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ARTICLE INFO ABSTRACT

Keywords: Important biological and geological events occurred during the early to middle Neoproterozoic. Among di-
Neoproterozoic versifying eukaryotic assemblages, populations of Cerebrosphaera, a distinctive and robust organic-walled vesi-
Cerebrosphaera cular microfossil (acritarch), show restricted stratigraphic distribution in several late Tonian to early Cryogenian
Wall ultrastructure worldwide successions. Here, we report the first occurrence of this taxon in Africa, in the Bouenza Subgroup
xif{;j;z i:;roscopy (Republic of the Congo), enlarging its paleogeographic distribution and biostratigraphic significance. We also
Biostratigraphy attempt to determine its biological affinity, using a combined analytical approach on specimens from the Kanpa

and Hussar formations, Australia, and from the Svanbergfjellet Formation, Spitsbergen. Morphological and
quantitative analyses were performed using light microscopy and scanning electron microscopy. The analyses
show fine-scale morphological details and a morphological continuum between the former species
Cerebrosphaera ananguae and Cerebrosphaera buickii, confirming their synonymy as proposed by a recently re-
vised taxonomy. These observations also highlighted the presence of a thin external envelope, previously re-
ported but formerly described and illustrated here for the first time. The characteristics of this envelope, the
large diameter range of the vesicles, and the absence of excystment structure, suggest that Cerebrosphaera was a
metabolically active growing cell. Ultrastructural analyses performed with TEM revealed a complex multilayered
wall ultrastructure. The molecular composition and thermal maturity of the organic walls were estimated using
Infrared and Raman microspectroscopies. The wall of Cerebrosphaera has a highly aromatic composition with
short/highly branched aliphatic chains. The complex morphology and wall ultrastructure, combined with the
large size (not a criterion by itself) of Cerebrosphaera, confirm its eukaryotic nature. Comparison with strikingly
similar modern analogues permits to suggest a possible affinity to stem metazoan eggs, based on morphology and
ultrastructure, but the chemical composition is unlike known biopolymers. This hypothesis is also consistent
with estimates from molecular clocks. If confirmed, our results would provide an older direct evidence for stem
metazoans than the Cryogenian biomarker and Ediacaran body fossil records. Our study reveals that
Cerebrosphaera populations are important for Neoproterozoic biostratigraphy, but also participated to the di-
versification of eukaryotes in worldwide connected oceans.

1. Introduction et al., 2006; Knoll et al., 2006; Parfrey et al., 2011; Riedman and Sadler,

2017; Yang et al., 2016; Xiao and Tang, 2018). Recent discoveries of

Both the late Mesoproterozoic and the early Neoproterozoic are key
Era for the development of complex life on Earth. The early and middle
Neoproterozoic, which comprise respectively the Tonian (1000 to
720 Ma; Shields-Zhou et al., 2016) and the Cryogenian (720 to 635 Ma;
Shields-Zhou et al., 2016) periods, show an increased diversification in
the fossil record of eukaryotes (Cohen and Macdonald, 2015; Huntley
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new diverse eukaryotic assemblages suggest that this diversification
probably started earlier, in the Mesoproterozoic (Javaux, 2011; Loron
et al., 2019a; Baludikay et al., 2018; Beghin et al., 2017; Javaux and
Knoll, 2017). Several eukaryotic crown groups appeared in the Neo-
proterozoic, including Chlorophyta (Butterfield, 2004; Butterfield,
et al.,, 1994), Arcellinida (Porter et al., 2003; Porter and Riedman,
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2019), possible Ciliates and Foraminifera (Bosak et al., 2012), and the
first biomineralized protists (Cohen et al., 2017, 2018). Rhodophyta
appeared earlier, in the Mesoproterozoic (Butterfield et al., 2000;
Bengtson et al., 2017 but see Gibson et al., 2018). Both molecular clocks
(Erwin et al., 2011) and possible biomarkers of sponges (Love et al.,
2009; but see Antcliffe, 2013, and reply by Love and Summons, 2015;
Brocks et al., 2017; Zumberge et al., 2018) suggest a Cryogenian origin
and later diversification of macroscopic metazoans in the Ediacaran
(Bobrovskiy et al., 2018), although an earlier appearance in dysoxic
environments is also envisaged (Hammerlund, 2018; Mills et al., 2018).
The early and middle Neoproterozoic is also a time of major environ-
mental changes with the break-up of the supercontinent Rodinia (Myers
et al., 1996; Li et al., 2008; Evans, 2009), heterogeneous conditions in
redox-stratified oceans (e.g. Diamond and Lyons, 2018; Lyons et al.,
2014; Guilbaud et al., 2015) probably affecting productivity and nu-
trient availability (Anbar and Knoll, 2002), changes in the carbon cycle
reflected by highly fluctuating carbon isotopic curves, including the
Bitter Springs Anomaly (BSA; Halverson et al., 2005; MacDonald et al.,
2010), and the Snowball Earth glaciations (Calver et al., 2004; Fanning
and Link, 2004; Zhou et al., 2004; Eyles et al., 2007; Eyles, 2008; Hill
et al., 2011),

In the early Neoproterozoic, populations of robust and distinctive
organic-walled vesicular microfossils (acritarchs) called Cerebrosphaera
are found worldwide in several successions. This genus is defined by its
distinctive cerebroid wrinkles of the vesicle wall (Butterfield et al.,
1994). Riedman and Porter (2016) recently revised its taxonomy, sy-
nonymizing the different species Cerebrosphaera buickii (Butterfield
et al., 1994), Cerebrosphaera ananguae (Cotter, 1999) and Cerebro-
sphaera? globosa (Ogurtsova and Sergeev, 1989) to Cerebrosphaera glo-
bosa.

Cerebrosphaera is reported from a large number of different basins
and formations across the world with similar ages comprised be-
tween ~792 and ~738 Ma (Riedman and Sadler, 2017). It occurs in the
Rysso, Draken and Svanbergfjellet formations, Svalbard, Norway (Knoll
and Calder, 1983; Knoll et al., 1991; Butterfield et al., 1994); in the
Visings6 Formation, Sweden (Moczydlowska et al., 2010); in Australia,
in the Hussar, Kanpa and Pirrilyungka formations, Officer Basin (Cotter,
1999; Hill et al., 2000; Grey et al., 2011), in the Skilogalee Dolomite
and the Anama Siltstone, Burra Group (Hill et al., 2000; Grey et al.,
2011), and in the ‘Finke Bed$, Amadeus Basin (Grey et al., 2011); in the
Tanner, Carbon Canyon and Duppa members, Chuar Group, USA
(Porter and Riedman, 2019); in the Chichkan Formation, Kazakhstan
(Ogurtsova and Sergeev, 1989; Sergeev and Schopf, 2010); in the Ku-
lady and Kastakh formations, Lena-Anabar Basin, Russia (Nagovitsin
et al., 2015); and in the Gouhou Formation, China (Zang and Walter,
1992) (Fig. 1). In summary, Cerebrosphaera appears in the rock record
during or after the Bitter Springs Anomaly (BSA, between
811.51 + 0.25Ma and 788.72 *+ 0.24 Ma; Swanson-Hyssel et al.,
2015) and disappears before the onset of the Sturtian Glaciation (Grey
et al., 2011), which was dated at a maximal age of 746 + 2Ma by
Halverson et al. (2005). The characteristic morphology and short stra-
tigraphic distribution make this genus easily recognisable even when
present in small fragments and an excellent biostratigraphic index fossil
taxon for the late Tonian (Hill et al., 2000; Riedman and Sadler, 2017).

The eukaryotic nature of Cerebrosphaera has been suggested pre-
viously based on morphology and size, but no detailed analyses were
performed to support this hypothesis. In this paper, we attempt to
better characterize and constrain the biological identity of this emble-
matic microfossil using morphological, morphometric, microchemical
and ultrastructural analyses of Cerebrosphaera specimens from
Spitsbergen and Australia, where large populations of fossils are
available for study. We also report for the first time the presence of
Cerebrosphaera in Africa. The sample comes from the Bouenza
Subgroup, Mayombe Group, West Congo Supergroup, Niari basin of the
Republic of the Congo. This discovery strengthens the value of
Cerebrosphaera as an index taxon for the late Tonian, with also
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implications for the Neoproterozoic stratigraphy and paleogeography of
the Congo Craton. Finally, we test hypotheses of taxonomic identifi-
cation by comparing with published and new data from modern and
fossil potential analogues.

2. Material
2.1. Cerebrosphaera microfossils

2.1.1. Australian specimens

The Australian samples come from the Lancer 1 and Empress 1A
drill cores, which intersect the Kanpa and Hussar formations,
Supersequence 1 of the Officer Basin located in Western Australia
(Fig. 1). These drill cores, stored in the Geological Service of Western
Australia (GSWA; Perth), were sampled by E. Javaux in 2010 with help
of K. Grey. The age of these formations is estimated probably between
785 and 760 Ma and certainly younger than 802 Ma, based on corre-
lations with other sedimentary basins in Australia (Stevens et al., 1999).
The sedimentology and paleoenvironmental interpretations of these
two formations were described in detail by Stevens et al. (1999) based
on the Empress 1A drill core and by Mory and Haines (2005) based on
the Lancer 1 drill core. The Kanpa Formation records fluctuating pa-
leoenvironments ranging from shallow-marine to sabkha settings,
under oxidizing to slightly reducing conditions, with variable sea level
and redox conditions through the whole Kanpa Formation. Sediments
from the Hussar Formation were deposited in a shallow marine near-
shore environment.

2.1.2. Spitsbergen specimens

Svalbard specimens come from the L-10 sample of the
Neoproterozoic Lower Dolomite Member, Svanbergfjellet Formation of
the Akademikerbreen Group, Spitsbergen (Butterfield et al., 1994)
(Fig. 1). This Group was deposited on the East Greenland-East Svalbard
platform, a passive margin associated with the dislocation of the Su-
percontinent Rodinia. The margin was later disturbed by the Caledo-
nian Orogeny (Halverson et al., 2007). The age of the Svanbergfjellet
Formation is principally based on biostratigraphy, indicating a late
Tonian-early Cryogenian age (Butterfield et al., 1994), and on carbon
isotopic chemostratigraphy, recording the Bitter Springs Anomaly re-
cently well-constrained and correlated worldwide at ca. 811-789 Ma
(Halverson et al., 2007; MacDonald et al., 2010; Swanson-Hyssel et al.,
2015). The Svanbergfjellet Formation records different supratidal to
subtidal environments (Butterfield et al., 1994). All the specimens were
picked out of macerates by N. Butterfield in Cambridge University (UK).

2.1.3. Republic of the Congo specimens

The Bouenza Subgroup was sampled by Y. Callec (Bureau de
Recherches Géologiques et Miniéres, France) in the Republic of the
Congo (Congo-Brazzaville). Several whole specimens and fragments of
Cerebrosphaera were discovered in one sample (SBO058B, SIBITI sheet
1/200.000, X =13.76813, Y =-3.90239) of the Bz2 Formation,
Bouenza Subgroup, Mayombe Group, in the lower part of the West
Congo Supergroup (999-566 Ma; Tack et al., 2001, Frimmel et al.,
2006), from the Niari basin (Fig. 1). They co-occur with other common
Proterozoic microfossils, such as smooth-walled isolated (Leiosphaeridia
crassa) or colonial (Synsphaeridium) sphaeromorphs, filamentous
sheaths (Siphonophycus spp), and also fragments of perforated sheaths.
The sample consists of grey-green micaceous silty shale fragments
containing the compressed microfossils. The shale fragments are re-
worked and preserved within an unconsolidated black argillite matrix
(with TOC between 0.53 and 0.22%). The Bouenza Subgroup is con-
sidered as correlative to the Louila Subgroup in the Mayombe belt in
Gabon and in the Republic of the Congo (Thiéblemont et al., 2009;
Fullgraf et al., 2015) and with the Haut-Shiloango Subgroup in the
Democratic Republic of the Congo (Cahen, 1978; Delpomdor et al.,
2014; Fernandez-Alonso et al., 2018). The Bouenza Subgroup is
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Fig. 1. Paleogeographic reconstitution of Rodinia at ~ 780 Ma showing the locations of fossiliferous sections and the specific units where Cerebrosphaera was
identified and corresponding stratigraphic column for locations of this study. 1: South Australia, Officer Basin, Kanpa, Hussar and Pirrilyungka formations and
Amadeus Basin, ‘Finke’ Beds. 2: Norway, Spitsbergen, Svanbergfjellet, Draken and Rysso formations. 3: Republic of the Congo, Bouenza Subgroup, Bz2 Formation. 4:
North Australia, Burra Group. 5: North China, Huaibei Group, Gouhou Formation. 6: Russia, Lena-Anabar Basin, Kulady and Kastakh Formations. 7: USA, Chuar
Group, Tanner, Carbon Canyon, and Duppa members. 8: Sweden, Visingsé Group. 9: Kazakhstan, Maly Karoy Group, Chichkan Formation. Specific colour is assigned
for each formation from this study. Red: Lancer 1 drill core; light red: Empress 1A drill core; Green: Svanbergfjellet Formation; Violet: Bz2 Formation. Abbreviations:
A: Amazonia; A: Avalonia (East); Aw: Avalonia (West); B: Baltica; C: Congo; EA: East Antarctica; ES: East Svalbard; G: Greenland; I: India; K: Kalahari; L: Laurentia;
NA: Northern Australia; NC: North China; R: Rio Plata; S: Sahara; SA: Southern Australia; SC: South China; Sf: Sao Francisco; Si: Siberia; T: Tarim; WA: West Africa.
Modified from Li et al. (2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sandwiched between the lower diamictite and the Niari Group, also
called the “Upper diamictite”. It is divided into five different forma-
tions. The formations Bz0 to Bz3 are mostly siliciclastic while the for-
mation Bz4 contains mostly oolithic and stromatolitic carbonates
(Charles et al., 2015). In Gabon, rhyolitic tuffs intercalated into the
Louila Subgroup yielded an U-Pb SHRIMP age of 713 = 49 Ma
(Thiéblemont et al., 2009) in agreement with the ca. 550-710 Ma det-
rital zircon age of the Sh6 unit of the Haut-Shiloango Subgroup in the
Democratic Republic of the Congo (Frimmel et al., 2006), despite the
low number of spot analysis (n = 7), the corresponding high value of
discordance (up to 80%) and corresponding high error ( = 20 to
557 Ma). The upper diamictite was dated using detrital zircons with
ages ranging from 649 * 40 to 769 * 67 Ma (Affaton et al., 2015),
consistent with the minimum U-Pb detrital zircon age of the Upper
Diamictite at 707 + 23 Ma (Straathof, 2011). The lower diamictite was
dated using the U-Pb method on baddeleyite crystals from an inter-
calation of basalts and dolerites, which provided an age of 694 + 4 Ma
(Straathof, 2011). Detrital zircons from the top levels of the same lower
Diamictite furnished a minimum age (U-Pb by LA-ICP-MS) of
678 = 4Ma (Archibald et al., 2018). These datings imply that the
Bouenza Subgroup is younger than 694 Ma and probably older than the
635 Ma Marinoan glaciation (Frimmel et al., 2006; Tait et al., 2011).

2.2. Modern material
To decipher the identity of Cerebrosphaera, a broad literature survey

of the morphology, ultrastructure and molecular structure of possible
modern and fossil analogues of Proterozoic microfossils, such as

bacteria, algae, other protists, and metazoan eggs, was carried out but
revealed large gaps in knowledge. The cerebroid morphology of
Cerebrosphaera is not reported in modern bacteria, algae or other pro-
tists, at our knowledge, but occurs in several arthropod eggs. Previous
paleontological studies suggested a link between some spheroidal mi-
crofossils (acritarchs) and metazoan eggs based on morphology (Van
Waveren, 1993; Xiao and Knoll, 2000) or morphology and ultra-
structure (Cohen et al., 2009; Willman and Moczydlowska, 2007).
Molecular phylogenies suggest their origins at least in the period be-
tween 850 and 635 Ma (Erwin et al., 2011). Therefore, to test the hy-
pothesis of a possible metazoan affinity, microscopic and molecular
analyses were performed on quiescent eggs and hatched eggs of the
brine shrimp Artemia salina. Artemia eggs (Artemio Pur, JBL) were
grown at 25°C in a breeding container (Artemio 1, JBL) containing
artificial seawater (salinity of 34; Reef Crystals, Aquatic systems,
France) and eggs hatched within 48h in the laboratory of Ecophy-
siology and animal physiology (Dr. S. Roberty, Prof. J.C. Plumier) of the
University of Liege. This species was chosen as Artemia eggs are easily
available commercially, and are commonly used as representative of
other arthropod Anostrocan eggs in lab experiments. Artemia eggs are
very resilient (can be stored several years), have smooth unornamented
walls, hatch through a slit, and have a diameter ranging from 200 to
300 um when dry (Wang and Sun, 2007) (Fig. 2). Branchiopoda An-
ostracan eggs can have cysts with a smooth surface, as in Artemia, or
with a cerebroid surface, like in several other genera such as the
300-400 ym in diameter wrinkled cysts of Branchinecta or Chir-
ocephalus, which have striking resemblance with Cerebrosphaera (see
Figs. 1, 3 in Fanid et al., 2007). Several experimental taphonomic
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Fig. 2. Microphotographs of Artemia eggs. A, B: Compressed freshly hatched eggs showing a smooth surface and slight colour variations across the wall. C, D:
compressed eggs, showing medial cracks due to the compression. Scale bar equal 50 um.

studies showed that arthropod eggs can be preserved in the rock record
(Martin et al., 2004; Martin et al., 2003; Raff et al., 2006; Pyle et al.,
2006; Pan et al., 2015) and are common as organic-walled microfossils
in modern sediments (van Waveren, 1993).

3. Methods
3.1. Sample preparation

3.1.1. Cerebrosphaera microfossils

Specimens from Australia and from the Republic of the Congo were
prepared in the laboratory “Early Life Traces and Evolution-
Astrobiology” (University of Liége, Belgium) using the static acid ma-
ceration method described in Grey (1999). Several microfossil slides
were prepared from the kerogen macerates for morphological and
morphometric analyses.

For the Kanpa and Hussar formations (Lancer 1 and Empress 1A
drill cores), 221 specimens were observed in slides and photographed.
For the Svanbergfjellet Formation, all specimens were initially ex-
tracted by N. Butterfield (U Cambridge, UK). Small portion of ~1 cm® of
rocks were submerged with minimal agitation in HF concentrated at
48%. After digestion, the samples were rinsed with distilled water three
times (Butterfield et al., 1994).

Specimens were individually handpicked under an inverted micro-
scope using a micropipette and deposited or embedded on different
types of support for observations with Environmental Scanning Electron
Microscopy (ESEM), Scanning Electron Microscopy-Field Emission Gun
(SEM-FEG) and Transmission Electron Microscopy (TEM), as well as
analyses with Fourier Transform InfraRed (FTIR) and Raman micro-
spectroscopies (Table 1).

3.1.2. Modern material
The morphology and wall ultrastructure of Artemia eggs are known

(Anderson et al., 1970), but the wall composition has not been pre-
viously investigated with microspectroscopy. Here, we used freshly
hatched eggs and unhatched eggs (10 specimens each), which were
placed on ZnSe pastilles and dried for analyses with FTIR and Raman
microspectroscopies.

3.2. Light microscopy

The diversity of the microfossil assemblages in the Kanpa and
Hussar formations from the Lancer 1 and Empress 1A drill cores was
studied by the observation of 52 palynological slides with a Zeiss
Primo-star light microscope (Cornet, unpubl. MSc thesis), using de-
scriptions available in the literature, especially Butterfield et al. (1994)
for the Svanbergfjellet Formation, Cotter (1999) for the Supersequence
1 of the Officer Basin, and Hoffman and Jackson (1994) for the Bylot
Supergroup, Canada. Microphotographs were taken with an Olympus
BX51 coupled to an Olympus U-CMAD3 camera, and a Zeiss Axioimager
equipped with the Axiovision software and a digital camera Axiocam
MRcS5, at the laboratory “Early Life Traces and Evolution-Astrobiology”,
University of Liége, Belgium. Morphometric analyses were done using
the measurement tool of the Axiovision software at high magnification.

3.3. Scanning and environmental scanning electron microscopy (SEM and
ESEM)

ESEM analyses of specimens mounted on glass slides using double-
side carbon tape or aluminium tape, were performed on a FEI ESEM-
FEG Philips XL-30, at the CAREM-ULiege (Cell of Aid for Research and
Education in Microscopy). To obtain higher resolution imaging of the
cerebroid wall and external envelope of Cerebrosphaera, specimens were
deposited on ultra-flat 4” Silicon Wafers and Au-coated with a Quorum
Q150 ES metallizer for analyses with an Auriga 40 Field Emission Gun
Scanning Electron Microscope (FEG SEM) Zeiss, at the electronic
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Fig. 3. Microphotographs of Cerebrosphaera specimens coming from different locations and depths. A-F: Lancer 1 drill core, Kanpa Formation, depth 680.10 m.
Specimens showing different well-preserved specimens with colour ranging from dark brown to light brown. G-J: Empress 1A drill core, Kanpa Formation, depth
698.90 m G: heavily degraded but complete specimen H-J: magnifications of fragments of the wall showing the typical cerebroid folds of Cerebrosphaera allowing for
an unambiguous identification. We can note the variation of the intensity of the colour of specimens coming from the same samples. K, L: Bz2 Formation. K: Entire
vesicle showing the cerebroid folding of the wall. L: Vesicle fragment. Scale bar is 20 um. Cerebrosphaera from the Svanbergfjellet formation are illustrated in

Butterfield et al., 1994.

microscopy platform of the Institut Physique du Globe de Paris (plat-
form PARI).

3.4. Transmission and scanning transmission electron microscopy (TEM
and STEM)

For TEM and STEM observations, all specimens were first embedded
in agar-agar gelose, then dehydrated in a graded ethanol series from
70% ethanol to 100% ethanol and then in 1,2-propylene oxide. The
samples were finally infiltrated by epoxy resin, first in a 1:1 propylene
oxide/epoxy resin melange and then in pure epoxy resin. Embedding of
the specimens was made in silicon moulds to control specimen or-
ientation and then left to polymerize at 60 °C for 3 days. The resin used
is the hard mixture of AGAR Low Viscosity Resin kit (AGAR Scientific
R10478).

Observations of the microfossil wall ultrastructure were performed
on a TEM/STEM Tecnai G2 Twin (CAREM-Uliége) working at 200 kV-

accelerating voltage. Ultra-thin (60 and 100 nm-thick) transversal sec-
tions were made by a diamond knife on an ultramicrotome Reichert
Ultracut E. They were put on formvar-coated copper grids (200 mesh)
and observed in TEM and STEM-HAADF modes without chemical/
heavy metal staining as it was shown unnecessary in previous studies
(e.g. Javaux et al., 2004; Javaux et al., 2010).

3.5. Raman microspectroscopy

The analyses were performed on isolated specimens with a
Renishaw INVIA Raman microspectrometer at the laboratory “Early
Life Traces and Evolution-Astrobiology”, University of Liége, Belgium.

Raman analyses used an Ar-ion-40 mW monochromatic 514 nm
laser source. Laser excitation was focused through a 50 X objective to
obtain a 1-2 pm spot size. Acquisitions of more than 10 spectra on each
specimen were made in ‘Mapping point’-mode, with a 1800 L/mm
grating. The Raman spectrum of each point was acquired in static mode
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Provenance and number of the specimens of Cerebrosphaera used for each type of analyses performed in the present study. The same specimens deposited on ZnSe

pastille were used in Raman and FTIR microspectroscopy.

Provenance Basin Drill Core Formation Depth (m) Morphometrics study (Light SEM Support TEM FTIR Support Raman Support
Microscopy)
Australia Officer Lancer 1 Kanpa 472.50 - - - - - - 2 Glass slide
basin 666.37 54 - - - - - - -
671.61 30 - - - - - - -
675.30 34 - - - - - - -
680.10 45 8 Carbon tape 5 17 ZnSe 17 ZnSe pastille
5 Aluminium tape pastille Glass slide
1 Polished thin
section
682.88 53 3 silicon wafer - - - 5 Glass slide
Hussar 955.08 - - - - - - 1 Glass slide
2 Polished thin
section
Empress 1A Kanpa 598.00 2 - - - - - - -
698.90 6 - 1 7 ZnSe ZnSe pastille
pastille
736.33 8 - - 2 2 ZnSe 2 ZnSe pastille
pastille 6 Glass slide
Hussar 1083.65 2 - - - - -
1097.80 2 - - - - - 3 Glass slide
1099.00 2 - - - - - 1 Polished thin
section
Svalbard - - Svanbergfjellet - - 2 ZnSe pastille 6 2 ZnSe 2 ZnSe pastille
1 Carbon tape pastille

(fixed at 1150cm™Y) for 1 x 1s running time. This allowed the ac-
quisition of Raman spectra with a 2000 cm ™! detection range and a
4 cm ™! spectral resolution. The software “Renishaw Wire 4.1” was used
to process the spectral data. The baseline subtraction protocol was
performed on a truncated spectrum between 1000 and 1800 cm ™. The
baseline was subtracted with a third order polynomial fit. Following
this data processing, D1-, D2-, D3-, D4- and G-bands were fitted by a
decomposition with the protocol described in Sforna et al. (2014).

As the Raman reflectance method appears to be a robust tool to
evaluate the thermal maturity of poorly-organized carbonaceous ma-
terial from Proterozoic rocks (see detailed methods and comparison of
thermometers in Baludikay et al., 2018), this method was used in the
present study.

For samples older than the Cambrian, due to the lack of the vitrinite
precursor (higher land plants), the Raman reflectance parameter
(RmcRy %), can be used as an equivalent of vitrinite reflectance vVR0%
(Liu et al., 2013; Sauerer et al., 2017). The RmcRy % uses the positions
() of the D1 and G peaks and is defined by:

RmcRy % = VRO eq% = 0.0537*(wG-wD1) — 11.21 (Liu et al.,
2013).

This term can then be used in the following equation to calculate the
temperature:

Tpeak burial (°C) = (In (VR0%) + 1.68)/0.0124 (Barker and
Pawlewicz, 1994).

Thermal maturity can also be estimated using the Thermal
Alteration Index (TAI) which use the palynomorph wall colour and
using the solid bitumen reflectance (bR0%) which is an equivalent to
the vR0O% (VRO eq% = (bRO% + 0.41)/1.09).

Raman spectra were also compared here between extracted micro-
fossils and microfossils in situ in polished thin sections of shales, to
control the possible effect of acid attack during the maceration pre-
paration on the wall molecular structure.

3.6. Fourier Transform InfraRed (FTIR) microspectroscopy

The analyses were performed with a Hyperion 2000 Bruker micro-
scope coupled to a Tensor 27 FT-IR spectrometer at the Early Life
Traces and Evolution-Astrobiology Laboratory, University of Liége,
Belgium. Thirty-two scans were accumulated on each specimen and

assembled into one spectrum covering a spectral domain between
400 cm ™! and 4000 cm™?, with a resolution of 4cm™?'. The spectra
were treated with Opus 7.0 software. The atmospheric water and CO,
were attenuated and the baseline was corrected.

Infrared spectroscopy allows the identification of the molecular
structure of organic walls (carbon chain length, branching, presence of
aliphatic, aromatic and other functional groups). Peak assignments are
based on Larkin (2011) and on comparison with microfossil analyses in
the literature (see Arouri et al., 1999; Coates, 2000; Marshall et al.,
2005). The initial biopolymer composition of the living microorganisms
can be altered by diagenesis (with possible aliphatization or sulfuriza-
tion) and metamorphism (with possible aromatization) (Versteegh
et al., 2012; Marshall and Marshall, 2015). Consequently, comparison is
made between analyses of microfossils with the same taphonomic his-
tory (same sample, different taxa), between identical taxa from dif-
ferent context (different taphonomy), and control of maturity with
Raman spectroscopy. Comparison with modern organisms permits, in
some cases, to identify the microfossils, but is challenged by the lack of
knowledge on the chemistry of preservable microscopic structures from
modern prokaryotes and eukaryotes.

Band ratios can also be calculated to obtain quantitative characteriza-
tion of the chemistry of the wall biopolymer. The CH,/CHj; ratio compares
the intensity of the CH, antisymmetric stretching with the intensity of the
CHj; antisymmetric stretching. Its value can be directly linked to the length
and degree of branching of the aliphatic chains of the biopolymer making
up the wall of the microfossil vesicles. A high ratio reflects long and/or
unbranched aliphatic chain, a low ratio is the sign of short and/or highly
branched aliphatic chains (Lin and Ritz, 1993). To obtain the precise in-
tensities needed for the calculation, the region comprised between 3000 and
2700 cm ™~ ! was deconvoluted into five bands and fitted using the OPUS 7.0
software. The ~2955cm ™' band is assigned to the antisymmetric CHs
stretching, the ~2920cm ™' band to the antisymmetric CH, stretching,
the ~2890 cm ™! to the CH stretching, the ~2870 cm ™! band to the CH;
symmetric stretching and the ~2850cm™! with the symmetric CH,
stretching (Lin and Ritz, 1993; Marshall et al., 2005; Versteegh et al., 2007).
The aliphatic/aromatic (Al/Ar) ratio allows quantifying the aromaticity of
the biopolymer. It compares the intensity of the aliphatic hydrogen bonds of
the 3000-2700 cm ~* region with intensity of the aromatic carbon bonds of
the 1600 cm ™" band.
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Fig. 4. Microphotographs of Cerebrosphaera specimens showing an envelope in variable state of preservation (black arrows), as a thin ripped rim attached to the
vesicle (A-B) or whole and enclosing the vesicle (G-L). Scale = 20 um. Black arrows: envelope. A, B: Kanpa Formation, depth 680.10 m. C, D: Kanpa Formation, depth
671.61 m. E-H: Kanpa Formation, depth 666.37 m. I-L: Kanpa Formation, depth 680.10 m.

4. Results
4.1. Morphology

The colour of Cerebrosphaera vesicles from Australia (Fig. 3) ranges
from medium light brown to medium dark brown, corresponding to a
Thermal Alteration Index (TAI) scale of 3— to 3 in the new TAI scale
proposed by Baludikay et al. (2018), with about 20% of the specimens
having opaque walls. The folds have a fairly regular distribution and
morphology, although their widths vary among and across vesicles.

Some Cerebrosphaera vesicles are surrounded by an envelope, visible
with light microscopy (Fig. 4), SEM and ESEM (Fig. 5). The envelope
consists on a very thin, smooth and translucent membrane, preserved
whole (Fig. 4G-L, Fig. 5A-E) or only as a thin shredded rim around the
vesicles (Fig. 4A-F). Under ESEM and SEM, the wall appears slightly
shagrinate and irregularly perforated (Fig. 5E). The wall ornamentation
consist on 2 to 3 um thick cerebroid wrinkles or folds fusing in triple
point junctions (Fig. 5D-E), visible on both the inner and outer sides of

the wall (Fig. 5F), and densely packed (Fig. 5G-H). The vesicle wall is
locally degraded with tearing, holes, and mineral imprints (Fig. 5D-E).
These irregular holes are not caused by predation.

The vesicle minimal diameter and the width of 10 folds regularly
distributed among the vesicle surface were measured on 221 specimens
from the Kanpa and Hussar formations. The studied specimens from the
two other localities, Bouenza Subgroup and Svanbergfjellet Formation,
have comparable size and morphologies (Table 2), but no envelope,
although an envelope was mentioned in other material from the
Svanbergfjellet Formation (Butterfield et al., 1994). There is no re-
lationship between the mean width of the folds on the vesicle surface
and the vesicle diameter, as confirmed by a correlation coefficient of
0.365 (Table 2, Fig. 6). When present, the preservation and size of the
external envelope around the vesicles vary independently of both the
vesicle size and the drill core depths (Table 2, Fig. 6).

The lack of correlation between the presence of an envelope and the
vesicle diameter (Fig. 6) shows that it is not related to a developmental
stage when vesicles reach a critical size. Rather, these observations
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suggest that the envelope is part of the original morphology of Cere-
brosphaera, but is variably preserved due to its lesser recalcitrance
compared to the vesicle wall. The envelope is often irregularly opened,
suggesting a taphonomic degradation rather than excystment. No ex-
cystment structures were observed on Cerebrosphaera vesicles nor on
the envelope. They were also not previously reported in the literature.

The morphological observations, pattern of fold distribution on the
vesicle surface, and the measurements of the vesicle diameters and
cerebroid folds width on ~200 different specimens from the Kanpa and
Hussar formations evidenced a morphological continuum within a
single population. These morphometric and qualitative analyses sup-
port the taxonomic revision of the Cerebrosphaera species proposed by
Porter and Riedman (2019).

Precambrian Research 332 (2019) 105410

Fig. 5.SEM and ESEM images of
Cerebrosphaera. A: Specimen from the
Lancer 1 drill core, Kanpa Formation, depth
682.88 m showing a specimen with an en-
velope (arrow) (SEM, Au-coated, silicon
wafers support, SE detector). B: details of
the specimen in A showing the wrinkled
vesicle and the thinner smooth envelope
(SEM, Au-coated, silicon wafers support, SE
detector). C: Specimen from Lancer 1 drill
core, Kanpa Formation, depth 682.88m
showing a specimen with an envelope rim
(arrow) (SEM, Au-coated, silicon wafers
support, SE detector). D: Magnification of
the specimen in C, showing details of cer-
ebroid wrinkles. E: Magnification of the
lower edge of the specimen in C showing
the slightly degraded wall surface as well as
a close view of the thin envelope rim visible
at periphery (arrow). F: Specimen from the
Empress 1A drill core, Kanpa Formation,
depth 736.33m showing the presence of
cerebroid wrinkles on both the inner and
outer sides of the wall of Cerebrosphaera
(ESEM, carbon support, GSE detector). G:
Specimen from the Lancer 1 drill core,
Kanpa Formation, depth 680.10 m (ESEM,
carbon support, GSE detector). H:
Specimen of the Svanbergfjellet Formation
(ESEM, Pt-coated, ZnSe pastille support, SE
detector).

4.2. Wall ultrastructure

TEM observations revealed two types of wall ultrastructures: a bi-
layered and a tri-layered wall (Fig. 7). These two types occur among the
Cerebrosphaera specimens from Australia, independently of the vesicle
diameters. The specimens from Svalbard only show a bi-layered wall.
The tri-layered wall ultrastructure (8 specimens studied) (Fig. 7A, B, C
and D) exhibits a thin and electron-dense outer layer with a thickness
ranging from 0.05 to 0.15 um. This layer is frequently detached from
the rest of the wall. The second intermediate layer is electron-dense
with a porous texture. Its thickness is variable, ranging from 0.3 to
0.45 um. The third and innermost layer is a homogeneous, electron-
tenuous layer, with a thickness ranging from 0.40 to 0.50 um. Local
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Table 2
Morphometrics data obtained on Cerebrosphaera.

Origin Basin Drill core Formation Depth (m) Number  Minimal diameter Width of the Vesicle Minimal diameter =~ Minimal diameter
of (vesicle) folds with an (Cerebrosphaera in  (envelope)
vesicles envelope  an envelope)

Australia  Officer Basin Lancer 1 Kanpa 666.37 54 Range : 55 to 650 ym  Mean: 14 Mean : Mean :

676.61 30 Mean: 19 + 0.76pum 5 165.65 + 60 um 182.15 + 32um
675.3 34 181.9 *+ 83.89 um (N =1730) 0 (N = 39) (N = 39)
680.1 45 (N = 240) 11
682.88 55 9
Empress 1A Kanpa 598.00 2 0
698.90 6 0
736.33 8 0
Hussar 1083.65 2 0
1097.80 2 0
1099.00 2 0
Africa Bouenza - Bz2 - 4 Range : 100 to - - -
360 ym
Svalbard - - Svanbergfjellet - 115 Range : 100 to - - -
960 pm
Mean:
365 + 151 um
(Butterfield et al.,
1994)

areas with heterogeneous textures are observed, randomly dispersed
inside the wall (Fig. 6A and 6D). Thus, the total wall thickness ranges
from 0.85 to 1 um. Some dark material is often visible inside the ve-
sicles, marking the position of the intracellular zone between com-
pressed walls. The bi-layered ultrastructure (5 specimens studied)
(Fig. 7E, F, G and H) includes a homogeneous electron-dense outer
layer, with a thickness of 0.1 to 0.3 um. It can easily detach from the
rest of the wall or be lacking. The second inner layer is homogeneous
and of medium electron-density, with a thickness of 1 to 2 um. The
layer seems relatively rigid as a high number of thin fractures perpen-
dicular to the wall were observed.

Observations in STEM mode (Fig. 7B, F) reveal locally, small zones
with heterogeneous textures, randomly distributed in the wall. These
zones are brighter, indicating the presence of heavier elements. In some
specimens, the intracellular space is really bright due to the probable
presence of heavy elements and suggesting the presence of minerals,
such as sulfide minerals like pyrites.

4.3. Thermal maturity and molecular structure of the wall biopolymer

4.3.1. Raman microspectroscopy

Raman microspectroscopy was used to estimate the thermal ma-
turity of the Cerebrosphaera organic wall of specimens from the Kanpa,
Hussar and Svanbergfjellet formations, and its possible effect on the
chemical structure of the wall biopolymer and ultrastructure.
Representative Raman spectra obtained on Cerebrosphaera specimens
are visible on Fig. 8. Based on the spectral shape and on the literature
(Schopf et al., 2005; Lahfid et al., 2010), the organic biopolymer
making up the wall of the Australian specimens appears less mature
than the wall of the Spitsbergen specimens (Fig. 8C). The organic
matter consists of poorly ordered carbon with a D1-band higher than
100 cm ™! and an ID1/IG ratio lower than 1 (Table 3). These features,
combined with differences of the FWHM-D1/FWHM-G ratio between
the specimens from the minimal and maximal depths of the Lancer 1
and Empress 1A drill cores and the specimens of the Svanbergfjellet
Formation indicate a higher maturity for the latter. The results are
consistent with the expected thermal maturity of the samples based on
their geological context and degree of metamorphism (Liu et al., 2013;
Sauerer et al., 2017).

The spectral parameters allow to estimate the thermal maturity of

the organic matter (Tables 3 and 4, methods detailed in Baludikay et al,
2018). In the Lancer 1 drill core, extracted specimens from 472.50,
680.10 and 955.08 m-depths show a mean temperature of 112 =+ 15,
143 + 15 and 136 * 14 °C, respectively. In thin section, the speci-
mens from 680 and 955m depths show a mean temperature of
144 + 14 and 163 + 19°C, respectively. For the Empress 1A drill
core, the mean temperature is 148 * 11°C for the specimen at
736.33 m depth. For the specimens of the Svanbergfjellet Formation,
the mean temperature is 197 + 3°C.

These temperatures are consistent, albeit slightly higher, with the
TAI scale ranging from 3- to 3, estimated by microscopic observation of
the microfossils wall colour, which corresponds to a temperature below
100 °C (Al-Ameri and Wicander, 2008). In addition, different mea-
surements of the VRO eq% exist for the Empress 1A drill core, (Kanpa
Formation, depth between 516 and 830 m; Ghori in Stevens and Apak,
1999). These published values range from 0.52% to 1.00%, corre-
sponding to a temperature varying between 82.7 and 135.5 °C.

4.3.2. FTIR microspectroscopy

Representative spectra obtained on isolated Cerebrosphaera speci-
mens from the Kanpa and Hussar formations and the Svanbergfjellet
Formation are shown on Fig. 9A, B and C, respectively. The detailed
band assignation is visible on Table 5. For the Australian specimens, the
more intense peak is due to stretching of the aromatic rings, centred
at ~1610 cm ™. Others peaks due to aromatic stretching are found near
1040 and 750 cm ~ *. Secondary peaks are due to aliphatic CH,, CH3 and
CH stretching in the region between 2970 and 2860 cm ™! and the re-
gion between 1450 and 1365 cm ™.

The representative spectrum obtained from the Spitsbergen spe-
cimen (Fig. 9C) is similar, but varies slightly in intensity of some peaks,
mainly the CH,, CH; and terminal aromatic peaks. There are two
weaker additional peaks, around ~2855 cm ™ ! due to an additional CHs
stretching and at 1910 cm ™! due to stretching of the cumulated diene
bond.

The representative spectrum obtained on Artemia egg (Fig. 9D)
shows CH,, CH; and CH stretching, absence of aromatic bonds, and
several amide bonds characteristic of chitin and comparable to the band
assignments of chitin standard by Ehrlich et al. (2013) shown in
Table 5.

The CH,/CHj3 ratios for the Cerebrosphaera specimens from Australia
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Fig. 6. Morphometry of Cerebrosphaera specimens. A: Size distribution of the
fossil population observed in the Lancer 1 and Empress 1A drill cores. B:
Distribution of the width of the folds compared to the vesicle diameter of the
specimens with and without envelope. C: Size distribution of Cerebrosphaera
vesicles in samples at different depths from the Lancer 1 drill core (black cir-
cles) and their respective envelope (white circles).

(Fig. 9A-C), range from 0.7 to 3.4 with a mean value of 2.2. These
values indicate a biopolymer consisting of very short aliphatic chain,
less than 10 carbons long, and with a probable size of 8 carbons (Lin
and Ritz, 1993). The Al/Ar ratios range from 0.04 to 0.5 with a mean
value of 0.1. The specimens of Spitsbergen showed, for the CH,/CHj3
ratios, less dispersed values ranging from 2.0 to 2.5, also indicating a
biopolymer consisting of very short aliphatic chains (Lin and Ritz,
1993). For the Al/Ar ratios, values range from 0.05 to 0.06, which is
consistent with the higher aromaticity of the wall biopolymer when
compared to the measurements obtained on the Australian specimens.

Thus, Cerebrosphaera vesicle walls are made of an aromatic biopo-
lymer with short aliphatic chains (more aromatic in the Spitsbergen
material due to its higher maturity), while Artemia’s eggs are made of
chitin, a long N-rich polysaccharide chain (polymer of N-acet-
ylglucosamine).
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Fig. 7. Wall ultrastructure of Cerebrosphaera. A-D: specimens from the Lancer 1
drill core, Kanpa Formation, depth 680.10 m. Specimen showing a tri-layered
wall ultrastructure of Cerebrosphaera. A: Low magnification TEM view of a
specimen showing the folding of the compressed walls and the dark in-
tracellular space (probably filled with minerals) in between. The very clear
break is a sectioning artefact of the resin detaching from the microfossil. B: Low
magnification STEM image showing the distribution of heavy elements in the
wall. C, D: TEM detail and schematic views of the tri-layered ultrastructure
showing a thin outer layer (arrow in C), an intermediate more porous layer
(arrow in C) and an inner homogeneous layer. E-H: Specimens from the
Svanbergfjellet Formation showing a bi-layered wall ultrastructure of
Cerebrosphaera. E: Low magnification TEM view of a specimen of the
Svanbergfjellet Formation showing the folding of the wall. All specimens of this
Formation show a higher rigidity than the specimens coming from Australia,
consistent with observations of fractures through the wall with light microscopy
and with Raman analyses. F: Detailed STEM image showing the distribution of
heavy elements (probable sulphide minerals) clustered in small structures
(bright areas on the STEM image). G, H: TEM magnified and schematic views of
a bilayered wall ultrastructure. The thin outer layer and the inner homogeneous
layer are visible.
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Fig. 8. Representative Raman spectra cut between 1000 and 1800 cm ~*, band
deconvolution, and temperature estimates for specimens of Cerebrosphaera. A:
from the Lancer 1 drill core, Kanpa Formation, depth 680.10m B: from the
Empress 1A drill core, Kanpa Formation, depth 736.33m and C: from the
Svanbergfjellet Formation.

5. Discussion
5.1. Eukaryoticity and paleobiology of Cerebrosphaera

The eukaryotic nature of Cerebrosphaera was previously suggested
by several authors based on their ornamentation and large size (e.g.,
Sergeev and Schopf, 2010). A comparison with an algal cyst was also
suggested based on the resemblance between the cerebroid folds and
the crinkled wall of Polygonium varium, itself being inferred as the zy-
gotic stage of chlorophycean algae (Moczydlowska, 2016). These stu-
dies were limited to morphological comparisons and did not investigate
Cerebrosphaera morphometry, nor its wall ultrastructure and chemistry
to support these hypotheses. Moreover, Polygonium varium is a crinkled
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vesicle within a process-bearing envelope, with a much smaller dia-
meter (18 to 25um) and opening by medial split. Its putative algal
affinity was proposed based on the morphology of its outer spiny en-
velope, a morphology known in some green algae but also other mi-
croorganisms. However, morphological convergence is possible, and at
our knowledge, no extant green algae show the presence of true cere-
broid folds. Thus Cerebrosphaera cannot be interpreted as algal based on
morphological comparison with Polygonium which has a possible but
unproven algal or other identity.

The term acritarch refers to an organic-walled hollow vesicle of
unknown biological affinities (Evitt, 1963). However, a combination of
morphological, ultrastructural and chemical analyses performed on
these problematic microfossils and comparison with modern forms
permits in some cases to identify them taxonomically, at the level of the
domain or below (Arouri et al.,, 2002; Javaux and Marshal, 2006;
Moczydlowska and Willman, 2009; Igisu et al., 2009; Moczydlowska
et al., 2010; Willman and Cohen, 2011). Different characters can be
used to recognize the eukaryotic nature of microfossils ( Javaux et al.,
2001, 2003, 2004; Knoll et al., 2006; Javaux and Knoll, 2017) including
the presence of processes and ornamentation of the vesicle walls
(Huntley et al., 2006; Talyzina and Moczydlowska, 2000), sometimes
located on the inner surface of the vesicle (Javaux et al., 2004; Peng
et al., 2009; Loron et al., 2019a), or structures making up the wall such
as different types of plates (e.g. Javaux et al., 2004; Agic et al., 2015).
The formation of both processes and ornamentations, the plastic mor-
phology of some process-bearing acritarchs (e.g. Tappania plana, Javaux
et al., 2001), and the presence of organic plates making up a wall, re-
quire the presence of an eukaryotic cytoskeleton (Cavalier-Smith,
2002), different from the bacterial cytoskeleton (Cabeen and Jacobs-
Wagner, 2007). Another criterion is the complexity of the wall ultra-
structure unknown in prokaryotes. However, many modern protists
have uni-layered and unornamented walls, so their fossils are difficult
to identify in the rock record without additional chemical or molecular
analyses. Other eukaryotes show unique and taxonomically informative
wall ultrastructures. Examples include the presence of pores and
transverse canals in the thick uni-layered wall of prasinophyte phycoma
(Wall, 1962; Jux 1969; Cohen et al., 2009; Moestrup et al., 2003; Arouri
et al., 1999; Talyzina and Moczydlowska, 2000) or the trilaminar wall
ultrastructure of some green algae (Atkinson et al., 1972; Pueschel
et al., 1997; Hagen et al., 2002; Moczydlowska and Willman, 2009).
Even when it is not possible to directly link a fossil with modern re-
latives, a complex ultrastructure may be unique to eukaryote when
associated with other characters. This hypothesis is reinforced by the
recalcitrant nature of the walls resisting acid maceration and pre-
sumably adverse conditions in nature, although not unique to eu-
karyotes (Javaux et al., 2004). Size is also not a discriminating cri-
terion, since pico-eukaryotes (1-2um in diameter) and large
prokaryotes (several 100’s um) do occur in nature (see review in Javaux
et al., 2004), but is used in combination with complex morphology,
wall ultrastructure and chemistry. Finally, the last criterion is the
composition of the organic walls which may also be taxonomically in-
formative. Many types of compounds are known and some can be
linked directly with compounds found in modern eukaryotes, such as
algaenan in a few green algae and dinoflagellates (Versteegh and
Blokker, 2004; Marshall et al., 2005; De Leeuw et al., 2006; Kodner
et al., 2008; Scholz et al., 2014), dinosporin in a few other dino-
flagellates (Fensome et al., 1993; Head, 1996; Versteegh et al, 2012),
chitin in some protists such as diatoms and ciliates (Foissner et al.,
2005) and in various opisthokonts clades, including fungi and me-
tazoans, and in algal clades (Muzzarelli, 1977; Schwelm et al., 2015),
cellulose in oomycetes (Mélida et al., 2013), algae, and plants, and
sporopollenin and lignin in plants (Graham and Wilcox, 2000; van
Bergen et al., 2004). Experimental taphonomy can help determine the
recalcitrance of modern organic-walled organisms (e.g. Graham et al.,
2013, 2017). However, the composition and wall ultrastructure, or even
the morphology of preservable structures of many modern organisms
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Table 3
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Average values of characteristic Raman parameters, Raman reflectance and Raman temperature. (N) = number of acquired spectra; (N’) = number of conserved
spectra after initial assessment. See Baludikay et al., (2018) for explanation on methods and calculations. wD1: position of the D1 band; wG: position of the G band;
FWHM-D1: full width at half maximum of the D1 band; FWHM-G: full width at half maximum of the G band; ID1: intensity of the D1 band; IG: intensity of the G band;

RmcRO %: Raman reflectance parameter.

Sampl Location Geological sequence Formation Drill core Depth (m) Rock type Comment Sample preparation
L1-472 Officer Basin Supersequence 1 Kanpa Lancer 1 472 Grey shale Cerebrosphaera buickiil Macerate
Cerebrosphaera buickii2 Macerate
L1-680 Officer Basin Supersequence 1 Kanpa Lancer 1 680 Grey shale Cerebrosphaera buickiil Macerate
Cerebrosphaera buickii2 Macerate
Cerebrosphaera buickii3 Macerate
Cerebrosphaera buickii4 Macerate
Cerebrosphaera buickiil Thin section
Cerebrosphaera buickii2 Thin section
Cerebrosphaera buickii3 Thin section
L1-955 Officer Basin Supersequence 1 Kanpa Lancer 1 955 Grey shale Cerebrosphaera buickiil Macerate
Cerebrosphaera buickii2 Macerate
Cerebrosphaera buickiil Thin section
Cerebrosphaera buickii2 Thin section
E1A-Cb3 Officer Basin Supersequence 1 Kanpa Empress 1A 736 Grey Shale Cerebrosphaera buickiil Macerate
L8 + L15 Spitsbergen Svanbergfjellet - - Shale Cerebrosphaera buickiil Macerate
Cerebrosphaera buickii2 Macerate
N N’ D1 ®G ©G-wD1 FWHM-D1 FWHM-G FWHM-D1/FWHM-G
Mean lo Mean lo Mean lo Mean lo Mean lo Mean lo
11 11 1355.7 3.3 1580.2 0.7 224.5 3.1 135.5 4.6 84.3 2.3 1.61 0.07
12 12 1358.7 1.6 1580.2 0.4 221.5 1.7 144.2 3.7 87.6 1.9 1.65 0.02
20 17 1351.7 3.4 1581.3 1.8 229.6 2.7 137.3 9.1 79.6 3.4 1.73 0.15
20 19 1349.4 2.0 1581.0 1.5 231.6 2.5 141.2 11.4 77.9 1.9 1.81 0.13
20 17 1349.6 3.3 1581.1 1.2 231.5 4.2 147.2 10.8 77.6 2.2 1.90 0.12
20 19 1354.5 2.0 1580.4 0.8 2259 2.4 129.2 3.2 78.1 2.6 1.66 0.05
8 7 1359.6 0.8 1589.5 3.3 230.0 3.7 133.3 6.6 80.7 3.0 1.65 0.03
20 16 1359.7 0.6 1589.3 3.9 229.6 4.3 136.5 11.2 81.6 4.8 1.67 0.06
20 14 1359.4 1.2 1589.0 3.5 229.6 3.3 135.5 6.5 80.0 3.9 1.70 0.08
20 17 1354.4 3.2 1582.1 2.4 227.7 3.4 133.6 6.3 78.5 4.0 1.70 0.11
20 17 1355.9 3.7 1583.5 4.2 227.6 3.1 138.1 7.3 89.0 6.0 1.55 0.09
20 20 1355.1 3.7 1593.0 3.0 237.9 5.1 139.4 5.4 86.1 3.7 1.62 0.08
20 20 1354.2 3.9 1587.6 2.9 233.4 6.1 142.6 10.3 81.2 3.9 1.76 0.07
9 7 1359.2 3.7 1589.9 3.6 230.7 4.4 140.9 7.9 86.2 4.1 1.63 0.04
14 10 1349.8 0.7 1597.3 0.8 247.6 0.7 107.8 0.8 48.0 1.0 2.24 0.04
14 9 1348.6 0.7 1597.0 0.6 248.4 0.4 110.5 0.6 51.6 1.1 2.141 0.04
ID1 IG ID1/1G RmcRy % T (RmcRy %) (°C)
Mean lo Mean lo Mean lo Mean lo Mean lo
1181.6 118.9 1526.0 144.2 0.78 0.06 0.85 0.17 121 15
1387.0 102.8 1822.1 154.6 0.76 0.03 0.68 0.09 104 10
727.7 161.7 1022.9 210.8 0.71 0.07 1.12 0.15 144 10
1265.8 231.1 1631.7 272.0 0.78 0.07 1.23 0.14 151 9
1244.2 177.2 1610.3 203.2 0.77 0.06 1.22 0.23 150 16
870.6 430.4 1194.3 538.6 0.72 0.03 0.92 0.13 128 10
4473.5 1125.3 6096.6 1857.7 0.75 0.07 1.14 0.20 145 14
4170.4 1650.6 5831.3 2627.7 0.73 0.06 1.12 0.23 143 16
5520.4 1577.3 6962.8 2621.7 0.82 0.09 1.12 0.18 144 12
1073.5 315.5 1273.4 339.2 0.84 0.08 1.02 0.18 136 14
574.2 122.6 756.0 155.6 0.76 0.09 1.01 0.17 135 14
24621.5 3363.3 34098.1 4483.3 0.72 0.07 1.57 0.27 170 15
23307.1 3731.2 24592.7 5970.0 0.96 0.09 1.32 0.33 156 20
5805.0 1388.7 7486.8 2154.2 0.79 0.09 1.18 0.14 148 11
14955.3 916.4 35443.8 2334.5 0.42 0.01 2.08 0.04 195 1.4
12273.1 1214.5 27240.0 2735.7 0.45 0.00 2.13 0.02 196 0.7

are still uncharacterized.

The combined analyses performed on Cerebrosphaera specimens in
this study permit several observations. The cerebroid folds with triple
point junctions occur in compressed and three-dimensionally preserved
specimens of Cerebrosphaera (Sergeev and Schopf, 2010; Porter and
Riedman, 2016), suggesting they are a real surface ornamentation and
not a taphonomic feature.

No excystment structure has been observed in the present and
previous studies of Cerebrosphaera (Fig. 5I). This probably suggests that
Cerebrosphaera is not a cyst. Moreover, the envelope shows a lesser
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resistance than the vesicle cell embodied within it, suggesting again
that it is not a cyst wall. In addition, its large range of diameters sug-
gests a metabolically active cell or a developing egg, rather than an
inert cyst. Only in rare cases, such as for prasinophyte phycoma, the
asexual cyst (Graham and Wilcox, 2000) is continually growing
(Colbath, 1983; Knoll et al., 1991). The complex morphology of the
microfossil is associated with a multi-layered wall ultrastructure. The
thickness, texture, electron density and behaviour (detachment) of the
different composing layers described here seem unique to Cerebro-
sphaera and differ from the ultrastructures described so far in the
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Table 4
Compilation of mean temperatures calculated from Raman spectral parameters.
See Table 3 for sample information.

Sample Sample ®»G-wD1 RmcRy % Tpeak from RmcRy %
preparation (§9)]
Mean 1lo Mean 1lo Mean lo
L1-472 Macerate 2229 29 076 0.15 112 15
L1-680 Macerate 229.6 3.8 1.12 0.20 143 15
Thin section 229.7 3.8 1.12 0.20 144 14
L1-955 Macerate 227.7 32 101 325 136 14
Thin section 235.7 6.01 1.44 0.32 163 19
E1A-Cb3 Macerate 230.7 4.4 1.18 0.14 148 11
L8-L15 Macerate 248.0 0.5 211 0.03 195 1.4

acritarch literature (e.g. Talyzyna, 2000; Talyzyna and Moczydlowska,
2000; Javaux et al., 2004; Peng et al., 2009; Agi¢ et al., 2015). Hy-
potheses can be formulated regarding the presence of two types of wall
ultrastructures. One is the existence of two different types of vesicles,
exhibiting a different ultrastructure but similar morphology and
chemistry. A second explanation is the existence of growing stages with
different ultrastructures. However, it can be refuted by the absence of
size differences between the bi- and tri-layered vesicles. A third possible
explanation might lie in the differences in taphonomy and the state of
preservation of the wall ultrastructure, the intermediate porous layer of
tri-layered walls being either better preserved or a degraded part of the
wall. The Australian specimens come from drill cores with well-pre-
served (non-metamorphosed) sedimentary rocks hosting relatively im-
mature kerogen including acritarchs. It is unlikely that these acritarchs
have been significantly altered, especially the robust Cerebrosphaera
specimens. Specimens from Svalbard, showing only bi-layered struc-
tures, have undergone a higher degree of thermal maturity than the
Australian specimens due to their geological history. Thus, the differ-
ences in the wall ultrastructure of the various specimens may be linked
to the differential preservation of originally tri-layered walls.

In summary, Cerebrosphaera microfossils associate a typical cere-
broid surface ornamentation, occurring both in compressed and three-
dimensionally specimens, the presence of an envelope, a complex multi-
layered wall made of a resistant biopolymer consisting of a resilient and
mainly aromatic material with short aliphatic chains, and a large and
variable size. This combination supports the hypothesis that these mi-
crofossils are affiliated to the domain Eukaryota and permits to test
hypotheses regarding their taxonomy. No prokaryotes are known for
having such combination of ornamentation, large size, complex wall
ultrastructure(s) and acid-resistant walls, at our knowledge (Javaux
et al., 2003).

5.2. Biological affinities of Cerebrosphaera

Cerebrosphaera can be compared to modern analogues and other
microfossils using a set of characteristics that include the diameter,
morphology, ultrastructure, opening structure if present, and chem-
istry. This approach of combining morphology and ultrastructure has
been used previously to identify possible metazoan eggs (Cohen et al.,
2009; Willman, 2009) or algae (Moczydlowska and Willman, 2009)
among large Ediacaran acritarchs. However, combining morphology
and ultrastructure with chemical analyses of microfossils (e.g Javaux
and Marshal, 2006), is rarely used in other studies.

5.2.1. Morphology

The morphology of Cerebrosphaera is, to date, unique among known
organic-walled microfossils. However, some other microfossils show a
similar morphology with look-alike cerebroid folds (ridges and wrin-
kles). The ca. 635-551 Ma phosphorites of the Doushantuo Formation
at the Weng’an section and in the Yangtze Gorges, South China, pre-
serve population of Megasphaera, interpreted as phosphatized animal
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egg cell encapsulated within an egg envelope (Xiao et al., 2007; Xiao
and Schiffbauer, 2009). This 400 to 1100 um in diameter microfossil
consists of one internal body encapsulated by a clearly demarcated
envelope (Xiao and Knoll, 2000). The species M. ornata possesses an
ornamented envelope with five different morphotypes (Xiao and Knoll,
2000), one of them resembling Cerebrosphaera with wider folds. An-
other unnamed phosphatized microfossil from the upper Cambrian
Shenjiawan Formation, Wa’ergang sections, Hunan, China shows close
resemblance with Cerebrosphaera, with a diameter of ca. 420 um and
cerebroid wrinkles with a distribution and a size compatible with those
of Cerebrosphaera (Dong, 2009, Fig. 7).

Among possible modern analogues, to our knowledge, no known
alga nor other protist show a comparable morphology to
Cerebrosphaera. The only organisms with similar cerebroid orna-
mentation of the wall are various types of invertebrate eggs of the
crustacean clade. The lobsters Homarus gammarus and Nephrops norve-
gicus have eggs with a wrinkled outer surface with triple point junction
after suffering anoxic conditions during controlled decay experi-
mentation (Martin et al., 2003; Martin et al., 2005). Several species, but
not all, of the branchiopod Eubranchipus also show a cerebroid wrinkled
surface (Xiao and Knoll, 2000; Belk et al., 1998), with similar size and
fold arrangement (E. holmanii and E. moorei) or with smaller less pro-
nounced folds (E. intricatus), or with wider and tighter packed cerebroid
folds (E. vernalis and E. neglectus). Eggs of the branchiopod Chir-
ocephalus skorikowi have a comparable size and cerebroid folds, but the
folds are wider than those of Cerebrosphaera, while the other species do
not show a cerebroid aspect (Mura, 2001). The eggs of the copepods
Eurytemora americana (during the periods of peak population growth)
(Berasategui et al., 2012), the diapause eggs of Hemidiaptomus am-
blyodon (Samchyshyna and Santer, 2010) or the various types of co-
pepods eggs classed as “cerebrate-type” by Van Waveren (1993) all
show a cerebroid external appearance (Table 6). The size of these eggs
are similar to Cerebrosphaera, ranging from 55um to 650 um
(mean = 182um * 84 um, N = 209) (Table 6). It varies within the
different considered class, genus and species but can also vary with
environmental conditions such as the water temperature (Lonsdale and
Levinton 1985). Branchiopoda Anostracan eggs can have cysts with a
smooth surface, as in Artemia eggs, or with a cerebroid surface, like in
several other genera such as the 300-400 um in diameter wrinkled cysts
of Branchinecta or Chirocephalus, which have striking resemblance with
Cerebrosphaera (see Figs. 1, 3 in Fanid et al., 2007). Interestingly, such
cysts with wrinkled surfaces are produced to survive in dry periods, and
may protect the fairy shrimp embryo against stressful conditions such
as salinity, temperature, predators or temporary desiccation in vernal
pools (Fanid et al., 2007). The eggs of other early-diverging metazoans
such as sponges, placozoa and cnidaria, appear to have a simple mor-
phology showing no cerebroid folding (Table 6). Their sizes are in the
lower range of Cerebrosphaera’s diameter (Table 6).

5.2.2. Wall ultrastructure of Cerebrosphaera

The wall ultrastructure of Cerebrosphaera is complex, with two or
three different layers. The comparison with the wall ultrastructure of
modern organisms’ cyst or eggs is hampered by the limited number of
studies (summarizes in Table 6). Modern copepod eggs tend to show a
recurring pattern: simple unilayered subitaneous eggs and more com-
plex and resistant diapause eggs showing the presence of multiple
layers of the wall ultrastructure (Santella and lanora, 1990; lanora and
Santella, 1991; Couch et al., 2001; Samchyshyna and Santer, 2010;
Berasategui et al., 2012). Early-diverging metazoans like sponges have
different means of reproduction, some genera being viviparous
(Ereskovsky, 2000) while other are oviparous (Mariani et al., 2000).
The sponge oocytes vary greatly in morphology, size and structure ac-
cording to the species but most of them tend to have a thin wall ul-
trastructure composed of multiple very thin organic layers (Simpson,
1984; Riesgo and Maldonado, 2009). However, some sponges are
known to form dormancy structure called gemmule, to withstand harsh
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Fig. 9. Representative FTIR spectra (base-
line, atmospheric water and CO, and ZnSe
substracted) and associated deconvolution
for band assignation. A, B: specimens of
Cerebrosphaera and envelope of
Cerebrosphaera from the Lancer 1 drill core,
Kanpa Formation, depths 680.10m; C:
specimen of Cerebrosphaera from the
Empress 1A drill core, Kanpa Formation
depth 736. 33m; D: specimen of
Cerebrosphaera from the Svanbergfjellet
Formation and E: freshly hatched egg of
Artemia. Temperatures estimated with
Raman microspectroscopy are indicated at
the upper right corner of each spectrum of
the fossil material All
Cerebrosphaera and their envelope show
similar band distribution, evidencing an
aromatic biopolymer composition, with
aliphatic and ether bonds. Spectra obtained
on specimens from the Svanbergfjellet
Formation show the presence of more aro-
matic bands due to their higher thermal
maturity, which enhanced the aromaticity.
Fresh Artemia’s eggs show a different
spectrum similar to a representative a-
chitin spectrum as show on Table 5, and
characterized by the absence of aromatic
bonds and presence of amide bonds. The
insert shows representative specimens.

specimens  of
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Table 6 (continued)

Dynocysts

Algae

Prasinophyte
Phycomata

Placozoan eggs

Cnidaria eggs

Sponges eggs

Gyalsosphaeridium sp.  Crustaceans eggs

(acritarch)

Megasphaera
ornata

Cerebrosphaera

(acritarch) (this

study)

(microfossil)

Algaenan, Dinosporin,

Algaenan,

unknown

Chitin, chitosan and

Collagen and
others

proteins

Chitin, chitosan and

aromatic unknown unknown
others

Chemistry

cellulose, and other

(Kokinos et al.,
1998)

cellulose and

other

cellulose and

other

biopolymer

Dinoflagellate cyst

Algal cyst Algal cyst

Metazoan egg

Metazoan egg

Metazoan egg

Metazoan egg

Stem metazoan egg

Stem metazoan
egg (Xiao and

Stem metazoan

egg

Inferred or known

(Cohen et al., 2009)

affinity

Knoll, 2000)
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conditions (Fell, 1974; Simpson, 1984; Ilan et al., 1996). They have a
complex morphology, with, in the case of the genus Eunapius, a poly-
gonal gemmular capsule, covering a cluster of spheroidal gemmules
with a thick alveolar pneumatic layer and a second collagen layer.
These gemmules also show an open micropyle (Ilan et al., 1996). In
cnidarians (corals and anemones), the methods of reproduction vary
between asexual reproduction and sexual reproduction (Fautin, 2002).
The wall ultrastructure of Anthozoans eggs show in general a thin
membrane (Honneger, 1983; Piraino, 1992). In some cases, a protective
coating can be found, as for Hydra carnea, consisting of two different
layers, one outer layer 25-40 um-thick composed of densely packed
fibres and an inner layer 3.5 to 6 um-thick composed of loosely packed
fibres (Honneger, 1983). The eggs of the placozoans are simple and
generally contained in the adult individual until release when the em-
bryos are already well developed (Eitel et al., 2011).

Comparison between modern copepods eggs and acritarchs has al-
ready been suggested by Van Waveren (1993). Willman (2009) com-
pared the ultrastructure of the Ediacaran acritarchs Gyalosphaeridium
pulchrum to that of the diapause eggs of the copepod Pontella medi-
terranea. The similarities between the two wall ultrastructures, in terms
of position and relative thickness of the different layers, combined with
the morphological resemblance of G. pulchrum with an embryo con-
taining microfossil called Tianzhushania (Yin et al., 2008) lead the au-
thor to conclude that at least some acritarchs may represent eggs of
metazoans (Willman, 2009). Another study reported similarities be-
tween the multilayered wall ultrastructure of the shrimp Brachinella
longirostris’s eggs and the Ediacaran acritarch Gyalosphaeridium sp.,
suggesting that large Ediacaran acanthomorph acritarchs represent
stem metazoan eggs (Cohen et al., 2009). The present study shows that
well-preserved specimens of Cerebrosphaera also possess a tri-layered
wall. However, as discussed above, multilayered walls are not unique to
metazoan eggs but also occur in protist cysts.

5.2.3. Wall chemistry

Another less common approach to determine the biological affi-
nities of microfossils is the analysis of the wall chemistry. Using micro-
infrared spectroscopy, the composition of the biopolymer making up
the wall of Cerebrosphaera is compared to potential morphological
analogues and with other highly resistant and known biopolymers. The
FTIR spectra obtained on Cerebrosphaera seems to reveal a unique
composition unrelated to modern biopolymers, based on our current
knowledge. It differs greatly compared to the spectra obtained from the
currently known modern biopolymers such as algaenan (Kodner et al.,
2009), previously reported in the Ediacaran acritarch Tanarium
(Marshall et al., 2005) and Multifronsphaeridium pelorium (Arouri et al.,
1999); chitin (Cardenas et al., 2004; Loron et al., 2019b); 505 Ma old
demosponge fossil (Ehrlich et al., 2013) and 200 Ma old gastropod eggs
(Wysokowki et al., 2014), or cellulose (Pandey, 1999), by its higher
aromaticity. Dinosporin (Bogus et al., 2012) is an aromatic compound
but also differs from Cerebrosphaera biopolymer. Previous studies have
also revealed aromatic compounds in other Proterozoic acritarch walls
(Marshall et al., 2005). Here, this aromaticity does not result from the
thermal maturity of the specimens, as shown by our microspectroscopy
analyses, but is primary. The specimens of Cerebrosphaera from Aus-
tralia and Svalbard underwent different burial history. Yet the FTIR
spectra remain relatively similar (Fig. 9), the specimens from the
Svanbergfjellet Formation showing only a slightly more aromatic
composition than the specimens coming from the Kanpa Formation.
The less thermally mature Australian specimens still show a highly
aromatic biopolymer despite a low temperature (Fig. 9C). FTIR spectra
of Artemia and Cerebrosphaera also differ (Fig. 9E); Cerebrosphaera
specimens show a mostly aromatic biopolymer, with only a small pro-
portion of short aliphatic chains (up to 8 or 10 carbons long). At the
opposite, almost no aromatic moieties are present in the spectra of
Artemia eggs, while the presence of amine bonds and other peaks dis-
tribution unsurprisingly, corresponds to the spectra of alpha-chitin
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standard detailed by Ehrlich et al. (2013). The chitin biopolymer is
quite resistant and has been identified in well-preserved fossils (Ehrlich
et al., 2013; Wysokowki et al., 2014; Loron et al., 2019b). Pyrolysis
experiment conducted on chitin standard showed that it remains re-
cognisable by FTIR analysis until it reaches a temperature of 230 °C
(Wanjun et al., 2005). Therefore, chitin could in theory be preserved in
the geological contexts studied here, but was not detected in Cerebro-
sphaera.

5.2.4. Possible metazoan affinities

In summary, our analyses show that the cerebroid morphology, the
multilayered wall ultrastructure and the large size of Cerebrosphaera are
consistent with and uniquely found in some metazoan eggs, although
the aromatic biopolymer is so far not comparable to known biopoly-
mers. Challenges persist for the interpretation of acritarchs due to the
limited knowledge of modern biopolymers and ultrastructure of protists
cysts and vegetative walls, and of metazoan eggs, and to the limits of
actualism, as the biopolymers synthesized by stem eukaryotes may
differ from those of modern clades. The possibility of morphological
convergence is common in evolution and cannot be discarded com-
pletely, but the similarity of the distinctive cerebroid morphology and
its restricted occurrence in a few clades of modern arthropods is
striking. Stem metazoan living in shallow-water marine environments
or tidal pools may have produce nonchitinous multi-layered eggs, and
may have adopted similar cerebroid morphology to resist desiccation,
predation, or other stressful conditions, as modern analogues do
(Watanabe, 2006; Mertens et al., 2008). Its combination with similar
morphometric and ultrastructural characters, the occurrence of younger
Neoproterozoic acritarchs interpreted as metazoan eggs, and estimates
from molecular clocks, support our hypothesis of a possible stem me-
tazoan affinity for Cerebrosphaera. This hypothesis is consistent with
molecular phylogenies, placing the appearance of crustaceans in the
Ediacaran or Cryogenian (Pisani et al., 2004) while others place the
origin of metazoans in the Cryogenian (Blair and Hedges, 2005; Erwin
et al., 2011; Dos Reis et al., 2015). Several studies also suggest that low
oxygenation concentration in Proterozoic oceans would not hamper the
origin of metazoans (Mills et al., 2018), and might even promote in-
novations (Wood and Erwin, 2018). A recent review by Xiao and Tang
(2018) underlines the absence of animal fossil remains during the To-
nian period, reassessing the fossils Protoarenicola, Pararenicola, and Si-
nosabellidites previously interpreted as worm-like animals (Chen, 1988)
or algae (Dong et al., 2008). The oldest fossil record of metazoans re-
ported so far includes microfossils interpreted as animal embryos in the
Ediacaran Doushantuo Formation (Chen et al., 2000; Xiao, 2002;
Dornbos et al., 2005) and the Australian Tanana Formation (Cohen
et al., 2009), and molecular fossils (biomarkers) of demosponges in the
Cryogenian (Love et al., 2009; Brocks et al., 2017) or of unspecified
metazoans associated with the macrofossil Dickinsonia in the Ediacaran
(Bobrovskiy et al., 2018), but recent fossil discoveries suggest indirectly
an earlier origin (Loron et al., 2019b).

5.3. Implications for Neoproterozoic paleogeography and biostratigraphy

Cerebrosphaera is found worldwide in successions ranging
from ~792 to ~738 Ma (Riedman and Sadler, 2017), and reported here
for the first time in the Congo craton in Africa. Its narrow stratigraphic
range and worldwide distribution (see Fig. 1) confirm the value of this
taxon as an interesting biostratigraphic index fossil.

Seven of the locations of Cerebrosphaera are intracratonic sedimen-
tary basins linked with the supercontinent Rodinia break up: the Officer
and Amadeus basins in Australia (Walter et al., 1995), the Chuar Group
in the USA (Timmons et al., 2001, Dehler et al., 2001), the Chichkan
Formation in Kazakhstan (Sergeev and Schopf, 2010), the Visingso
Formation in Sweden (Vidal 1985) and the Lena-Anabar Basin in Russia
(Nagovitsin et al., 2015). These basins show similar characteristic, with
sediments deposited in shallow-water environments. The other three
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occurrences of Cerebrosphaera correspond to passive margins: the
Svanbergfjellet, Draken and Rysso formations in Svalbard (Maloof
et al., 2006), the Gouhou Formation in China at the margin of the North
China Craton (Tang et al., 2015) and the Burra Group in Australia at the
margin of the Gawler Craton (Preiss, 2000). In all these locations, the
sediments where Cerebrosphaera is preserved show similar character-
istics, with low sea level or even restricted environment and an im-
portant terrigenous input. This high weathering, caused by the break-up
of Rodinia, could have participated to maintain a ferruginous middle
water column and thus detoxifying the passive margins (Guilbaud et al.,
2015), possibly promoting the development and diversification of eu-
karyotes in these settings. The relation between redox conditions, nu-
trient availability and eukaryote diversification proposed by Anbar and
Knoll (2002) has been documented by detailed coupled redox and mi-
crofossil analyses in the older Taoudeni Basin, where the eukaryotic
distribution suggests a possible control by the presence of nutrients and
oxygen in shallow environments (Beghin et al., 2017; Baludikay et al.,
in review) although the lack of time resolution of redox proxies and
fossil assemblages prevents definitive conclusions. However, such stu-
dies are still rare (Porter et al., 2018) and do not preclude the di-
versification of anaerobe protists in the Proterozoic (Javaux and Knoll,
2017), nor the origin of metazoans in dysoxic environments (Mills
et al., 2018). The cosmopolitan distribution of Cerebrosphaera also
suggests the presence of connections between the contemporaneous
marine basins, and the absence of provincialism, even in restricted or
intracratonic basins.

The report of the first occurrence of Cerebrosphaera in Africa, in the
Bz2 Formation, West Congo Supergroup, Mayombé Group, permits to
propose three possible hypotheses regarding the age of the formation.
In the first hypothesis, Cerebrosphaera appeared later in the Congo
Craton, between the Sturtian and Marinoan glaciations. The second
hypothesis suggests a pre-Sturtian age in the Congo Craton as its
worldwide distribution elsewhere shows. However, Cerebrosphaera
specimens are preserved here in shales fragments that are reworked and
preserved within the black argillite sediments of the younger
Cryogenian Bouenza Subgroup. This type of occurrence was previously
reported in a study by Riedman et al. (2014), where fragments of
Cerebrosphaera occurred in the glacial units of the Australian Amadeus
Basin and interpreted as reworked materials of the robust walls. In the
present study, the fossiliferous shale fragments are reworked, not the
fossils themselves directly. In a third hypothesis, Cerebrosphaera would
be pre-Sturtian and thus the Bouenza Subgroup also.

The available geochronological constraints of the upper diamictite
and the Mayombe Group suggest an age younger than 694 Ma and
probably older than 635 Ma for the Bouenza/Louila Subgroup (Affaton
et al., 2015). These dates tend to infirm the third hypothesis, as it would
imply a complete revision of the whole stratigraphy of the region. The
second hypothesis seems to be the simpler explanation, supported by
the rock facies (unconsolidated mudstone) in which the shale fragments
hosting Cerebrosphaera are found and previously reported cases of re-
working. The first hypothesis remains a possibility but better geo-
chronological constraints are needed to confirm it, and it would be the
first and the only occurrence of younger Cerebrosphaera.

6. Conclusions

The combination of morphological, ultrastructural and molecular
characterization of several specimens of Cerebrosphaera supports the
recently revised taxonomy, and permits the proposition of a new hy-
pothesis regarding its biological affinities. This microfossil shows a
complex and distinctive cerebroid morphology of the vesicle sur-
rounded by a thin envelope, no excystment structure, a multi-layered
wall ultrastructure and resilient chemistry, associated with a large
diameter range, confirming its classification within the Eukaryota do-
main. Based on comparison with modern analogues, the hypothesis of a
stem metazoan affinity is proposed, consistent with the new data
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presented here and with molecular phylogenies, although the biopo-
lymer composition remains unique so far. Cerebrosphaera may thus
possibly represent the first animal fossil found during the Tonian
period. We also report its occurrence in Africa for the first time, con-
firming the value of Cerebrosphaera as an index taxon. Further work is
needed on modern eukaryotic eggs or cysts for a finer classification of
this important index fossil. Nonetheless it is clear that Cerebrosphaera
was part of the Neoproterozoic eukaryotic diversification, with other
microfossils assigned to eukaryotic crown groups.
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