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ABSTRACT
Silicified peritidal carbonates of the Tonian Draken Formation, Spitsbergen, contain highly diverse and well- preserved micro-
fossil assemblages dominated by filamentous microbial mats, but also including diverse benthic and/or allochthonous (possibly 
planktonic) microorganisms. Here, we characterize eight morphospecies in focused ion beam (FIB) ultrathin sections using 
transmission electron microscopy (TEM) and X- ray absorption near- edge structure (XANES) spectromicroscopy. Raman and 
XANES spectroscopies show the highly aromatic molecular structure of preserved organic matter. Despite this apparently poor 
molecular preservation, nano- quartz crystallization allowed for the preservation of various ultrastructures distinguished in 
TEM. In some filamentous microfossils (Siphonophycus) as well as in all cyanobacterial coccoids, extracellular polysaccharide 
sheaths appear as bands of dispersed organic nanoparticles. Synodophycus microfossils, made up of pluricellular colonies of 
coccoids, contain organic walls similar to the F- layers of pleurocapsalean cyanobacteria. In some fossils, internal content occurs 
as particulate organic matter, forming dense networks throughout ghosts of the intracellular space (e.g., in Salome svalbardensis 
filaments), or scarce granules (in some Chroococcales). In some chroococcalean microfossils (Gloeodiniopsis mikros, and also 
possibly Polybessurus), we find layered internal contents that are more continuous than nanoparticulate bands defining the 
sheaths, and with a shape that can be contracted, folded, or invaginated. We interpret these internal layers as the remains of cell 
envelope substructures and/or photosynthetic membranes thickened by additional cellular material. Some Myxococccoides show 
a thick (up to ~ 0.9 μm) wall ultrastructure displaying organic pillars that is best reconciled with a eukaryotic affinity. Finally, a 
large spheroid with ruptured wall, of uncertain affinity, displays a bi- layered envelope. Altogether, our nanoscale investigations 
provide unprecedented insights into the taphonomy and taxonomy of this well- preserved assemblage, which can help to assess 
the nature of organic microstructures in older rocks.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 
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1   |   Introduction

For most of life's history, Earth's biota was predominantly 
microbial (Knoll, Bergmann, and Strauss  2016; Brocks 
et al. 2017). Proterozoic rocks preserve a relative abundance 
and diversity of microfossils, but while some can be assigned 
to specific cyanobacterial (e.g., Green et al. 1987) or eukary-
otic (e.g., Butterfield 2001; Porter, Meisterfeld, and Knoll 2003; 
Tang et al. 2020) clades, most have simple morphologies that 
preclude detailed phylogenetic attribution. Proterozoic mi-
crofossils also provide an important framework for the in-
terpretation of scarce and less obviously biogenic organic 
microstructures preserved in Archean rocks. Nevertheless, 
the biogenic origin of many Archean microstructures contin-
ues to be debated (Brasier et al. 2015; Knoll, Bergmann, and 
Strauss 2016; Lepot 2020; Coutant et al. 2022). Even some of the 
most abundant morphotypes of Gunflint- type assemblages, 
considered as reference microfossils of the Paleoproterozoic 
Era (Javaux and Lepot  2018), have recently been questioned 
(Lekele Baghekema et al. 2017; Nims et al. 2021). These diffi-
culties underscore the need for nanoscale ultrastructural and 
chemical investigation to complement microscale morpholog-
ical description.

TEM was applied to silicified Neoproterozoic microfossils from 
the Bitter Springs Formation as early as 1976 (Oehler 1976a), al-
though insights from this work ran more toward taphonomy than 
phylogeny. More recently, TEM imaging of wall ultrastructure 
has been applied to analyze eukaryotic microfossils preserved 
in Proterozoic shales (Arouri, Greenwood, and Walter  1999, 
2000; Javaux, Knoll, and Walter  2003, 2004; Willman  2009; 
Agić, Moczydłowska, and Yin 2015). Microscale and nanoscale 
textural and chemical characterization has also been applied to 
Neoproterozoic microfossil assemblages preserved in early di-
agenetic silica (Oehler 1976a, 1977; Oehler et al. 2006; Lemelle 
et al. 2008; Igisu et al. 2009; Foucher and Westall 2013; Williford 
et al. 2013; Wacey, Eiloart, and Saunders 2019a). These studies 
show how difficult it can be to confirm the eukaryotic affinity of 
some microfossils, underscoring the need for phylogenetic crite-
ria. Recently, wall, sheath and membrane ultrastructures helped 
distinguish cyanobacteria in ca. 1 Ga and 1.78–1.73 shales 
(Demoulin, Lara, et al. 2024; Demoulin, Sforna, et al. 2024).

Here, we investigate the ultrastructure, molecular structure and 
composition of various microfossils preserved in early diage-
netic chert of the Neoproterozoic Draken Formation, Spitsbergen 
(Knoll, Sweet, and Mark 1991). Inferences about organic matter 
maturity are in turn compared with other Proterozoic assem-
blages and Archean rocks. For the first time, we investigate the 
ultrastructure of a large number (15) of microfossils, spanning 
eight morphospecies, at the nanoscale, together with their min-
eral matrices. Our nanoscale investigations reveal several nano-
structures not clearly discernible by optical microscopy, which 
in turn are used to constrain the taphonomy and taxonomy of 
these microfossils.

2   |   Geological Setting

The studied microfossils come from the Neoproterozoic Draken 
Formation, exposed in nunataks in northeastern Spitsbergen. 

The Draken Formation forms part of a thick (1900 m) carbon-
ate ramp deposited in an actively subsiding rift basin (Harland 
and Wilson  1956; Wilson  1961; Knoll and Swett  1990; Maloof 
et al. 2006; Halverson et al. 2018). Radiometric dates on C- isotope 
excursions that underlie and overlie the Draken Formation 
constrain its depositional age to be younger than ca. 800 Ma 
and older than 739.9 ± 6.1 Ma (Strauss et  al.  2014; Halverson 
et al. 2018). Halverson et al. (2018) have correlated an isotopic 
event near the top of the carbonate succession with strata in 
northwestern Canada dated at 752.7 ± 5.5 Ma, based on Re- Os 
systematics (Strauss et al. 2014). An age estimate of 788 ± 0.94 Ma 
for the base of the Draken Formation based on Bayesian mod-
eling of subsidence history of the Akademikerbreen Group as 
a whole (Zhang et al. 2023) is broadly consistent with the first 
appearances of biostratigraphically informative vase- shaped 
microfossils (VSMs) elsewhere (Martí Mus, Moczydłowska, and 
Knoll 2020). Although well exposed and well preserved, Draken 
rocks were affected by Caledonian orogenesis (the Silurian- 
Devonian Ny Friesland orogeny; Harland and Gayer  1972; 
Harland et al. 1992; Gee and Page 1994; Lyberis and Manby 1999; 
Halverson et al. 2007, 2018), but the metamorphic grade of sam-
pled sections remains below greenschist facies.

The Draken Formation is 150–250 m thick, consisting princi-
pally of dolomitic intraformational conglomerate interbedded 
with micrite, grainstone and subordinate microbialites (Knoll, 
Sweet, and Mark 1991). The middle third of the formation in-
cludes relatively abundant oolitic and oncolitic facies, while 
the upper part contains columnar stromatolites and microbial 
laminites, with tepee structures associated with thin intraclas-
tic dolomites and dolomicrites (Knoll, Sweet, and Mark 1991). 
Microfossils are preserved in several Draken lithologies, includ-
ing both carbonates and shale. However, the best preservation is 
found in early diagenetic cherts forming black tabular shards in 
intraformational breccia. Indeed, the best- preserved microfos-
sils occur within a single bed less than a meter thick.

Lithologically, the fossiliferous bed consists of mm- thick, 
platy clasts floating in a matrix of well sorted fine sand to mud 
(Figure  S1a), termed flake conglomerate by Wilson  (1961). 
Flakes of the conglomerate represent microbial mats that were 
penecontemporaneously cemented, ripped up and redepos-
ited during storms. The Draken flake conglomerate formed 
in a lagoon bounded landward by extensive tidal flats and 
seaward by shallow subtidal stromatolites (Fairchild, Knoll, 
and Swett 1991; Knoll, Sweet, and Mark 1991). Microfossil as-
semblages in individual flakes vary from solitary populations 
of tightly interwoven mat builders to diverse assemblages in 
which mat dwellers and allochthonous elements (sedimented 
planktonic and/or transported benthic microorganisms) 
contribute strongly to taxonomic richness. By analogy to 
modern mat systems, this is interpreted to indicate that ep-
isodic storms ripped up clasts from across a broad intertidal 
to shallow subtidal gradient, depositing them in the lagoon. 
Flakes were silicified individually, but several observations 
indicate that silicification occurred after formation of the 
conglomerate. Flakes are commonly bent, indicating that 
they were somewhat flexible at the time of sedimentation; 
within penecontemporaneous dolomite nodules formed in the 
sediments, flakes remain unsilicified, indicating that silicifi-
cation followed precipitation of the dolomite nodules. Chert 
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boundaries do not always adhere strictly to flake boundaries, 
again indicating post- depositional silicification (Knoll, Sweet, 
and Mark  1991). Still, the commonly excellent preservation 
of microfossils indicates that the chert formed rapidly before 
extensive decay of the organic mat components (Wilson 1961; 
Knoll  1982, 2003; Knoll, Sweet, and Mark  1991; Manning- 
Berg et al. 2019), the specific association with flakes reflecting 
the nucleation of silica on organic matter in redeposited mat 
shards (Knoll 1985).

Five biofacies have been recognized in the Draken Formation, 
interpreted in terms of position along a tidal flat gradient (see 
table 1 in Fairchild, Knoll, and Swett 1991, or table 9 in Knoll, 
Sweet, and Mark 1991). The Melanocyrillium biofacies named 
for the VSMs present in this assemblage (Fairchild, Knoll, and 
Swett  1991; Knoll, Sweet, and Mark  1991) is characteristic 
of the subtidal, lagoonal environment; in addition to VSMs, 
it also contains ornamented acritarchs and 10–20 μm spher-
oids assigned to the form genus Myxococcoides. The second 
biofacies is composed predominantly of densely interwoven 
filaments of Siphonophycus septatum, interpreted as the extra-
cellular sheaths of cyanobacterial mat builders and associated 
with auxiliary Scytonema- like filaments of S. svalbardensis. 
This subfacies, characteristic of lower intertidal or transitional 
lagoon also contains diverse micro- benthic taxa and common 
allochthonous Myxococcoides (Figure  S1b) (Fairchild, Knoll, 
and Swett 1991; Knoll, Sweet, and Mark 1991). The third bio-
facies is composed of thin- walled Siphonophycus inornatum, 
the main mat builders of intertidal zone. As in the second bio-
facies, the mats builders are associated with diverse micro- 
benthic taxa and common allochthonous Myxococcoides spp. 
(Figure  1a,b, Figure  S1d) (Fairchild, Knoll, and Swett  1991; 
Knoll, Sweet, and Mark  1991). The fourth biofacies is com-
posed of thick- walled Siphonophycus inornatum, character-
istic of the upper intertidal zone (Figure  1c). This biofacies 
contains few micro- benthic or allochthonous microfossils 
(Figure S1c) (Fairchild, Knoll, and Swett 1991; Knoll, Sweet, 
and Mark  1991). The final biofacies, composed almost en-
tirely of Siphonophycus kestron filaments, with additional 
populations rare or absent, is characteristic of the upper in-
tertidal to supratidal zone (Fairchild, Knoll, and Swett 1991; 
Knoll, Sweet, and Mark 1991). The samples studied here, la-
belled P4353- 1B, - 5A, - 6A, and - 11A, come from cliffs of the 
Polarisbreen area of northeastern Spitsbergen and correspond 
to subsamples of the rocks described in Knoll, Sweet, and 
Mark (1991).

3   |   Methods

3.1   |   Semi- Thin Sections

All observations and analyses were carried out on 400–500 μm 
thick, polished uncovered semi- thin sections prepared follow-
ing the procedure developed by Fadel et al. (2020) to minimize 
organic contaminants.

The advantage of these semi- thin sections is that their prepa-
ration and observation do not require that the section be glued 
onto a slide. In addition, the semi- thin sections were rinsed with 
organic solvents (acetone, ethanol, followed by HPLC grade 

dichloromethane and methanol) to remove labile molecules in 
zones close to the surface that are open to fluids.

3.2   |   Optical Microscopy

Optical petrography and microfossil localization were carried 
out using an Olympus BX60 microscope and a Nikon Eclipse 
Ni- E with automatized stage (at LOG, U. Lille) under bright- field 
transmitted light and reflected light. Photomicrographs from 
single focal planes were combined into “multiplane images” 
using a weighted average algorithm (CombineZP software by 
Alan Hadley, or the EDF function of NIS Elements AR 5.02.00) in 
order to fully describe each microfossil and microfossil clusters 
(Bercovici, Hadley, and Villanueva- Amadoz 2009; Lepot 2021). 
All photomicrographs of microfossils are multiplane images, 
unless otherwise specified. Images were used to locate micro-
fossils at or near the surface of the semi- thin sections for further 
analyses, including Raman spectroscopy, scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM) 
on the same microfossils.

3.3   |   Raman Spectroscopy

Raman spectra of microfossils were obtained using a LabRam 
HR800UV Raman microspectrometer (Horiba Jobin Yvon) (at 
LOG, U. Lille). The spectra were acquired with a 532 nm laser 
focused through an Olympus BX41 microscope with 50× objec-
tive (long working distance NA = 0.75) during 1–2 min. Spectra 
were obtained in focus at least 1–2 μm below the surface of thin 
sections following the recommendations of Beyssac et al. (2003) 
with a laser power delivered at the sample surface of ca. 30 μW 
following the recommendations of Jakubek and Fries  (2023), 
thereby preventing irreversible thermal damage. The backscat-
tered Raman signal was collected through a 50 μm confocal pin-
hole and dispersed by a grating (1800 lines/mm) and analyzed 
with a front- illuminated CCD detector. Spectra were fitted with 
the fityk software by Marcin Wojdyr (Wojdyr 2010).

3.4   |   SEM and Focused Ion Beam

SEM images were recorded on gold–palladium coated (~ 20 nm- 
thick deposit) thin sections using a FEI Quanta 200 SEM (at 
LOG, U. Lille). The secondary electron images (SE) revealed the 
topographic features that located targets for the preparation of 
ultrathin sections of microfossils with focused ion beam (FIB). 
FIB sections were prepared with a FEI strata Dual- Beam 235 
FIB (at IEMN, U. Lille) for Transmitted Electron Microscopy. 
During the FIB section preparation, the top surface of each re-
gion of interest was protected with platinum strip ~ 25 μm long 
and ~ 2 μm thick. Material on each side of the region of interest 
was removed by a gallium (Ga+) ion beam (30 kV, 7 nA). Then, 
FIB sections were lifted out and attached onto a copper TEM 
grid by depositing platinum at the contact(s) between the sec-
tion and the grid. The section was thinned to ~ 150–200 nm 
using beam with decreasing current (1 nA to 300 and 100 pA) 
grazing on each side of the section. Milling at low gallium ion 
currents allowed minimizing common artefacts including local 
gallium implantation, mixing of components, redeposition of 
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FIGURE 1    |    General view of cherty lenses containing diverse microfossil assemblages. (a) Assemblage of microfossils including scarce large 
ruptured spheroids (arrows) and various Myxococcoides spheroids (arrowheads) from lagoonal setting. (b) Higly diverse cherty lens containing 
various allochthonous and microbenthic microfossils (arrow: Polybessurus). (c) Microbial mats only composed of Siphonophycus inornatum. Samples, 
in a: P4353- 1B, b and c: P4353- 6A.
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the sputtered material on the sample surface and significant 
changes in the speciation of carbon- based polymers (Bernard 
et al. 2009; Schiffbauer and Xiao 2009).

3.5   |   Scanning Transmission Electron Microscopy

TEM analyses were performed on the FIB sections on a FEI 
TITAN Themis 300 TEM (this work was carried out on the 
electron microscopy facility of the Advanced Characterization 
Platform of the Chevreul Institute), operated at 80 and 300 kV. 
The FIB sections were inserted into the microscope using a 
cryo- transfer holder (model 914, Gatan) cooled by liquid N2. 
Liquid N2 was added after 3 h, to allow the recovery of mi-
croscope vacuum and avoid formation of frost on the FIB 
sections. The microscope is equipped with a monochromator 
and a Cs probe corrector. For high- angle annular dark- field 
(HAADF) image acquisition in the scanning transmission 
electron microscopy (STEM) mode, the spot size was #8 (pro-
ducing a screen current of ∼ 50–90 pA) and the camera length 
was 91 mm. For dark- field STEM images, the same parame-
ters were used but the camera length was 285 mm. The con-
trasts in STEM HAADF images are only influenced by the 
atomic weight of elements, whereas STEM dark- field images 
are more influenced by diffraction contrasts. In order to high-
light the distribution of carbonaceous matter, and distinguish 
the latter from pores in the FIB section, energy- filtered TEM 
(EFTEM) elemental maps of carbon were obtained using the 
three window techniques. The two pre- edge images were re-
corded at 242.5 and 265.5 eV and the post- edge at 287.5 eV with 
a windows width of 21 eV. Alignment of the pre-  and post- 
edge images was performed manually. When FIB sections 
present thickness or diffraction contrast variations, the two 
window technique was used to reconstruct the EFTEM maps. 
Elemental distributions were mapped using a Super- X EDXS 
(energy- dispersive X- ray spectrometry) detector (formed by 
four SSD detectors integrated to the S- TWIN objective lens), 
which is sensitive to light- weight elements. This detector al-
lowed us to produce EDXS mappings of the sample in the 
same horizontal position as that used to record all STEM and 
EFTEM images. Additional TEM imaging was performed 
using a FEI Tecnai G2 20 (this work was carried out on the 
electron microscopy facility of the Advanced Characterization 
Platform of the Chevreul Institute), operated at 200 kV.

3.6   |   XANES–STXM

STXM analyses were performed on FIB sections at the Diamond 
Light Source beamline I08- SXM and the Canadian Light Source 
(CLS) beamline 10ID- 1 (SM). The I08- SXM beamline uses radi-
ation ranging from 250 to 4400 eV, generated by an Apple II type 
ondulator. The X- ray source is optimized to enable studies ex-
ploiting linearly or circularly polarized radiation. The intensity 
of the X- rays transmitted through the sample is directly mea-
sured using a photodiode. STXM was used to perform high reso-
lution (~ 30 nm) spectromicroscopy at the carbon K- edge (energy 
range 275–295 eV) to image the distribution of organic matter 
and characterize the carbon chemistry in X- ray absorption near- 
edge spectroscopy (XANES) spectra. We recorded XANES hy-
perspectral stacks using a spectral resolution of 0.1 eV between 

275 and 295 eV and counting times of 3–5 milliseconds per 
pixel. XANES stack data were normalized to the absorption of 
the background. Aromatic carbon maps were obtained by sub-
traction of X- ray transmission images recorded in mapstacks 
(using 15 ms/pixel to improve contrasts) at 285.1 eV (aromat-
ics)—280.1 eV (pre- edge absorption ‘baseline’). Preliminary 
analysis was also performed on one microfossil at the CLS 
beamline 10- ID1 (Kaznatcheev et al. 2007) (chamber back- filled 
with He instead of vacuum; PMT detector, inferred flux in the 
106 photons·cm−2 order of magnitude, spatial resolution < 25 nm, 
dwell time ≤ 2 ms). Alignment of images of stacks, extraction 
of XANES spectra, and aromatic carbon maps were obtained 
using the aXis2000 software (Hitchcock 2023). Interpretation of 
XANES signals was based on information available in the litera-
ture (e.g., Bernard et al. 2010; Le Guillou et al. 2018).

4   |   Results and Interpretations

4.1   |   Microfossil Assemblage

Our study focused on chert flakes displaying a high variety of 
well- preserved microfossils (Figure 1a,b, Figure S1b–d), inter-
preted as microbenthic mat dwellers and allochthonous (prob-
ably planktonic) microorganisms (Knoll  1982; Knoll, Sweet, 
and Mark 1991). Variable amounts of mat- building filaments 
populate the flakes, forming distinct populations of densely 
interwoven filaments, likely the polysaccharide sheaths of 
mat- forming cyanobacteria (Figure  1c, Figure  S1c,d). The 
most abundant and diverse microbenthic and allochthonous 
populations occur in the lowest density mat- building popula-
tions, probably because these lower intertidal or marginal sub-
tidal mats trapped and bound carbonate mud (compare cherts 
in Figure 1a,b vs. c). These well- preserved microfossil assem-
blages are commonly associated with pyrite crystals (also 
reported by Foucher and Westall  2013; Lemelle et  al.  2008; 
Gomes et al. 2018). Unicellular and colonial coccoids, associ-
ated with the filaments in microbial mats, are highly diverse in 
the Draken biota (Knoll 1982; Knoll, Sweet, and Mark 1991). 
Here we focus on six coccoid morphospecies, as well as the 
dominant type of filaments (Siphonophycus), and another rare 
filamentous morphospecies.

4.2   |   Structure of the Carbonaceous Material

4.2.1   |   Raman Spectra

The excellent morphological preservation of the microfossils 
as structured carbonaceous remains has been highlighted 
with Raman mapping by Foucher and Westall (2013). In sam-
ple P4353- 1B, we analyzed spheroidal microfossils (with either 
sub- continuous or clotted/granular walls), Siphonophycus 
sheaths (with either dark organic- rich or light organic- lean 
matrices), as well as clotted organic matter that can form vein-
lets up to a few hundred micrometers in length (Figure S2a–k, 
S2w1–4). In sample P4353- 5A we analyzed various microfos-
sils, veins that cut across multiple chert lenses and/or clasts, 
and clots/veinlets of smaller (submillimetric), unconstrained 
distribution (Figure  S2l–u). Microfossils of samples P4353- 
11A and - 6A were also analyzed (Figure  S2v1–3, S2w1–2). All 
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spectra display D1 to D4 and G bands between 1000 and 
2000 cm−1 typical of kerogen, with small variations in band 
intensities (Figure 2, Figure S3).

To further evaluate these heterogeneities and to estimate 
the peak metamorphism temperature of kerogen, we used 
peak- fitting decompositions. The G method of Kouketsu 
et al. (2014) that uses pseudo- Voigt functions bands for D1, D2, 
D3 D4 was utilized, as all GL/D1 ratio values of the spectra are 
higher than 1.5 (Table S1). We also used the method of Lahfid 
et al. (2010), fitting D1 to D4 and G bands with Lorentz func-
tions. We obtained spectral parameters and peak tempera-
ture estimates following the methods of Lahfid et al.  (2010), 
Kouketsu et  al.  (2014), and that derived by Baludikay 
et al. (2018) from the methods of Liu et al. (2013) and Barker 
and Pawlewicz (1994), as listed in Table S1 and compared in 
Figure S3. The method of Lahfid et al. (2010) is based on the 
use of 514 nm excitation, whereas the other two methods used 
532 nm lasers, which could lead to imprecision in the applica-
tion of the Lahfid et al. (2010) model to our dataset recorded 
with 532 nm excitation. The main heterogeneity lies between 
the microfossils of sample P4353- 5A and the associated veins 

and clots/veinlets, where the former display relatively higher 
D1 bands, lower D4/D1 band ratio, and an apparent split 
of the GL (G + D2) band forming a D2 shoulder (Figure  2). 
Microfossils in samples P4353- 6A and - 11A display Raman 
parameters similar to those of - 5A. All carbonaceous textures 
in sample P4353- 1B display Raman parameters intermediate 
between those of microfossils in other samples and veins/clots 
in P4353- 5A. While the GL/D1 ratio is higher in microfossils 
of P4353- 1B relative to other samples, the D4/D1 height ratio 
does not vary much between these samples, whereas it is sig-
nificantly higher in veins of P4353- 5A. This highlights the dis-
tinct spectral signature of veins in sample P4353- 5A.

4.2.2   |   OM Geothermometry

Temperature estimates obtained from the D1 band and those 
obtained from the D2 band (equations  1 and 2 of Kouketsu 
et al. 2014, respectively, see footnote of Table S1) are inconsis-
tent, probably linked to the unusual height of the D4 band, which 
influences the fitting of the D1 band. For all OM analyzed in 
the Draken samples (except the P4353- 5A sample vein/veinlets/

FIGURE 2    |    Raman spectra from a carbonaceous vein (top left) and a microfossil (top right) and their deconvolution using the Kouketsu et al. (2014) 
G method (central row) and the Lahfid et al. (2010) method (lower row). Arrows highlight the main spectral differences between the two targets for 
bands D4 (pink arrow, higher in vein), D1 (red arrow, higher in fossils) and D2 (split of GL = G + D2 doublet forming shoulder at D2: Brown arrow). 
Sample P4353- 5A (locations in Figure S2). The deconvolutions show the functions generated by the fitting procedures, which generate the band 
parameters shown in Table S1.
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clots), we estimate a ca. 266°C burial temperature supplied by 
“equation  2” of Kouketsu et  al.  (2014) and very much consis-
tent with estimates from both equations of Lahfid et al. (2010) 
(Table S1). We note the lower temperatures estimated from the 
Baludikay et al. (2018) thermometers for burial conditions (218 
and 236°C, respectively), as is the case for other geological set-
tings (Baludikay et al. 2018).

4.2.3   |   Maturity Interpretations

These Raman data indicate that the OM in all microfossils as 
well as in veins and clotted textures is over- mature, having en-
tered the metamorphism window. The maturity is well above 
that of the Paleoproterozoic microfossils from the Gunflint 
Formation (Alleon et al. 2016b) and of other Proterozoic micro-
fossils studied by Baludikay et al. (2018), Guo et al. (2018) and 
Nabhan et al. (2021). Based on the smaller D3 and D4 bands of 
the Draken microfossil Raman spectra, we can also infer that 
the Draken microfossils are significantly more mature than 
those of the Bitter Springs Formation (Schopf et al. 2005). The 
observed kerogen maturity in Draken microfossils is closer 
to that of kerogen in some Neoarchean stromatolites (Lepot 
et  al.  2008), that of the Paleoproterozoic microfossils of the 
Francevillian FC formation (Lekele Baghekema et  al.  2017) 
and that of microfossils of the Duck Creek Formation (Fadel 
et  al.  2017; this outcrop was originally assigned to the older 
Turee Creek Group, but has now been shown to be a Duck 
Creek equivalent by U–Pb zircon dating of an included vol-
canic ash bed: Wingate et  al.  2022). Slightly lower tempera-
tures may be inferred for the vein- OM with the Kouketsu 
et  al.  (2014) equation  1 thermometer, that is ca. 272° against 
ca. 288°C in microfossils (Table S1). In any case, the veins in 
sample P4353- 5A are likely filled with migrated bitumen that 
has turned into pyrobitumen at such temperatures. Aromatic 
carbon contents of 92% or more are indicated by 13C NMR for 
OM of the Gunflint Formation (Delarue et al. 2016). This sug-
gests that the more mature OM of the Draken Formation may 
be even more aromatic.

4.3   |   Composition of the Organic Matter

4.3.1   |   X- Ray Spectroscopy Results

The XANES spectrum obtained at the Diamond Light Source 
from a filamentous microfossil (Figure  3e) only displays aro-
matic carbon (band #1 in Figure  3e), but does not display the 
exciton feature at 291.7 eV characteristic of highly graphitic car-
bon materials (Bernard et al. 2010). A putative microfossil, likely 
highly degraded, that forms a spindle- like structure with inter-
nally reticulated OM and an internal vesicle, but does not dis-
play diagnostic cellular ultrastructure (Figure S4), was analyzed 
at CLS. Its spectrum (Figure 3e, in gray) shows additional weak 
signals of C=O bonds with a band (#3) at ~ 287.5 eV indicative of 
ketone C=O, a band at ~ 288.5 eV (#4) indicative of carboxylic 
C=O, and a shoulder at ~ 286.3 eV (#2) that could be attributed to 
unsaturated bonds between carbon and sulfur atoms (Bernard 
et  al.  2012). Independent EDX investigations conducted on 
a 1 μm long kerogen grain from a FIB section revealed a low 
amount of N and S (Figure S5).

4.3.2   |   Interpretation of the Molecular Composition

In the Draken microfossils, organic sulfur was reported by 
Lemelle et al. (2008). Thus some heteroatoms may be preserved 
in the Draken microfossils, consistent with the spectrum mea-
sured at CLS. The discrepancies between data collected at CLS 
and Diamond may be due to (i) radiation damage at Diamond, (ii) 
contamination at CLS or (iii) intrinsic heterogeneities. Radiation 
damage at Diamond is a plausible explanation, the photon dose at 
Diamond being higher than at CLS. Still, abundant heteroatomic 
functional groups have been measured in Proterozoic microfos-
sils (Nabhan et  al.  2021) and in a meteorite (Steele et  al.  2022) 
at Diamond, using similar or higher photon doses (Bonneville 
et al. 2020). In any case, both datasets (Figure 3e) point to a mostly 
aromatic composition of the Draken microfossils, consistent with 
Raman spectroscopy. Altogether, the organic material composing 
the Draken microfossils appears to be more degraded chemically 
than the organic material composing the 1.88 Ga Gunflint micro-
fossils, which have experienced lower temperature as indicated 
by Raman spectroscopy (Alleon et al. 2016b). The advanced ther-
mal degradation shown by the highly aromatic composition of the 
Draken microfossils unfortunately prevents discussing the orig-
inal chemical nature of the different microfossil morphospecies 
based on the available spectroscopy.

4.4   |   Siphonophycus Filaments

4.4.1   |   Assignment Using Published Criteria

The filaments present in the lower flake conglomerate were 
interpreted as the remains of cyanobacterial sheaths by 
Knoll (1982) and Knoll, Sweet, and Mark (1991). These filaments 
include several species of Siphonophycus filaments, which are 
differentiated on the basis of their cross- sectional diameters 
(Schopf 1968; Zhang 1981; Knoll 1982); the distinct species, so 
defined, consistently show different patterns of facies distribu-
tion in the Draken Formation and elsewhere (Knoll 1982; Knoll, 
Sweet, and Mark 1991). The studied filaments occur in mat as-
semblages with diverse other mat- dwellers or allochthonous mi-
crofossils (Knoll, Sweet, and Mark 1991).

4.4.2   |   (S)TEM Imaging

We extracted a longitudinal FIB section that intercepted a ~ 5 μm 
diameter filament (S. inornatum) with a thick central organic 
thread and another Siphonophycus forming an empty sheath 
(specimens 1a and 1b, respectively, Figure  3a–d, Figure  S4e). 
Multiplane photomicrographs show that specimen 1a, through-
out its lengths, displays a dark central thread embedded in more 
transparent tubular sheath (Figure  S4e). We also prepared a 
transverse FIB section of a filament with only scarce internal or-
ganic granules (specimen 2, Figure S6). Central organic threads 
and granules (Figure 3d, Figure S6e) are nanoporous (pore size 
< 20 nm). The outer limits of filamentous specimens 1a and 1b 
are defined by thin (< 10 to ca. 100 nm) layers of organic matter 
(Figure  3a–c), which appear sub- continuous to discontinuous 
within the resolution limit of EFTEM imaging. In contrast, spec-
imen 2 comprises an irregular band (> 1 μm large) composed 
of dispersed nanogranular organic matter (Figure  S6). Quartz 
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nanocrystals (~ 100–200 nm in diameter, Figure 3b, Figure S6b) 
occur inside and throughout their outer layer/band and outside 
of the filaments. Coarser quartz (crystals up to ~ 3 μm in diame-
ter) outline the thick central organic thread of specimen 1a (see 
dotted line in Figure 3b). The internal carbonaceous granule of 
specimen 2 is surrounded by quartz crystals slightly coarser (up 
to ca. 500 nm in length) than those filling the rest of the fossil 
(Figure  S6). The full section of specimen 1b is filled by nano-
quartz (Figure 3b).

4.4.3   |   Interpretations

These differences of quartz mineralogy, organic matter tex-
ture, and the close spatial distribution of these microfossils 
(distance between the different filamentous microfossils is less 

than 500 μm) suggest that the taphonomy of microfossils can 
be highly variable at the microscopic scale. The quartz size dis-
tribution in filament specimens 1a and 2 can be explained by 
initial impregnation of the outer envelope (and surrounding ma-
trix) by fine- grained silica while cellular contents remained pre-
served, followed by the infilling of the microfossil interior after 
post- mortem transformation of cellular contents (Konhauser 
et al. 2004; Lynne et al. 2005). Such secondary infilling by coarser 
quartz has indeed been documented in Campbell et al. (2015). 
The homogenous distribution of nanoquartz in specimen 1b 
suggests complete cell lysis may have occurred before a single 
step impregnation of the filaments.

The thin outer layer observed in filament specimens 1a and 1b 
may be explained by preservation of a thin extracellular sheath 
(e.g., figure 3 in Gonzalez- Esquer et al. 2016). Alternatively, it 

FIGURE 3    |    Siphonophycus filaments 1a–1b and unidentified putative microfossil. (a) Siphonophycus, multiplane photomicrograph in transmitted 
light (Red line: FIB section position in filament 1a; orange arrows: Filament 1b passing below 1a). (b) STEM dark- field image of the FIB section. Quartz 
crystals appear in shades of gray due to variable diffraction contrast. Coarse quartz crystals occur within the filament and are surrounded by nano- 
crystals; dotted line highlights the interface between two quartz types. (c) EFTEM elemental map of carbon (in white). Arrows: Pink = central thread, 
yellow/orange = outermost organic layer of filaments 1a/1b, respectively, blue = migration/branching of the central thread at the interface between 
micro and nano- quartz. (d) Bright- field TEM image of the red- boxed zone in c, showing nanoporosity (white) in the carbonaceous matter (light- gray) 
of the central thread; adjacent quartz grains appear in black. (e) C K- edge XANES spectra, in black: From the central thread of carbonaceous matter 
at the pink arrow in b–c, analyzed at Diamond (the spectrum appears shifted by −0.3 eV); in gray: From an unidentified putative microfossil or 
microfossil fragment (inset, Figure S4a–d), analyzed at the CLS. See main text for peak 1–4 assignment. Samples: P4353- 11A and P4353- 6A.
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may represent the preservation of the outer cell envelope layer, 
which is found in some filamentous cyanobacteria as a tubular 
(longitudinal) layer that surrounds multiple cells of the trichome 
and that is absent from their septa and cross- walls (Hoiczyk and 
Baumeister  1995). This serrated outer external envelope layer 
can be 15–35 nm thick, commonly 40–50 nm including overly-
ing fibrillar layer (Hoiczyk and Baumeister 1995), and appears 
to reach over 100 nm in Oscillatoria sancta (online resource 3 in 
Gonzalez- Esquer et al. 2016).

In contrast, the broad (> 1 μm) band of dispersed nanoparticule 
OM in specimen 2 (Figure S6) is best reconciled with the im-
pregnation of porous polysaccharide network by nano- quartz 
during silicification of sheath (Gong et al. 2020). The porosity 
may have been generated by the lysis of an amorphous part of 
the sheath, preserving only the fibrillar substructure (Daft and 
Stewart 1973). Remains of the later may represent the source of 
the nanoparticulate OM.

The structure of filament specimen 1a includes an outer layer 
and a central thread, which has also been observed in a mi-
crofossil of the older Gunflint Formation (figure 3e in Javaux 
and Lepot 2018). Three explanations for the formation of this 
structure can be proposed. The canonical explanation is that 
the outermost thin layer (or more discontinuous band) of or-
ganic matter represents the remnant of the sheath, while the 
dense and irregular inner organic thread (or scarce internal 
granules in specimen 2) corresponds to collapsed and diage-
netically polymerized cell material. Such a pattern of post- 
mortem decay has been observed in modern microbial mats 
(see, for example, Gomes et al. 2020, and references therein). 
Dense to variably porous organic matter observed within di-
noflagellate microfossils has similarly been interpreted as 
the result of post- mortem polymerization of lipids from the 
cells and from ambient fluids (Versteegh et al. 2004). Second, 
the inner thread could correspond to collapsed cell ± sheath 
material as observed in modern taphonomic experiments 
(Bartley 1996). We argue that this central thread is unlikely 
to have formed by collapsed Siphonophycus sheath material 
only, as the empty sheaths in specimens 1b and 2 (Figure 3c, 
Figure  S6) do not appear to contain sufficient organic ma-
terial to account for such a thick thread. Third, the central 
organic thread could represent bitumen that could have mi-
grated in the open porosity left after decay of the cells, as sug-
gested for the Gunflint Formation microfossils (Rasmussen, 
Muhling, and Fischer 2021, see also Sasaki et al. 2022). The 
nanoporous structure of the central thread in specimen 1a 
is consistent with pyrobitumen, i.e., the solid product of bi-
tumen secondary cracking (Bernard and Horsfield  2014). In 
this scenario, the outermost thin layer could represent organic 
matter that migrated further away from the central thread 
(Knoll, Strother, and Rossi 1988). Indeed, some organic mat-
ter appears to have migrated from the central thread between 
the micrometric quartz grains to rest at the interface between 
micro-  and nano- quartz (blue arrows in Figure 3). However, 
the outermost thin layer is fully surrounded by nanoquartz 
and there is no clear evidence of organic matter migration in 
the nanoquartz area between the microquartz and this outer 
layer (e.g., between the yellow and pink arrows in Figure 3). 
Alternatively, the nano- porosity may represent devolatiliza-
tion during FIB preparation of small islands of solid bitumen 

trapped in the kerogen, although this appears unlikely in such 
mature rocks (Katz and Arango 2018).

Our observations support the interpretation that the central 
nanoporous threads/granules represent diagenetically po-
lymerized cell material with possible migration of organic 
material/bitumen, whereas the thin outer layers represent 
the remnants of polysaccharide sheaths or outer envelope 
layers. This hypothesis also explains the carbon isotope ratio 
heterogeneities between sheaths/walls and internal granules 
observed in some Neoproterozoic microfossils (Williford 
et  al.  2013). Interestingly, a similar Raman signature is ob-
served for Siphonophycus sheaths in dark, organic- rich zones 
and light, organic- poor zones, and a distinct Raman signature 
is found for microfossils and adjacent carbonaceous veins 
(Figure  2, Figures  S2, S3). This contrasts with the heterog-
enous bitumen staining of hollow filamentous microfossils 
observed close to bitumen veins in some hydrothermally- 
reworked chert clasts of the Red Dog deposit (Rasmussen and 
Muhling 2019). Thus, bitumen staining alone cannot explain 
all the organic matter present in these Draken microfossils, 
and some original kerogen is likely preserved.

Cellular material was likely still preserved after peripheral en-
crustation of the microorganism as observed for modern bac-
teria, which are first encrusted externally and/or within the 
polysaccharide sheath by metastable opal before crystallization 
of quartz (Westall, Boni, and Guerzoni  1995; Jones, Renaut, 
and Rosen  1998; Phoenix, Adams, and Konhauser  2000; 
Konhauser et  al.  2004; Lalonde et  al.  2005). The contacts 
between the coarser quartz crystals and the central organic 
thread do not show the “sawtooth- like” pattern described by 
Wacey et al. (2012) and Lekele Baghekema et al. (2017), which 
has been interpreted by the latter authors as the effect of mi-
croquartz formation by recrystallization of nanoquartz. Thus, 
it appears that the morphology of the quartz microcrystals 
associated with the central thread was not controlled by the 
texture of the internal organic matter. Rather, the geopolymer 
forming the central thread likely polymerized and/or migrated 
locally between the microquartz crystals. Thus, the living 
and/or decaying microorganisms probably lowered the rate of 
quartz crystal growth as observed in fossilization experiments 
(e.g., Alleon et al. 2016a) during the initial encrustation of the 
inner and outer surfaces of the sheath material. Late silicifi-
cation then occurred in local pore space after cell lysis, ulti-
mately leading to the formation of coarser quartz in specimen 
1a (Figure 3).

4.5   |   Salome svalbardensis Filament

4.5.1   |   Assignment

Salome svalbardensis is a rare type of filament composed of a 
trichome–a chain of disc- shaped cells ~ 2 μm long and ~ 6–15 μm 
wide–within a multilayered sheath. The sheath structure in-
cludes an inner sheath with a cross section of 8–16 μm. This 
inner sheath is surrounded by up to eight outer sheath layers 
with cross sections ranging between 23 and 65 μm. Sheath 
layers are diffuse and can be difficult to recognize due to the 
low abundance of organic matter (Figure 4a) and the presence 
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of nanopyrites (Figure 4b). In terms of morphology, this fossil 
population is closely similar to species of Scytonema found in 
modern microbial mat communities (e.g., Gomes et  al.  2020) 
and is almost certainly cyanobacterial (Knoll 1982). Individual 

disc- shaped cells are heterogeneously preserved along the fila-
ment, and are often replaced by large tubes and clots of organic 
matter (Figure  4a). In this context, it is difficult to determine 
if the diffuse tubular brownish material surrounding preserved 

FIGURE 4    |    Salome svalbardensis microfossil. (a) Photomicrograph in transmitted light (Red line: FIB section position; arrows: Internal organic 
material). (b) High contrast photomicrograph of the microfossil. Here white arrows outline the multiple organic sheath layers, and red arrows 
outline local enrichments in nano- pyrites. (c) Dark- field STEM image of the FIB section showing quartz nano- crystals (in various shades of gray). (d) 
HAADF STEM image of white- boxed zone in c showing porosity (black) in OM (dark- gray) within the quartz matrix (white). (e) EFTEM elemental 
map of carbon (in white) showing the distribution of organic matter within disc- shaped cells. White arrow: Cell limit devoid of carbon. Sub- vertical 
lines in c–d and f are an artifact of the FIB preparation process (Liu et al. 2016). (f) Zoom on the black box in c. (g) EFTEM map of carbon in f. The 
white arrows in f–g indicate the position of sharp contacts between quartz crystals inside and outside the cell that are devoid of carbon. Sample 
P4353- 1B.
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cells (arrows in Figure 4a) represents an inner sheath material 
or degraded cellular material.

4.5.2   |   (S)TEM Imaging

The FIB section shows that the cells comprise 200–600 nm 
large organic particles that are apparently randomly distrib-
uted (Figure  4d–g). These organic particles are nanoporous, 
with some pores larger than 100 nm (Figure 4d). A low density 
of organic nanoparticles occurs between the well- defined cells. 
Interestingly, these nanoparticles are less abundant (absent?) in 
the sheath region above the cells in Figure 4d,e. The quartz be-
tween the cells and within the sheath structure comprises nano-
crystals of ~ 100–300 μm in diameter. The quartz crystals within 
the disc- shaped cells are slightly larger, reaching up to 1 μm in 
diameter. Interestingly, some quartz crystals at the inner border 
of the cell structures are elongated at the contact with the for-
mer cell envelope and can define the border of the cell structure 
where carbon is absent (white arrows in Figure 4e–g).

4.5.3   |   Interpretations

The small size of quartz grains in cells and sheaths suggests 
that early silicification was pervasive and might have pre-
vented (in Salome) the coarse aggregation of organic matter 
in the shape of thick central threads and grains as observed 
in Siphonophycus (Figure 3, Figure S6). The sharp contact of 
cell- filling quartz grains (some elongated) with nano- grains 
from the sheath suggests that multiple crystallization episodes 
occurred in this Salome microfossil (Figure 4c,f). The sheath 
was likely silicified first and a second episode silicified the 
cells (Figure 4a). It is commonly viewed that polysaccharide 
sheath and wall ultrastructures are more resistant to decom-
position than cellular membrane and intracellular contents 
(Chalansonnet et  al.  1988; Bartley  1996; Jones, Renaut, and 
Rosen  2001; Lepot et  al.  2014; Campbell et  al.  2015; Gomes 
et  al.  2020). Nevertheless, some cyanobacterial cell contents 
(in particular, thylakoid membranes) and cytoplasmic mem-
branes may survive longer than peptidoglycan wall layer in 
some early post mortem stages (Zheng et  al.  2013). Here, no 
part of the cell envelopes is preserved. The random distribu-
tion of organic matter within the cells (Figure  4d–g) likely 
results from diagenetic polymerization, possibly including in-
tracellular materials and/or additional ambient molecules or 
bitumen. Secondary cracking of bitumen is consistent with the 
nanoporous texture of the organic matter. The texture of inner 
organic grains is similar to that observed in a Paleolyngbya 
(cyanobacterial) microfossil studied by demineralization and 
TEM (Oehler 1976a), although the latter displayed crosswalls, 
unlike this Salome microfossil. Furthermore, the submicro-
metric quartz present within the cell appears to form locally 
a cast of the wall without preservation of organic matter 
(Figure 4e–g, arrows). This suggests that the silicification of 
the sheaths and cells prevented the extensive aggregation of 
organic particles and complete loss of ultrastructure. The outer 
cell wall was likely encrusted first by silica due to preferential 
hydrogen bond formation between the hydroxyl groups of si-
licic acid and cell wall molecules (Orange et al. 2009). After 
the lysis of the cells, the wall was obliterated and aggregation 

of the cellular organic matter inside the cell structure was 
likely associated with the second cell- infilling silicification 
episode. This Salome microfossil suggests the preservation 
of cellular contents of filamentous cyanobacteria during 
rapid silicification processes, as observed in the Tonian Bitter 
Springs Formation (Schopf  1968), the early Mesoproterozoic 
Gaoyuzhuang Formation (Zhang 1981) and elsewhere.

4.6   |   Gloeodiniopsis mikros Coccoids

4.6.1   |   Assignment

Gloeodiniopsis lamellosa, first described from the ca. 800 Ma 
Bitter Springs Formations (Schopf  1968), consists of large 
inner- wall structures organized in monads, dyads or tetrads 
(~ 12.5 μm in diameter) surrounded by four to six thick, con-
centric outer layers (Schopf  1968). More generally, spheroids 
with multilamellated envelopes have conventionally been as-
cribed to Gloeodiniopsis, but the state of preservation of inner 
and outer structures can be variable (Knoll and Golubic 1979). 
The Draken material contains several Gloeodiniopsis morphos-
pecies, including G. mikros, the smallest morphospecies of this 
genus (Knoll 1982). This microfossil, abundant in S. inornatum 
mat shards, is composed of spheroidal smooth- walled inner 
vesicles (~ 3 μm in diameter) of optically dense organic matter, 
interpreted as cell remnants, enclosed in an external envelope 
(~ 8 μm in diameter, Figure 5a) interpreted as a polysaccharide 
capsule (Knoll  1982; Knoll, Sweet, and Mark  1991). External 
envelopes contain one, two or four vesicles following a simple 
division pattern. The cyanobacterial affinity of G. mikros has 
been inferred by Knoll (1982) based on similarity of size, mor-
phology and division pattern with modern Chroococcaceae, 
especially the genus Chroococcus (i.e., C. minutus: Geitler 1932) 
and Gloeocapsa. While the specimens observed are composed of 
single layered sheath, the assignment of the microfossils present 
in the Figure 5a and Figure S7 is based on the size, the wall tex-
ture of inner vesicles and the organization of similar microfos-
sils in dyads/tetrads in the shards where microfossils are hosted. 
Moreover, the specimens studied have similar size and morphol-
ogies with the G. mikros population reported in previous studies 
(Knoll, Sweet, and Mark 1991).

4.6.2   |   (S)TEM Imaging

FIB sections of G. mikros were extracted from two cells of 
a dyad (specimens 1a, Figure  5 and 1b, Figure  S7d–f) and 
from a monad (specimen 2, Figure  S7a–c). Quartz crystals 
within or outside specimen 1a are ~ 200–500 nm in diameter 
(Figure 5b). In all three specimens, the outer layer comprises 
a peripheral band of organic matter, ~ 0.5–1 μm in thickness 
composed of dispersed organic grains < 100 nm in diameter 
(Figure  5c,d, red arrows, Figure  S7), and local reticulated 
texture (Figure  S7e). A broad organic- poor zone is observed 
between this peripheral band and the inner vesicles of all 
specimens (green arrow in Figure 5).

The organic matter within the inner vesicles of G. mikros is not 
randomly dispersed (as seen in S. svalbardensis) but formed thin-
ner layers (arrowheads in Figure 5, Figure S7). In specimen 1a, a 
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12 of 25 Geobiology, 2024

layer that appears as the section of two coalescent hemispheres 
(pink arrowheads, Figure  5f) encompasses two additional lay-
ered structures (yellow arrowheads); another layer appears to 
branch from the outer layer of the vesicle (white arrowheads in 
Figure 5c,d). In specimen 1b, the grazing orientation of the FIB 
section with respect to the central vesicle only reveals a reticu-
lated texture. In specimen 2, at least two concentric layers are dis-
cerned (Figure S7a–c). The outer layer is contorted in shape, and 
the central layer appears highly folded. All these layers forming 
the internal vesicles are sub- continuous, with minimal observ-
able thicknesses of ca. 10 nm, reaching up to 200 nm locally for 
the outer layer, and up to 100 nm locally for the innermost layers.

4.6.3   |   Interpretations

Particulate outer layers were observed in Glenobotrydion coc-
coids of the Bitter Springs Formation by Oehler  (1976a), who 
interpreted these organic particles as the remains of mucilag-
inous envelops (sheath) or extracellular polymeric substances 

(EPS). We similarly interpret the particulate outer structure 
as the outer sheath of the G. mikros. Indeed, sheaths can be 
silicified early while the cells are still preserved (Oehler 1976b; 
Westall, Boni, and Guerzoni  1995; Phoenix, Adams, and 
Konhauser 2000; Gong et al. 2020). Since the quartz grain size is 
homogenous among all cellular ultrastructures, we cannot dis-
tinguish whether the sheaths have been silicified earlier or at the 
same time than the cellular contents.

The broad organic- poor zone between the outer sheath and the 
inner vesicles may represent a zone where sheath material was 
not preserved or a zone in which cellular material underwent 
contraction. Such a contraction of cellular material has been 
inferred for microfossils of the Bitter Springs Formation (Knoll 
and Barghoorn  1975; Golubić and Barghoorn  1977; Knoll and 
Golubic  1979). Indeed, shrinkage of cells within their poly-
saccharide sheath without deformation of the latter is a com-
mon feature of early decay of cyanobacteria, with (Konhauser 
et al. 2004) or without silicification (Knoll and Barghoorn 1975; 
Golubic and Hofmann 1976).

FIGURE 5    |    Gloeodiniopsis mikros (specimen 1). (a) Single- plane photomicrograph in transmitted light. Yellow dashes highlight the extremities 
of the FIB section part shown in b–d. In between is seen the cellular structure. (b) Dark- field STEM image of one cell from the FIB section showing 
the presence of quartz nano- crystals (various shades of gray) within and outside the microfossil. (c) HAADF STEM image of the area in b showing 
the distribution of the organic matter (in dark) and quartz (gray). The crystal in white is probably pyrite. (d) EFTEM map of carbon (in white) from 
the cell in (c). The red arrows in c–d highlight a ~ 0.5–1 μm large peripheral band of organic matter nanoparticles. The green arrows highlight an 
intermediate zone depleted in organic matter. The white arrowheads highlight an additional carbonaceous layer that extends from the coalescent 
spheroids forming the central vesicle. (e) HAADF image of the central vesicle. (f) EFTEM map of e showing the carbon distribution in the central 
vesicle. Yellow arrowheads highlight two ovoid individuals surrounded by a common, coalescent layer (pink arrowheads). Sample: P4353- 11A.

 14724669, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70000 by C

ochrane France, W
iley O

nline L
ibrary on [17/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



13 of 25

Despite this probable contraction of the cell, cellular ultrastruc-
ture appears to be preserved in the central vesicles of these micro-
fossils. The ultrastructure of the internal layers is subcontinuous 
and thus distinct from the nanoparticulate sheaths. These intra-
cellular structures are layered, and may thus be interpreted in dif-
ferent fashion based on the modes of cell decomposition observed 
in cyanobacteria. The thicker layer forms the outer margin of the 
vesicles, and may accordingly represent all or a part of the cell 
envelope, such as the peptidoglycan. The peptidoglycan of cya-
nobacteria is usually less than 40 nm in thickness (Hoiczyk and 
Hansel 2000). Although the outer layer of the vesicles is locally 
thicker than this (up to ca. 200 nm), local increases in thickness 
may tentatively be explained by the contraction of the envelope 
and subsequent imprint of the quartz grains, ca. 100 nm large, that 
may have displaced OM locally during (re)crystallization.

The innermost layers may represent cytoplasmic membranes 
or thylakoids—the photosynthethic membranes. These inner-
most layers appear generally thicker than cytoplasmic and 
thylakoids membranes (< 10 nm; Hoiczyk and Hansel  2000; 
Liberton et al. 2006; van de Meene et al. 2006). Taphonomic in-
crease in membrane thicknesses may result of shrinkage, but 
also possibly of fusion with various adjacent organic materials 
derived from phycobilisomes, cytoplasm, glycogen granules, 
ribosomes, and/or lipid bodies present in the cells. Cellular 
membranes can survive the degradation of the peptidogly-
can in some taphonomic routes (Zheng et al. 2013). Possible 
plasma membranes, still attached to thicker wall ultrastruc-
ture have been documented in the Bitter Springs microfossils 
(Oehler  1976a). Photosynthetic membranes are highly resis-
tant to fast bacterial lysis (Daft and Stewart  1973), and they 
can be preserved after cell envelopes have degraded (Zheng 
et al. 2013). Thylakoid membranes have been reported in ca. 
600- year- old sediments (Lepot et al. 2014), in Cretaceous rocks 
(Pacton, Gorin, and Fiet 2008), and more recently in ca. 1 Ga 
and 1.73–1.78 microfossils (Demoulin, Lara, et al. 2024). Some 
layered organic material preserved in phosphatic intracellular 
inclusions in 1 Ga rocks (figure 5C in Wacey et al. 2019b) may 
similarly derive from photosynthetic membranes. However, in 
these unassigned microfossils other organelles and collapsed 
ultrastructures of eukaryotic origin may also be considered 
(Wacey et al. 2019b).

Here, the total number of concentric layers clearly evidenced 
in the vesicles is two, which is not sufficient to distinguish 
a few cell envelope components (peptidoglycan, membrane) 
from thylakoids (most commonly occurring in higher num-
bers, Mareš et  al.  2019). The coalescent structure surround-
ing layered structures apparently forming two individuals in 
specimen 1a (Figure 5f) could correspond to an invaginating 
septum that was forming around two newly divided cell mem-
branes. The additional layer pointed by white arrowheads 
in Figure  5d may be explained by infolding of the envelope 
(Oehler 1976a). This model where all the internal layers in G. 
mikros derive from the cell envelope requires the detachment 
of these layers, which appears plausible in some taphonomic 
routes (figure 8 in Berliner et al. 1987). Alternatively, the in-
nermost layer, or all of the inner vesicle layers may derive 
from thylakoids. We note that concentrically layered internal 
vesicles have been observed in ca. 3.4 Ga spheroidal dubiofos-
sils, which have been interpreted as abiotic biomorphs formed 

by deposition of carbonaceous matter onto spherulitic silica 
or the result of diffusion of carbonaceous matter (Coutant 
et al. 2022). Here, the contorted and folded shapes of the lay-
ers within G. mikros and the sub- continuous texture of their 
organic matter are not consistent with such an abiotic mor-
phogenesis scenario.

4.7   |   Sphaerophycus Coccoids

4.7.1   |   Assignment

We analyzed a second dyad of coccoidal microfossils display-
ing inner spheroidal vesicles (~ 5 μm in diameter) surrounded 
by a single common envelope. We assigned this microfossil to 
Sphaerophycus medium (?) rather than Gloeodiniopsis mikros 
due to the higher relative volume of the inner vesicle com-
pared to the envelope, the granular texture of the inner vesicles 
(Figures  6a versus 5a) and the presence of similar specimens 
containing more than four inner vesicles in the vicinity of the 
analyzed microfossils. The morphological similarity with the 
extant genus Aphanocapsa and the binary division/fission pat-
terns of other Sphaerophycus microfossils argue for a cyanobac-
terial origin (Knoll 1982; Knoll, Sweet, and Mark 1991).

4.7.2   |   (S)TEM Imaging

FIB sectioning intercepted the two inner vesicles and their en-
closing envelope (Figure 6a–c). Again, the microfossil is associ-
ated with quartz nanocrystals (~ 200–400 nm in diameter). The 
dyad is enclosed in an outermost envelope formed by a discon-
tinuous cloud (~ 1- μm thick) of organic particles smaller than 
100 nm (Figure 6c,e). Each vesicle of the dyad is outlined by an-
other similar, but internal, discontinuous envelope composed of 
small organic particles (Figure  6c,e). A third, innermost layer 
occurs within the right cell of the microfossil (white arrows in 
Figure 6). The left cell, in contrast, does not show this innermost 
envelope but has a small internal patch of organic nano- granules 
(Figure 6f).

4.7.3   |   Interpretations

We interpret the outer particulate layer as the remains of an 
extracellular sheath, as discussed above for similar structures 
in G. mikros. Based on their particulate aspect, the layers de-
limiting the inner vesicles also likely represent sheath- derived 
structures. Indeed, coccoid (as well as filamentous cyanobac-
teria) may present multi- lamellar sheaths (Gonzalez- Esquer 
et  al.  2016) that appeared resistant to drastic basic and acid 
chemical treatments (Chalansonnet et  al.  1988). This multiple 
layering further distinguishes this microfossil from the studied 
Gloeodiniopsis (Figure 5).

The innermost layer seen in part of the rightmost cell is thinner 
and less granular than the inferred sheath layers, hence it may 
represent a remnant of the cell envelope (peptidoglycan ± mem-
brane) of the microorganism (Oehler  1976a). In contrast, the 
inner patch in the left cell might represent the remains of inter-
nal organic material of the cell and/or shrunk and fused organic 
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membranes (Oehler  1976a). Investigation of some early stages 
of cell degradation (Daft and Stewart 1973; Zheng et al. 2013) 
and of buried sediments (Pacton, Gorin, and Fiet  2008; Lepot 
et  al.  2014) have shown that some intracellular contents such 
as the photosynthetic membranes of cyanobacteria can be pre-
served without preservation of surrounding cell wall and/or cy-
toplasmic membranes.

The distinct ultrastructures observed in two different cells of the 
Sphaerophycus microfossil show the difficulty of constraining 
the nature of the layers of organic matter present in coccoidal 
Precambrian microfossils due to the possible fusion of various 
organic materials (sheaths/capsules, membrane, cellular mate-
rial) during lysis and silicification.

4.8   |   Synodophycus Coccoids

4.8.1   |   Assignment

Synodophycus microfossils were first reported by Knoll (1982). 
The type species Synodophycus euthemos consists of large plu-
ricellular colonies composed of 16 to 64 small vesicles (4–7 μm 
in cross- sectional diameter). The wall structure of individual 
vesicles is thin while the envelope of the colony studied here 
appears thicker (Figure 7a). Synodophycus euthemos has been 
interpreted as the fossil of pleurocapsalean cyanobacteria 

(family Xenococcacceae, Waterbury and Stanier  1978) based 
on the (uncommon) presence in some vesicles of inner 1–2 μm 
vesicles interpreted as baeocytes formed by multiple fission in 
enlarged cells (Knoll, Sweet, and Mark  1991). Although the 
fossil studied here lacks baeocytes, the relatively large size of 
the cells, their small number in the colony and the outer en-
velope links them to Synodophycus euthemos and contrast 
with the other colonial microfossil population of the Draken 
Formation, Coniunctiophycus (incertae cedis, Knoll, Sweet, and 
Mark 1991), which aggregates more but smaller cells.

4.8.2   |   (S)TEM Imaging

One FIB section was extracted from the Synodophycus col-
ony in Figure  7a. The quartz crystals within and outside of 
the colony are ~ 200–500 nm in diameter (Figure  7b). The 
outer layer of the colony is composed of a < 1 μm thick dis-
continuous layer, which contains small organic matter grains 
(< 100 nm in diameter). Each vesicle within the envelope is 
also delimited by a thinner (< 400 nm, mostly < 150 nm) layer 
of organic nanograins (Figure 7d,e). These internal layers ob-
served in Synodophyus are relatively poor in organic matter 
and may represent a different type of ultrastructure. The limit 
between the internal and outer layers is not clearly observ-
able (Figure  7e). In addition, triple junctions formed by the 
intersection of two internal layers and the external layer are 

FIGURE 6    |    Sphaerophycus dyad. (a) Photomicrograph in transmitted light (Red line: FIB section position). (b) Dark- field STEM image of the 
FIB section showing the presence of quartz nano- crystals (in various shades of gray) within and outside the microfossil. (c) HAADF STEM image of 
the area in b showing the distribution of the organic matter (in black) and quartz (gray). (d) Zoom on the zone boxed in c. (e) EFTEM elemental map 
showing the carbon distribution of the FIB section. (f) Zoom of the zone boxed in e showing the position of an internal organic patch in the left part 
of the dyad. In c and e, the white arrowheads indicate the position of an innermost layer. Sample: P4353- 11A.
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commonly populated by organic matter, thus forming a local 
thickening (white arrows in Figure 7c–e).

4.8.3   |   Interpretations

This discontinuous granular texture of the outer organic lay-
ers is reminiscent of that of the sheaths surrounding the coc-
coid microfossils discussed above. Based on these different 
features of the internal layers, we interpret all the internal 
organic layers as the remnants of F- layers that are the fibrillar 
outer wall layers of pleurocapsalean cyanobacteria (Waterbury 
and Stanier 1978). Nevertheless, we note that fused cell walls 
have also been observed in non- pleurocapsalean fossils of 
the Bitter Springs Formation (Oehler  1976a). The fibrillar 

structure observed in the outer walls of pleurocapsalean cy-
anobacteria is also found in some sheaths of filamentous cya-
nobacteria, as noted by Waterbury and Stanier (1978) as well 
as some section V cyanobacteria such as Chlorogloeopsis frits-
chii (Baulina 2012). Thus, although the F- layers are closely at-
tached to the outer membranes of pleurocapsales (Waterbury 
and Stanier  1978), they may share similar fossilization pat-
terns as sheaths.

4.9   |   Polybessurus Stalked Coccoids

4.9.1   |   Assignment

Polybessurus microfossils are composed of thick- walled multi- 
laminated organic stalks with cup- shaped morphology formed 
by unidirectional–usually vertical–secretion of polysaccharides 
(Green et  al.  1987). Polybessurus have been interpreted as cy-
anobacteria based on their unequivocal similarity with extant 
Cyanostylon (Chroococcaceae, which forms crusts on tidal flats 
of the Bahamas: Green et al. 1987; Knoll, Sweet, and Mark 1991; 
Knoll 2003). These microorganisms occur as unicells that “jet” 
upward from the sediment surface by the highly unidirec-
tional secretion of extracellular polysaccharide stalks (Green 
et al. 1987).

4.9.2   |   STEM Imaging

Two FIB sections were extracted from Polybessurus micro-
fossils (Figure 8a, Figures S8, S9). Both displayed one to two 
dark internal envelopes surrounded by a jetted stalk with 
multiple thin laminae. These two Polybessurus specimens 
are permineralized in nano- quartz (200–400 nm in diameter; 
Figures  S8a,b, S9a,b). The FIB section of Polybessurus spec-
imen 2 only intercepted the layered stalk, which displayed 
one or two thick layer(s) composed of organic nanograins 
(Figure  S9). The FIB section of Polybessurus specimen 1 
(Figure  8) intercepted both stalk with thin nanogranular 
layers and a darker central structure. Specimen 1 comprises 
more than seven concentric spherical envelopes, which ap-
pear thin compared to the sheaths of Gloeodiniopsis and 
Sphaerophycus. The two/three innermost layers are well de-
fined, while the outermost layers appear less continuous and 
thinner. Moreover, the inner envelopes display more abundant 
organic matter nanograins than the outer, thinner envelopes 
(Figure 8b–d). These three inner layers display triple junction 
(red arrow in Figure 8c), and invagination of the most central 
(outlined by the red line in Figure 8c).

4.9.3   |   Interpretation

The nanogranular carbon distribution in the layered stalks 
are coherent with those of sheath structures observed in 
the other Chroococcacean microfossils Gloeodiniopsis and 
Sphaerophycus (Figures 5, 6). The outer, thinner layers of or-
ganic matter (yellow bracket in Figure 8c) certainly belong to 
the laminated stalk- forming polysaccharide structure. The 
2–3 discontinuous central layers of specimen 1 (Figure 8) may 
result from one to two infolded envelopes. Such structure 

FIGURE 7    |    Synodophycus euthemos. (a) Photomicrograph in 
transmitted light (red line: FIB section position). (b) Dark- field STEM 
image of the FIB section (red line indicates the part at the surface of the 
petrographic section and same position as in a). Quartz nano- crystals 
(in various shades of gray) form the matrix within and outside the 
microfossil. (c) HAADF STEM image of the FIB section (same red line 
position as previously) showing the distribution of organic matter (in 
dark) and quartz (gray). (d, e) EFTEM map showing the distribution 
of carbon (in white) from several cells boxed in c. The white arrows 
in e indicate the accumulation of kerogen at the junction of the outer 
envelope and internal cell walls. Sample: P4353- 11A.
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suggests that the internal layers could represent the enve-
lope of the cell during an early stage of its life cycle (Green 
et  al.  1987). The invaginated and/or folded structure of the 
innermost layers of specimen 1, as well as their increased 
thickness suggests that these could represent layers of the cell 
envelop, possibly including membranous contents as discussed 
above for Gloeodiniopsis microfossils. Unfortunately, no ultra-
structural data are available for modern Cyanostylon, hinder-
ing the interpretation of these internal layers. Alternatively, 
they could represent sheaths and/or the innermost stalk- 
forming polysaccharide layers.

4.10   |   Myxococcoides spp.

4.10.1   |   Assignment

The different microfossil assemblages present in the cherty 
lenses contain remains of various allochthonous microor-
ganisms, dominated by spheroidal microorganisms of the 

genus Myxococcoides (Knoll, Sweet, and Mark  1991). These 
spheroidal microfossils (10–20 μm in diameter) are randomly 
dispersed in the different microbial assemblages and occur 
isolated or in colonies (Figure 9a, Figure S2e). These micro-
fossils are generally preserved as dense, thick walls, although 
they can contain internal material, including pyrite crystals 
(e.g., Figure  9). Myxococcoides may comprise algae and/or 
(cyano)bacteria; even domain- level phylogenetic interpreta-
tion is difficult due to their simple shape (Knoll, Sweet, and 
Mark 1991).

4.10.2   |   (S)TEM Imaging

Two FIB sections were extracted from these microfossils 
(Figure  9; Figures  S10, S11). The quartz crystals inside and 
outside the microfossils are ~ 100–400 nm wide (Figure  9d,e, 
Figure S11b). The cross- sectional structure of the wall of these 
microfossils forms a well- defined layer of ~ 0.5 to ~ 0.9 μm in 
thickness (specimens of Figure  9, Figure  S11, respectively). 

FIGURE 8    |    Polybessurus specimen 1. (a) Photomicrograph of the microfossil in transmitted light (red line: Position of the FIB section through the 
sheath structure of the stalk and the cell). (b) HAADF STEM image of the FIB section. Carbon appears in dark and quartz in gray. Pyrite appears in 
bright white. Note that the large dark zone correspond to holes caused by FIB damage. (c) EFTEM map of carbon (in white) in the area boxed in b. 
Green bracket: Set of thicker internal layers outlined by red and blue lines. Red arrow: Triple junction suggesting infolding of the internal layer set. 
Blue arrow: Internal layered organic material formed by the invagination of the innermost envelop outlined in red. Yellow bracket: Set of thinner 
external layers in the stalk. (d) Same as c without annotations. Sample: P4353- 6A.
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The outline of these layers is continuous, but characterized 
by a series of columns of organic matter and nano- quartz ori-
ented in a sub- radial fashion (Figure 9, Figure S11d–e). These 
columns form “bridges” between the inner and the outer lim-
its of the wall. This organic matter is nanoporous (Figure 9e). 
One Myxococcoides individual shows an outer diffuse layer of 
small organic grains (< 200 nm) surrounding the pillared layer 
(Figure S11e).

4.10.3   |   Interpretations

The ultrastructure of Myxococcoides observed here is differ-
ent from that of the spheroidal microfossil observed by TEM 
by Foucher and Westall  (2013). The previously analyzed 
Myxococcoides was composed of a thin continuous wall struc-
ture (< 200 nm thick) and internal organic material which 
have been interpreted as the membrane and the cytoplasm of 

FIGURE 9    |    Myxococcoides. (a) Photomicrograph in transmitted light (red line: FIB section position). (b) EFTEM elemental map of carbon 
showing the distribution of organic matter of the FIB section cut along the line in a. (c) HAADF- STEM image of b showing the distribution of organic 
matter (dark), quartz (gray), and iron sulfide (white, EDX spectrum: Figure S10d). (d, e) Dark- field STEM images of the boxed zones at the left and 
right in c, respectively (red arrows indicate directions) showing the pillared alignments of organic matter (dark gray) and quartz (various, lighter 
shades of gray) in the cell wall, and nanoporosity (black) in organic matter. Sample P4353- 11A.
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the microorganism, respectively (Foucher and Westall 2013). 
This relatively thin wall could correspond to a (cyano)bacte-
rial envelope rather than a eukaryotic cell wall, consistent 
with conclusions of Oehler  (1976a). Myxococcoides minor of 
the Bitter Springs Formation displays similarly thin walls 
(Schopf 1970; Oehler 1976a) and was accordingly interpreted 
as cyanobacterial. Interestingly, C- isotopic microanalyses 
have distinguished the isotopic composition of Myxocccoides 
sp. (δ13Corg = −22.6 ± 0.5‰) from those of spatially associated 
Leiosphaerida crassa (δ13Corg = −28.9 ± 1‰) in ~ 775 Ma cherts 
of the Chichkan Formation (Williford et al. 2013), consistent 
with the hypothesis that the former were cyanobacteria while 
the latter were eukaryotes. The outer layer of the Myxococcoides 
observed here is much thicker (up to ~ 0.9 μm, Figure  9 and 
Figure S11) than in the aforementioned occurrences.

The organic matter within the wall structure fills the spaces 
between quartz crystals that align to form radially- elongated 
fibers. This pillared structure might have resulted of infill-
ing of a primary porous ultrastructure of the microorganism 
during the primary silicification event, as further discussed 
below. Alternatively, this structure might have resulted from 
a rapid early encrustation of the cell interior and exterior by 
amorphous silica (i.e., opal A). Then, the space between the 
different cell membrane(s)/wall(s) may have been impreg-
nated with a second, more porous generation of silica, giv-
ing the outer wall this structure after nanoscale migration 
of the organic material in pores between silica grains. Three 
taphonomic scenarios can be proposed. (i) The development 
of this columnar fabric might be due to the capacity of the 
organic matter to slow the crystallization of quartz (Alleon 
et  al.  2016a). Such taphonomic process might be related to 
that forming the indentation patterns reported by Wacey 
et  al.  (2012) and Lekele Baghekema et  al.  (2017) in fossil 
sheaths and cell walls. (ii) Similarly, silica may have formed 
a crust of nanograins (30–200 nm) on the external surface of 
an organic layer, as observed on sheath structures of cyano-
bacteria (Phoenix, Adams, and Konhauser  2000; Konhauser 
et  al.  2004; Benning et  al.  2005). After the death of the mi-
croorganisms, the cell interior and exterior rapidly encrusted 
by opal A (Herdianita et al. 2000; Lynne et al. 2005; Preston 
et al. 2008). Later during diagenesis, the organic matter from 
outer structures such as sheath/capsule and/or wall may have 
migrated and filled the spaces between the grains of the crust. 
(iii) Alternatively, quartz pillar may have grown through de-
caying wall. In these three taphonomic scenarios, it would 
be expected that quartz would grow inside any porous zone 
within the wall, locally forming inner and outer carbonaceous 
layers. This is not observed here, as most of the bases of quartz 
pillars do not present organic remains. Such quartz growth 
would also push against the inner and outer wall boundaries, 
thus disrupting its apparent thickness. These two growth pat-
terns would likely result in the thickness discontinuities and 
internal porosities as those observed by TEM in demineralized 
microfossils of the Bitter Springs Formation (Oehler  1976a). 
Here, in contrast, a very sharp boundary exists between ran-
domly growing quartz inside/outside the wall, and a zone of 
pillared quartz and carbonaceous matter that altogether de-
fine a wall of homogenous thickness. It rather supports the al-
ternative hypothesis that an original ultrastructural porosity 

directed the growth of quartz through the wall before post- 
mortem alteration could disrupt the carbonaceous texture.

The pillared quartz structure might be inherited from precipi-
tation of silica in a porous and/or radial ultrastructure such as 
the outer fibrillary wall layer of algae (Domozych, Wells, and 
Shaw  1992; Domozych  2011), or radial canals such as those 
observed in the walls of Tasmanites and their modern prasin-
ophyte counterparts (Arouri, Greenwood, and Walter  2000; 
Moczydłowska  2011; Willman and Cohen  2011). The outer 
wall of Eocene dinoflagellates, ca ~ 1 μm thick, also display 
pillared structures in the cross section (Moczydłowska and 
Willman 2009). Radially- developing fibers/pillars have also been 
observed in the envelope of cyanobacterial akinetes (Lang 1968; 
Miller and Lang 1968; Clark and Jensen 1969) and in the sheaths 
of filamentous cyanobacteria (Lang 1968). Oscillatoria princeps, 
a large (> 24 μm) filamentous cyanobacterium, forms exception-
ally thick walls (up to 700 nm) with large pores (Hoiczyk and 
Baumeister 1995; Mühlsteinová et al. 2018), but unicellular cya-
nobacteria have much thinner walls (Hoiczyk and Hansel 2000). 
The amorphous organic matrix between fibers in filamentous 
cyanobacterial sheaths decays preferentially compared to the 
fibers (Daft and Stewart  1973), possibly generating radially- 
oriented pore space favoring silicification in pillars. A very thin 
layer (~ 200 nm) of fibrils was also observed around unicellular 
cyanobacteria (Stanier (Cohen- Bazire) 1988). Bacteria may also 
form fibrillary extracellular polysaccharides (Costerton, Irvin, 
and Cheng 1981). However, the sheaths and capsules of the six 
cyanobacterial morphospecies studied here did not form a dense 
organic layer such as that observed in the studied Myxocccoides 
and were rather preserved as diffuse clouds of nanoparticulate 
organic matter. Altogether, assuming that the pillared organic 
structure of the studied Myxocccoides is inherited from an origi-
nal ultrastructure, its thickness (up to ~ 0.9 μm) and presence in 
spherical single cells (i.e., unlike akinetes) correlate best with 
fibrillary cell walls of eukaryotes. However, the dense internal 
layers of the cell wall such as the medium and inner layers (re-
spectively 22 and 300 nm thick) reported by Domozych, Wells, 
and Shaw (1992) are absent, but this may be a result of tapho-
nomic processes. Additional 3D analysis with confocal laser- 
scanning microscopy (Schopf and Kudryavtsev 2009), FIB- SEM 
tomography (e.g., Wacey et al. 2013) or sequential FIB milling 
(Schiffbauer and Xiao 2009) may help assess further the origin 
of this pillared ultrastructure.

The additional nanogranular outer layer observed in one spec-
imen (Figure  S11) might constitute residues of sheath and/
or secreted mucilage. This interpretation is consistent with 
the preservation of sheaths in the mat- dwelling cyanobacteria 
(Figures 5, 6, and 8). Alternatively, the presence of these organic 
nanoparticles might reflect post- mortem outward displacement 
of organic matter from the wall structure (Knoll, Strother, and 
Rossi 1988). But in such case, similar small organic matter par-
ticles would also have migrated toward the inside of the cell, 
which is not the case. Thus, the interpretation of these organic 
particles as being remains of mucilage or an additional sheath 
appears more likely.

A rather low quantity of organic matter can be observed 
within one Myxococcoides cell (Figure  S11e). As observed 
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by Oehler  (1976a) and in some microfossils described above 
(Figures 5, 6), such organic matter patches may be the residues 
of internal material and membranes that have shrunk and fused 
after the lysis of the micro- organisms and during silicification. 
The presence of Fe- rich minerals such as pyrite (Figure 9) and 
iron- carbonates zoned in barium (Figure  S11) coated and/or 
closely associated with organic nanograins (Figure  S11e) sug-
gests that other post- mortem processes, possibly bio- mediated, 
occurred in addition to lysis and silicification. The simultane-
ous presence of organic matter and iron sulfide suggests some 
heterotrophic sulfate- reducing bacterial activity, while the iron 
carbonate may have formed either via microbial or thermal iron 
reduction (Hendry et  al.  2000; Bernard et  al.  2007; Koehler 
et al. 2013; Posth et al. 2013).

4.11   |   Large Spheroid With Ruptured Wall

4.11.1   |   Assignment

Rarely, larger (~ 80–120 μm in diameter) spheroids occur in 
Draken cherts. We focused on an individual with a ruptured wall 
on one side of the cell (Figure 1a, Figure S2a–g). In some ways, 
this fossil resembles VSMs found widely in upper Tonian sedi-
mentary rocks (Porter and Knoll 2000; Porter, Meisterfeld, and 
Knoll 2003; Bosak et al. 2011; Cohen, Irvine, and Strauss 2017; 
Riedman, Porter, and Calver 2018; Morais et al. 2019; Martí Mus, 
Moczydłowska, and Knoll 2020), including Spitsbergen (Martí 
Mus, Moczydłowska, and Knoll  2020). The fossil in question, 
however, lacks diagnostic features of VSMs, including a thick 
(ca. 2 μm) wall and a distinctly differentiated collar surround-
ing the apical opening. Moreover, in most places, including 

Spitsbergen, VSMs are preserved as originally pyritized (and 
commonly oxidized during diagenesis) walls and/or silica infill-
ing of cell interiors. The cell under consideration is more parsi-
moniously interpreted as a ruptured spheroidal cell, perhaps a 
cyst that originally contained cells like the Myxococcoides fossils 
found in association with it (see, for example, Knoll, Sweet, and 
Mark 1991, figure 11.3). The microfossils appear granular under 
the optical microscope (Figure 10a, Figure S2g).

4.11.2   |   (S)TEM Imaging

TEM characterization of an FIB section extracted from a spec-
imen revealed two distinct layers. The internal layer is com-
posed of small organic matter grains (< 300 nm in diameter) 
(Figure  10b,c). This layer is impregnated with nanoquartz 
(200–400 nm in diameter), similar to the internal and external 
parts of the microfossil. It displays rare iron minerals, prob-
ably oxides according to EDX data (map in Figure  S12c). A 
thicker outer layer of organic matter is irregular and appears to 
pinch and swell irregularly between micrometric quartz crys-
tals (Figure 10b,c). This outer layer displays nanopores with 
a heterogenous distribution and highly variable dimensions 
(sometimes > 100 nm large, Figure  S12d) that appear simi-
lar to those in a S. svalbardensis microfossil (Figure 4d) and 
contrast with the smaller (< 20 nm) and homogenously spread 
pores in the central thread of Siphonophycus (Figure  3d). 
Micrometric quartz crystals also locally extend outside the 
microfossil (black arrows in Figure 10b). The granular enve-
lope is composed of large, dense organic grains (or sheets), 
which seem to fill the spaces between coarse quartz grains 
(Figure 10).

FIGURE 10    |    Large spheroids with ruptured wall. (a) Single plane photomicrograph in transmitted light 2 μm below the surface (Red line: FIB 
section position). (b) Dark- field STEM image of the FIB section showing the presence of coarse quartz crystals (zone outlined with dashed lines) 
associated with the wall structure of the microfossil. A zone of coarse quartz extends outside of the microfossil wall into the nano- quartz matrix 
(black arrow). White arrows show Fe- minerals (see Figure S12). (c) EFTEM elemental carbon map of the FIB section showing the distribution of the 
organic matter. Sample: P4353- 1B.
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4.11.3   |   Interpretations

The association of dense organic matter with coarse quartz in 
this microfossil is reminiscent of what was observed in fila-
ment specimen 1 (Figure 3b). Such similarity between these 
different microfossils suggests that both have been affected 
by similar diagenetic process, despite an initial different 
nature. As discussed for filament specimen 2, it is unlikely 
that this innermost layer of nanoparticles embedded in nano-
quartz formed through migration from the outer, thicker or-
ganic envelope, as nanoparticles would be also expected in 
the nanoquartz lying outside the microfossil. This suggests 
that two distinct envelope ultrastructures have been pre-
served in the large spheroidal fossil. The heterogeneously 
sized and distributed porosity observed in the outer wall is 
consistent with that observed in microfossils as well as solid 
bitumen (Versteegh et al. 2004; Bernard and Horsfield 2014; 
Katz and Arango 2018). We note, however, the similar Raman 
spectra observed between the inner, nanoparticulate wall 
and the thicker/clotted outer wall, observed in this specimen 
(Figure S2g) and other microfossils (Figure S2b,d) within this 
chert clast (Figure S3, Table S1: fossil wall versus fossil clot). 
The Raman spectra of these fossils are distinct from those of 
the bitumen vein analyzed in another sample, consistent with 
the hypothesis that at least part of the microfossil organic mat-
ter comprises indigenous kerogen.

5   |   Summary

Raman and XANES spectroscopy indicate that the insoluble or-
ganic matter in Draken microfossils is highly mature, mostly ar-
omatic, but not highly graphitic. One sample revealed bitumen 
migration in small veins, but the distinct Raman spectroscopic 
signatures of microfossils argue that they largely comprise indig-
enous kerogen, even if a contribution of ambient or exogenous 
pyrobitumen cannot be ruled out. In spite of the high maturity, 
a degree of morphological detail comparable to that observed in 
less mature Bitter Springs microfossils can be observed in FIB 
sections. All the microfossils present here are embedded and 
filled by nanoquartz, contrasting with the larger quartz crystals 
observed in other rocks with a better organic Raman index of 
preservation (Schopf et al. 2005). Indeed, some acritarchs from 
the ca. 650 million years old Chichkan Formation display micro-
metric internal crystals (Kempe et al. 2005) not seen here, and 
larger submicrometric to micrometric quartz crystals occur in 
some microfossils of the Gunflint Formation (Lepot et al. 2017, 
but see Wacey et al. 2012). In the Draken Formation, the small 
size of the quartz crystals allowed for preservation of a variety of 
ultrastructures. These cannot be resolved completely using op-
tical microscopy, but they become clear at the TEM scale. These 
preserve a petrographic link between organic matter and quartz, 
allowing us to address taphonomic processes.

We have described the ultrastructure of microfossils that have 
been interpreted previously as chroococcalean cyanobacteria 
(Gloeodiniopsis mikros, Sphaerophycus), pleurocapsalean cya-
nobacteria (Synodophycus euthemos), sheathed filamentous cya-
nobacteria (Siphonophycus, S. svalbardensis), and incertae sedis 
(Myxococcoides) as well as large spheroids.

Our observations show that the sheath structures of some 
Siphonophycus and of all the Chroococcales cyanobacteria mi-
crofossils studied here are preserved as bands of nanogranular 
organic matter. Some Siphonophycus display thin, single- layered 
outer layer, which can be interpreted either as the preservation of 
a thin sheath or of a tubular, longitudinal outer envelope, which 
may be devoid of cross- walls. Double nanogranular sheath lay-
ers are observed in Sphaerophycus coccoids. In Synodophycus 
euthemos, fusion of walls and formation of organic- rich triple 
junctions at the intersection with the external layer is consistent 
with the preservation of fibrillar outer wall layers typical of pleu-
rocapsalean cyanobacteria. The ultrastructure of Polybessurus 
stalks shows similar organic distribution as those observed in 
sheaths of the other coccoid microfossils. Moreover, our obser-
vations show that the inner microfossil structure is composed 
of thicker wall/sheath layers, which may represent the earliest 
stages of the stalk formation.

The origin of possible cellular envelopes and intracellular 
content was investigated in both coccoid and filamentous mi-
crofossils. Based on comparisons with taphonomy of modern 
cyanobacteria, we constrain the nature of the internal layers 
in Gloeodiniopsis mikros. Their contraction in the sheath and 
their sub- continuous structure distinct from the nanoparticu-
late sheath argue that they represent detached envelop layers 
(peptidoglycan and/or cellular membranes), and/or photosyn-
thetic membranes (thylakoids). In any case, their apparently 
enhanced thickness compared to such primary ultrastructures 
requires shrinkage and/or the condensation of labile internal 
cellular materials onto resistant layered ultrastructures. Some 
innermost layers in Sphaerophycus and Polybessurus coccoids 
may similarly represent preserved envelopes or membranous 
ultrastructures.

In contrast, nanoscale analyses of a trichome from S. sval-
bardensis indicate that only the general shape of the cells is pre-
served (as a ghost structure with the nanoquartz matrix), but not 
the cell wall. Granular to thread- like internal OM structure in 
Syphonophycus may correspond to diagenetically polymerized 
in situ cell material (with obliterated morphology), with possible 
addition of ambient lipids/bitumen molecules.

The Myxococcoides observed here reveal an outer layer com-
posed of unusual radial pillars of organic matter. This struc-
ture–to our knowledge never observed by previous studies–and 
only observable at the nano- scale, appears best interpreted as 
derived from original cell wall ultrastructure. As such, it may 
represent eukaryotic cell wall and/or structures of cyanobacte-
rial sheaths or cyanobacterial akinetes. A eukaryotic affinity is 
best reconciled with the wall thickness, size and lack of dividing 
cells of Myxococcoides.

Finally, we examined the ultrastructure of a large carbonaceous 
spheroid of uncertain phylogenetic affinities. These microfossils 
are composed of two distinct organic layers: an inner layer com-
posed of organic nanoparticles and a thicker organic outer layer 
forming a reticulated envelope at the microscale. Experimental 
taphonomy coupled with ultrastructural analysis and spectro-
microscopy (e.g., STXM- XANES) is required to further con-
strain the interpretation of this fossil.
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The microfossils are all preserved in nano- quartz matrix, con-
sistent with the long held hypothesis that rapid silicification en-
hances organic structure preservation. However, coarser quartz 
crystals are always associated with displacement (at least, lo-
cally) of organic matter. In addition, organic ultrastructures ap-
pear locally to highly discontinuous. These discontinuities could 
lead to fragmentation of microfossils during acid maceration, 
whereby specific ultrastructures could be removed or specific 
morphospecies destroyed, hence producing biases in structure 
and diversity of the fossils. Such observations on microfossils in 
over- mature rocks can help discuss the biogenicity, the nature of 
organic structure and the taphonomy on other unidentified or 
putative microfossils in Paleoproterozoic or Archean rocks. In 
particular, it may help distinguish metamorphosed microfossils 
from abiotic microstructures coated by discontinuous carbona-
ceous films (e.g., Coutant et al. 2022).
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