), which could explain why
the honeycomb-like compartments have been observed in every SA
specimen, but the cell-like spheres have not.

The difference in colour between the honeycomb compartments
and the cell-like spheres may also provide insight into their origin.
Each of the cell-like spheres consists of rich, amber brown-coloured
OM that is distinct from the darker, granular OM of the honeycomb-
like compartment walls (Figures 5 and 6). Darker-coloured OM is
generally considered to indicate more degraded (i.e. more thermally
altered/mature) material (Hayes et al., 1983; Knoll et al., 1988).
However, given that both of these features were subject to the same
temperature and diagenetic history, this colour variation may instead
indicate that: (a) the honeycomb compartments represent structures
that were more decomposed than the cell-like spheres prior to silici-
fication; and/or (b) these two features were differently affected by
thermal alteration during diagenesis, perhaps due to differences in
the original composition of the OM (e.g. Igisu et al., 2009). An al-
ternative explanation could be that the observed colour differences
are reflective of density differences between these two features.
This is supported by the CLSM data, in which the honeycomb com-
partments appear brighter (and therefore denser) than the cell-like
spheres (Figure 6i,j). In any case, the difference in colour of the OM
implies that the honeycomb compartments and the cell-like spheres

could be the remains of original, distinct, cellular components.
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In light of these observations and the very early silicification
of the studied material (see Section Timing of silicification), the
honeycomb-like compartments and cell-like spheres are interpreted
to most likely represent the remains of cellular sheaths and shrunken
cells, respectively. This is supported by the variability in shape of
the SA compartments (i.e. sub-spherical to polygonal) being analo-
gous to the ‘polyhedral packing morphology’ described from both
extant and fossilised colonial forms (Figure 8c,d; Golubic & Bar-
ghoorn, 1977). This distinctive morphology occurs when a colony
of cells is tightly packed together within an extracellular mucilage,
causing the sheaths surrounding each individual cell to distort and
exhibit a polyhedral shape (Golubic & Barghoorn, 1977). The shrink-
ing of cells due to water loss during decomposition may have ac-
centuated the polyhedral packing morphology in the SA microfossils
(e.g. Figures 5d,e,g and 6j). As a result, the original diameter of the
cell-like spheres is likely to have been larger than the ~11 pm average
measured here.

The presence of multiple, smaller cell-like spheres within one
compartment (Figure 6c,e) could be an appearance due to the cells
having shrunk at different rates during initial decomposition prior
to silicification (Golubic & Barghoorn, 1977). Alternatively, and con-
sidering the early silicification, we speculate whether these smaller
cells could be evidence of asynchronous cellular division during re-
production, which is a trait documented in extant colonial micro-
organisms (e.g. Menezes & Bicudo, 2008).

Variation in microfossil form

There is some variation in form between the individual SA specimens
observed in this study. For example, the honeycomb-like compart-
ments in some of the SAs contain amber brown cell-like spheres
(Figures 5 and 6), whereas other specimens consist only of the dark-
coloured, honeycomb-like network of compartments without any
trace of enclosed cell-like spheres (e.g. Figures 1d and 3b). In still
other examples, the honeycomb-like network of compartments is
only preserved around the outer parts of the SAs, which appear to
have a hollow core (Figures 3a; Figure S12e).

This variation in form among individual SAs could reflect variabil-
ity in the extent of decomposition prior to silicification, whereby SAs
with well-defined amber brown cell-like spheres could have been
dead for a shorter period of time compared to the SAs with only
the honeycomb-like network preserved. Taphonomic experiments
on modern micro-organisms have shown that structurally compro-
mised individuals decompose faster, resulting in a fossilised popula-
tion with only a few very well-preserved specimens (Manning-Berg
et al., 2022). This could explain the variation in form among speci-
mens described here.

Alternatively, the variation in SA form could reflect natural
variation in the original population, perhaps due to different cellu-
lar components being present at different stages of a life cycle. In
view of this, perhaps the SAs with well-defined amber brown cell-
like spheres were in a growth or reproductive state, whereas the
SAs without the cell-like spheres were in a dormant, or decomposing
state.

EEEEE T WiLEy-

More likely, however, the variation in form is a combination of
both natural variation in the original population and taphonomic
alteration, reflecting the fact that any given population of micro-
organisms contains a mixture of living, dormant, reproducing and/
or decomposing organisms (Bartley, 1996). Another possibility,
although considered unlikely, is that what is presented here as a
single population of SAs may represent several different, but similar-
looking, micro-organisms. Further work is required to establish

whether this could be the case.

5.2.2 | Comparison to fossilised micro-organisms

The SA microfossils described here are morphologically distinct
from microfossils currently known from the Archean and Paleo-
proterozoic. Microfossils from the Archean typically take the form
of unicellular, filamentous or spindle-shaped (lenticular) structures
(e.g. Czaja et al., 2016; Javaux et al., 2010; Klein et al., 1987; Knoll
& Barghoorn, 1977; Sugitani et al., 2015; Walsh & Lowe, 1985;
Figure S17a), and microfossils from the Paleoproterozoic, includ-
ing the well-known Gunflint-type microbiota, generally consist of
unicellular, filamentous and small radiating forms (e.g. Barghoorn &
Tyler, 1965; Knoll & Barghoorn, 1976; Figure S17b). Broadly speak-
ing, each of these morphologies can easily be differentiated from the
SA morphology described here.

Having said this, there is some coarse similarity between the
cell-like spheres within the SA microfossils and spheroidal struc-
tures recently described from the c. 3.4 Ga Strelley Pool Forma-
tion (SPF; Type 4 structures of Coutant et al., 2022), in that both
consist of a sub-spherical morphology with an inner vesicle (cell)
that is surrounded by an outer wall (sheath). However, there are
prominent differences in overall colony/cluster appearance and
configuration between these two examples. Specifically, the cell-
like spheres of the SA microfossils are consistently aggregated into
an overall spherical, colonial morphology of regular size and shape,
with tens of aggregates observed across multiple thin sections
(Figures 1-3), whereas the spheroidal structures of the SPF were
observed within only one cluster, and this had a contorted, non-
uniform overall shape (Figure S17c, left side; Coutant et al., 2022).
Moreover, the SPF spheroidal structures are loosely arranged and
sit among a thick concentration of nanoparticulate OM that is dis-
tributed both in and around the structures (Figure S17c, middle
and right side), which may suggest cluster formation via adhesion
of individual cells rather than cell division (e.g. Xiao et al., 2017).
In contrast, the cells in the SA microfossils described here are
bound by a continuous honeycomb network (polyhedrally packed
sheaths; Figures 1d and 6j) within a silicified rind (mucilaginous
membrane; Figure 6h), signifying that the SA microfossils are dis-
crete, structured colonies.

The large size of the SA microfossils and their overall mor-
phology, comprising individual, multicellular colonies of consistent
size and shape, indicate a different mode of organisation not seen
among known microfossils of Archean and Paleoproterozoic age
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(Figure S17). The appearance of this discrete, new multicellular mor-
phology coincident with the rise in atmospheric oxygen suggests a
change in lifestyle and a step-up in morphological organisation.

A thorough literature search of the younger fossil record has
uncovered four microfossils that somewhat resemble the SAs in
overall morphology, but that fail to represent a directly compatible
counterpart for the SA microfossils (Figure 9). The first of these is
a coccoidal, planktonic microfossil from deep water, siliceous black
shales of the Neoproterozoic Hector Formation in Canada (Moor-
man, 1974). This microfossil is part of a population of microfossils
interpreted to represent a single species, Sphaerocongregus variabilis,
with a range of growth forms (see fig. 3 of Moorman, 1974). One
of the forms broadly resembles the SA microfossils of the TCG in
overall morphology (Figure 9a). However, there are some import-
ant distinctions: (1) we have not observed variation in SA morphol-
ogy that would indicate a growth cycle such as that documented in
Moorman (1974) (e.g. specimens ranging from small individual spher-
ical cells, to a colony with only a couple/few cells, to a colony with
multiple/many cells); (2) there is no evidence in the SA microfossils
of reproduction by endosporulation or binary fission of unicellular
forms as documented for the Hector Formation microfossils; (3) the
SAs contain a wide, clear rind, which is not described for the Hector
Formation microfossils; (4) there is a large difference in colony di-
ameter: ~5-20um for the Hector Formation microfossils compared
to ~52 to 162 pum for the SAs; and (5) the cell size is vastly different:
<2pm diameter in the Hector Formation microfossils, versus ~15pum
(av.) diameter compartments in the SAs (cf. Figure 9a, and 9e,, f,).

The second example of a microfossil that broadly resembles the
SAs described here is Eogloeocapsa avzyanica Sergeev, documented
from the Late Mesoproterozoic Kataskin Member of the Avzyan

Formation, Russia (Sergeev, 1994). This microfossil consists of

small clusters of cells, ~8-23 pm in diameter, surrounded by a wide,
clear envelope that increases the overall diameter to up to ~60pum
(Figure 9b). Two generations of daughter colonies were commonly
observed within the outer envelope of E. avzyanica (see fig. 5a,b of
Sergeev, 1994). Although there is some similarity between these mi-
crofossils and the SA microfossils described here in the form of clus-
tered cells surrounded by an outer rind, the primary distinctions are:
(1) the common occurrence in the younger microfossils of multiple
distinct colonies within a single envelope, which was not observed
here; and (2) the considerable difference in the size of both the col-
ony and the contained cells (cf. Figure 9b, and 9e,, f,).

The third example of a broadly similar microfossil morphol-
ogy is an acritarch, Timofeevia, from a Cambrian deposit in Nova
Scotia, Canada (Figure 9c; Palacios et al., 2012). The presence of
honeycomb-like scaffolding and processes in Timofeevia could be
comparable to the SA honeycomb-like framework of compartments
and the wispy, wire-like structures, respectively. However, there are
key differences between these two microfossils: the acritarch has
numerous well-pronounced processes, appears as a hollow sac that
lacks any internal structure, does not have a wide, clear rind, and is
much smaller (only up to ~30 pm diameter; cf. Figure 9c, and e,, f,).

The fourth example of a broadly comparable microfossil mor-
phology is the Ediacaran microfossil, Megasphaera minuscula, de-
scribed by Anderson et al. (2019) from a Mongolian phosphorite
deposit. Megasphaera minuscula consists of a large, spheroidal ves-
icle up to ~325pm diameter, with a smooth, unornamented wall that
encloses numerous internal cellular structures (Figure 9d). Variable
preservation makes both the size range and the number of internal
structures particularly difficult to assess, but these structures have
been estimated to range from 3 to 26 um diameter and number be-
tween 20 and 106 per vesicle (Anderson et al., 2019).
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FIGURE 9 Comparison between the Turee Creek Group SA microfossils and younger fossilised micro-organisms that contain
some broadly similar morphological features. (a) Pleurocapsa-like microfossil from the Neoproterozoic Hector Formation (image from

Moorman, 1974). (b) Chroococcoid cyanobacterial microfossil from the Late Mesoproterozoic Avzyan Formation (image from Sergeev, 1994).
(c) An acritarch, Timofeevia, from the Cambrian McMullin Formation (image from Palacios et al., 2012). (d) Megasphaera minuscula microfossil
preserved in phosphorite from the Ediacaran upper Khesen Formation (red box is from original image used in Anderson et al., 2019). (e, f)
The large spherical aggregate microfossils studied here. (a1-f1) Schematic drawings of the microfossils in parts (a-f), resized to be shown at
the same scale as one another to highlight the colossal differences in size. Note that the specimen in (e) is overexposed to show its internal
structure more clearly, but that this removes detail of the outside of the SA microfossil, meaning the overall size of this specimen is larger
than depicted in (e). For the comparative size diagram in (e1), the full size of this specimen (see Figure 5a) has been used.
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Of the four examples spotlighted above, M. minuscula is most
similar to the SA microfossils when compared across all morpho-
logical attributes (Figure 9). Similarities include: an overall spherical
morphology; relatively comparable size (mean M. minuscula diame-
ter=136 um, mean SA diameter=97pum); and the presence of mul-
tiple internal cellular structures whose exact number and size range
are difficult to estimate due to their tightly clustered nature and in-
different preservation (Anderson et al., 2019).

Nevertheless, there are still key variations between the Edi-
acaran M. minuscula microfossil and the Paleoproterozoic SA mi-
crofossils. In addition to the different preservation medium (i.e.
phosphorite versus chert), the M. minuscula microfossil differs from
the SA microfossils in that it: constitutes a single vesicle containing
cells, as opposed to an aggregate of cells held together by a muci-
laginous membrane; is characterised by a smooth, continuous, outer
wall that lacks processes or ornamentation; has a broader size range
of 76-325um diameter (compared to the SAs range of 52-162um
diameter); lacks a honeycomb-like framework encapsulating the in-
ternal cells; and does not have a rind (evidence of a mucilaginous

membrane; cf. Figure 9d, and e,, f1)-

5.2.3 | Comparison to extant micro-organisms

Due to a lack of compatible fossil counterparts for the SAs, we pre-

sent a comparison with extant colonial micro-organisms as a way
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to glean insights into possible classification and morphological form
and function.

Many extant bacterial micro-organisms have a unicellular mor-
phology, but bacteria that specifically form aggregates (colonies) with
multiple cells are known within the non-filamentous Cyanobacteria
(Margulis & Chapman, 2009), with common colony-forming genera
including Chroococcus, Eucapsis, Chroococcidiopsis, Microcystis, As-
terocapsa and Coelosphaerium (Figure S18). These bacterial colonies
form via cell division (e.g. binary fission, where the produced cells
stay attached) and/or cell adhesion (where cells group and stick to-
gether), which commonly results in clumped, arbitrarily distributed,
masses of cells (Garcia-Pichel, 2009; Xiao et al., 2017; Figure S18d,f).
Cyanobacterial colonies are variable in both shape and size, forming
regular, irregular or spherical clusters that range from <10pm wide
(a few cells) to >1000um wide (hundreds or more cells) (Figure S18;
Xiao et al., 2018). Generally, individual cells within a cyanobacterial
colony are small (~2-6 um diameter), with either a hemispherical, sub-
spherical, spherical, or ovoid form (Komarek & Johansen, 2015). It is
common for colonies and, in some cases, individual cells within a col-
ony, to be enveloped by clear, mucilaginous sheaths (Whitton, 2011).

The SA microfossils partially resemble some coccoidal, colony-
forming cyanobacteria (e.g. Pleurocapsa spp., Chroococcopsis spp.)
in terms of having a spherical cell shape and the presence of colo-
nial and/or cellular mucilage (Table 1). However, these features are
not particularly diagnostic, as they are common to a wide range of

micro-organisms from across the tree of life (John et al., 2011).

FIGURE 10 Direct comparison of Turee Creek Group SA microfossils (a, c) and extant, Volvocacean coenobial algae (Eudorina; b, d). Note
similarities in symmetrical shape, structure and overall size. Spherical (a) and ellipsoidal (c) microfossils with wide, kerogen-free rinds; PPL.
Compare with spherical (b) and ellipsoidal (d) coenobia that are surrounded by thick, clear, extracellular mucilage. Also note the thin, wire-
like structures and apparent hollow centre of the microfossil in part (c) (and the hint of a hollow centre within the specimen in part a) and
compare with the flagella and hollow centre of the coenobia in parts (b) and (d). Image credit: (b) Matthews (2016) and (d) Antonio Guillén.
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More importantly, there are multiple differences between the
SA microfossils and extant cyanobacterial colonies (Table 1). Spe-
cifically, the size, shape and distribution of cyanobacterial colonies
varies widely, whereas the SA microfossils are comparably limited in
both size (with most specimens between ~83 and 110 pm diameter;
Figure Sé6b) and shape (consistently spherical-ellipsoidal), resulting
in distinct, individual specimens. Moreover, cyanobacterial cell size
(~2-6 um diameter; Whitton, 2011) is much smaller than the cell-like
spheres and honeycomb-like compartments in the SA microfossils
(av. ~11 and ~15um diameter, respectively); this is especially so con-
sidering these SA features likely shrunk prior to silicification (e.g.
Knoll & Barghoorn, 1975). Combined, these differences in colony
size, shape and distribution, as well as individual cell size and distri-
bution, indicate the SA microfossils are morphologically dissimilar to
known extant cyanobacterial colonies.

Other extant, colony-forming micro-organisms include coenobial
algae. Compared to bacterial colonies, coenobial algae form distinct,
individual colonies consisting of a definite number of cells that are
generally much larger than bacterial cells and are consistently ar-
ranged in an organised, regular structure (Pentecost, 2011). For ex-
ample, planktonic green algae within the family Volvocaceae, such
as Pandorina, Eudorina, Yamagishiella and Colemanosphaera, form
ordered symmetrical colonies that are consistently spherical, or
slightly ellipsoidal, in shape (Figure S19; Nozaki et al., 2014; Nakada
& Nozaki, 2015). Depending on the genera and the age of the colony,
these coenobial algae contain 16 or 32 closely packed cells that are
generally between 10 and 25um in diameter (Yamada et al., 2008).

Interestingly, each of the morphological features described in
the SAs here can be matched to an apparently analogous morpho-
logical feature within extant Volvocacean coenobial algae (Table 1).
Both the SAs and the extant Volvocacean coenobial algae have a
consistently ordered, symmetrical, spherical to ellipsoidal shape
(Figure 10); the size range of the SAs (~52-162 um diameter) is within
the range known for the extant coenobial algae (~50-200 pm, where
size is dependent on stage in life cycle; Matthews, 2016); and the
kerogenous, spherical rind that envelops the SAs is analogous to
the extracellular mucilaginous membrane that encloses the coeno-
bial algae (cf. Figure 10a,c and 10b,d). The distribution of individual
specimens is also similar, with the SAs preserved as singular, solitary
forms and the Volvocacean algae as distinct, individual coenobia (cf.
Figure 2 and Figure S19).

Importantly, the shape, size and distribution of the individual
cells within the SAs also resembles those of the Volvocacean coeno-
bial algae (Figure 11). Specifically, the cell-like structures that com-
prise the SAs are spherical and ~11 pm in average diameter (note, this
size is likely underestimated due to taphonomic cell shrinkage; see
Section Internal compartments & cell-like spheres). This shape and
size are analogous to the coenobial algae cells, which are spherical
to ovoid and are typically >10 um diameter, but can be up to 25um
diameter depending on genera and age (Pentecost, 2011; Yamada
et al.,, 2008; Table 1). Each SA microfossil contains >20 cell-like
spheres, with each cell surrounded by a sub-spherical to hexagonal
compartment. These features are comparable to the Volvocacean
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coenobial algae, which consist of a distinct number of cells (usually
16 or 32, depending on genera) that are individually surrounded by
spherical-polygonal gelatinous sheaths (Menezes & Bicudo, 2008;
Prescott, 1955). In particular, the tightly packed nature of the ex-
tant algal cellular sheaths makes a tessellated pattern that exactly
resembles the honeycomb-like network of compartments preserved
in the SAs (Figure 11a-d). There are also similarities in the distribu-
tion of cells: those in most specimens of both the SA microfossils
and extant coenobial algae are densely packed (Figure 11), whereas
in some specimens, cells are arranged around the periphery leaving
the centre of the specimen hollow (Figure 10c,d).

In the coenobial algae cells, there are clear central spots known
as pyrenoids that are involved in the accumulation and fixation
of carbon (Figure S19; Giordano et al., 2005). Although pyrenoids
themselves are unlikely to be fossilised, recent taphonomic exper-
iments on unicellular and multicellular algae have shown that the
presence of pyrenoids can be inferred by distinctive ‘holes’ left
behind after the rest of the cell contents have decayed (Carlisle
et al., 2021). This process could explain the clear central domains
observed in some of the SA cells (e.g. Figure 11a,c,e), although
these domains are mostly centred in the middle of the cell-like
spheres, rather than irregularly positioned relative to the cell wall,
as in the modern taphonomic experiments of Carlisle et al. (2021).
Having said this, the pyrenoids visible in Volvocacean coenobia
(e.g. Figure S19b-d) appear mostly centred relative to the cell
walls. It is also possible that the clear central spots in the SA mi-
crofossils could represent a different cellular structure, such as a
vacuole, or that the spots could be an artefact of cellular degra-
dation and/or subsequent mineralisation. Additional work on Vol-
vocacean coenobia and other modern colonial micro-organisms is
required to ascertain the types of degradation and taphonomic
alteration patterns of cells and cellular structures.

The same can be said for the taphonomic degradation of fla-
gella in coenobial Volcocaceae. The thin, wire-like structures that
extend outwards from the SA microfossils into the clear rind cor-
respond closely, in terms of size, shape and location, to flagella in
extant coenobial algae (Figure 10c,d). What is not clear, however,
is whether the distribution is also analogous (i.e. two wire-like
structures per cell-like sphere, reflecting two flagella per cell in
the Volvocacean algae). With the data and petrographic obser-
vations presented here, a taphonomic origin for the SA wire-like
structures cannot be ruled out and further work in this area is
warranted.

Other notable similarities between the SAs and extant Volvo-
cacean coenobial algae include: multiple, smaller cell-like spheres
clustered within single compartments in the SAs that resemble asyn-
chronous daughter colony formation in the extant coenobial algae
(Figure 11e,f; Menezes & Bicudo, 2008); and a planktonic lifestyle
for both microfossil (see Section Deflected, underlying laminae) and
coenobial algae (Reynolds, 1984).

It is possible that the type of habitat may also be analogous.
Although a specific habitat for the SA microfossils is difficult to
ascertain, as a planktonic lifestyle does not constrain the location
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FIGURE 11 Direct comparison of Turee Creek Group SA microfossils (a, c, €) with illustrations of extant, Volvocacean coenobial algae
(Eudorina; b, d, f). Note overall similarities in size, shape and structure. (a) CLSM image of a SA microfossil highlighting the interconnected
nature of the spherical, honeycomb-like compartments. Compare with sketch of Eudorina coenobium (b), where spherical cells are
individually surrounded by spherical sheaths that are interconnected with neighbouring sheaths. (c) Large (~137 um diameter) SA microfossil
with pentagonal to hexagonal compartments that enclose tightly packed, cell-like spheres; PPL. Note the clear, central domains within the
middle of each sphere (also visible in parts a and e). Compare with sketch of Eudorina coenobium (d), where tightly packed cells (containing
round, central pyrenoids) are individually surrounded by slightly irregular, hexagonal sheaths. (e) SA specimen that contains multiple, smaller
cell-like spheres within one compartment (red arrow). Compare with sketch of Eudorina coenobium (f), showing asynchronous daughter
colony formation during asexual reproduction. Note the similarities in size between the small cell-like spheres in the microfossil (red arrow
in part e) and the daughter cells in the extant coenobium (black arrow in part f). Sketch credit: (a) Prescott (1955) and (d, f) Menezes and
Bicudo (2008). Scale in part (b) is estimated from reported diameter (89 um) of sketched colony.

within the depositional system from which the SAs may have Gonium formosum; Menezes & Bicudo, 2008, Eudorina elegans On-
come, they may have inhabited either the lagoonal or more open- uoha et al., 2010).

water portion of the TCG microbialite reef complex. In compari- Overall, the ensemble of corresponding features illustrates a
son, extant Volvocacean algae have primarily been documented distinct similarity between the SAs and extant coenobial algae from
as living in freshwater habitats, although there are rare instances the Volvocaceae family (Table 1). This similarity should not be in-
reported from oligohaline (brackish) settings, such as lagoons (e.g. terpreted to indicate that the SAs are ancient Volvocacean algae,
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necessarily, as microfossils cannot be classified based on morphol-
ogy alone (Schopf, 1993). Rather, this similarity (Table 1) indicates
that the SA microfossils display a resemblance to the type of cellular
organisation exhibited by modern algal coenobia, reinforcing the rel-
ative complexity of the SA microfossil form.

This comparative morphological analysis with extant coenobial
micro-organisms affords important insight into the form and possi-
ble function of observed SA morphological characteristics and pro-
vides a valuable starting point for discussion around aspects such
as the possible reproductive, lifestyle and habitat traits of these
microfossils.

5.2.4 | In situ carbon isotope interpretation

The range of 8'°C data collected here from the SA microfos-
sils (-32.2%o to -24.6%o) differs from the matrix OM (-37.2%o to
-29.1%.o; Figure 7). However, with weighted means only 1.4%o. apart,
and within error of one another, this difference is difficult to inter-
pret. Even so, such heterogeneity in carbon isotopic composition
within a single sample is thought to be reflective of primary differ-
ences in microbial metabolism and/or variation in the composition
of biologically available carbon within the localised environment
(House et al., 2000).

The likely metabolic pathway utilised by a micro-organism to
fix carbon can be inferred from the extent of isotopic fraction-
ation (A'3C; see Supplementary Discussion). Using a calculated
estimate of the carbon isotopic composition of dissolved inorganic
carbon (DIC=+1.9%o), representing the starting substrate for car-
bon fixation, the total fractionation (A*3C) recorded by our data is
>15%o (Figure S20; Table Sé). This rules out four of the six currently
known reaction pathways used by autotrophic micro-organisms to
fix carbon (Hugler & Sievert, 2011), leaving the Calvin cycle (i.e.
RuBisCO-driven photosynthesis) and the acetyl-CoA pathway as
possible analogues to explain the SA isotopic values. Although both
pathways result in similar fractionation (Preuss et al., 1989), making
it difficult to differentiate between the two based on carbon iso-
tope data alone, they can be distinguished given depositional and
contextual evidence. Specifically, the acetyl-CoA pathway contains
oxygen-sensitive enzymes and is only active in anoxic, highly reduc-
ing environments (Berg et al., 2010; Hugler & Sievert, 2011). Given
that petrographic and textural observations support a planktonic
lifestyle for the SAs (see Section Deflected, underlying laminae)
and that the shallow waters of the TCG were, at least locally, highly
oxygenated (Soares et al., 2019), our data are most consistent with
fractionation produced during RuBisCO-driven carbon fixation via
the Calvin cycle.

Other research investigating the in situ carbon isotopic com-
position of ancient microfossils has reportedly been able to dis-
criminate between the products of prokaryotic and eukaryotic
RuBisCO-driven photosynthesis (Williford et al., 2013). In this
light, the carbon isotopic composition of the SAs (w. mean 518¢C
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-30.4+2.3%0) appears to be consistent with fractionation pro-
duced from both extant and fossil eukaryotes (5'°C =-29%o. and
513C = -30%o, respectively; Roeske & O'Leary, 1984; Williford
et al., 2013) and inconsistent with data from cyanobacterial
RuBisCO-driven photosynthesis, which produces much heavier
values (83C = —23%.; Williford et al., 2013).

6 | CONCLUSION

Presented here are new petrographic, morphologic and in situ car-
bon isotopic data on a novel type of large SA microfossil from the c.
2.4Ga TCG in Western Australia. Morphological and contextual ob-
servations were used to characterise this microfossil, and compara-
tive morphological analyses with fossil and extant micro-organisms
provided insight into the SA microfossil form and the possible func-
tion of specific SA microfossil characteristics.

Comparative analysis with microfossils from before the GOE re-
vealed the large SA microfossil morphology represents a step-up in
organisation, with a more complex cellular arrangement compared
to microfossils currently known from the Archean. Comparative
analysis with younger, Proterozoic microfossils found no compati-
ble morphological counterpart for the SA microfossils, rendering
this distinctive morphology currently unknown from the geological
record.

Comparative analysis with extant micro-organisms revealed
a morphological dissimilarity between the SA microfossils and
modern coccoidal bacteria. In contrast, this analysis also uncov-
ered a marked resemblance between the morphology of the SA
microfossils and extant algal colonies, with explicit similarities in:
overall colony shape, size and distribution; individual cell shape,
size and distribution; the presence of mucilaginous membranes
around both cell and colony; and evidence for motility, reproduc-
tion and habitat. This suite of analogous features indicates the SA
microfossil has an organised morphology akin to extant eukaryotic
algae. In situ carbon isotopic data support this finding, with frac-
tionation that is consistent with that reported from both extant
and fossil eukaryotes.

These results from both fossil and extant comparative morpho-
logical analyses prompt the question of whether the large SA mi-
crofossils may represent an early eukaryotic micro-organism. If this
were the case, it would extend the record of eukaryotic microfos-
sils by ~750 million years, from the currently accepted oldest eu-
karyotes at ~1.65Ga (Miao et al., 2019). This long time-gap could, in
part, reflect the exceptional level of preservation in the TCG micro-
bialite reef complex studied here, but also, the preservational bias
of the geological record, which lacks well-preserved microfossils
throughout the early Paleoproterozoic: there simply are no other
well-preserved microbial reefs known from the GOE anywhere in
the world. Indeed, studies of both eukaryal sterol biosynthesis and
molecular clocks estimate the rise of eukaryotes in the Paleopro-
terozoic (Betts et al., 2018; Gold et al., 2017; Parfrey et al., 2011),
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providing independent support for an earlier appearance of eukary-
otes than the current fossil record suggests.

Nevertheless, we recognise there are challenges in ascrib-
ing affinities to ancient microfossils, especially in the absence of
definitive biomolecules (which are unlikely to be preserved here
given the thermal maturity of these rocks; Fadel et al., 2017,
Williford et al., 2011). The SA microfossils join the growing col-
lection of Archean and Paleoproterozoic fossils regarded as proto-
eukaryotes—those whose affinity is unable to be conclusively
determined, but whose morphology connotates complexity in
terms of size (Czaja et al., 2016; El Albani et al., 2010, 2019; Han &
Runnegar, 1992; Javaux et al., 2010; Sugitani et al., 2010) and/or
organisational structure (Bengtson et al., 2017; Gonzalez-Flores
et al., 2022; Sasaki et al., 2022).

Irrespective of exact classification, the remarkable preservation
in the cherts studied here has enabled insight into the morphology
and possible habitat, reproduction and metabolism of the large SA
microfossils. In particular, the relatively large size of the SA micro-
fossils and their contained cells, combined with their overall mor-
phology consisting of individual, multicellular colonies of consistent
size and shape, distinguish them from other microfossils preserved
in Archean and Paleoproterozoic rocks. This study reveals a step-up
in morphological organisation coinciding with the GOE, hinting at
the co-evolution of life and environment at this time.
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