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Oldest thylakoids in fossil cells directly 
evidence oxygenic photosynthesis

Catherine F. Demoulin1 ✉, Yannick J. Lara1, Alexandre Lambion1 & Emmanuelle J. Javaux1 ✉

Today oxygenic photosynthesis is unique to cyanobacteria and their plastid relatives 
within eukaryotes. Although its origin before the Great Oxidation Event is still 
debated1–4, the accumulation of O2 profoundly modified the redox chemistry of the 
Earth and the evolution of the biosphere, including complex life. Understanding the 
diversification of cyanobacteria is thus crucial to grasping the coevolution of our 
planet and life, but their early fossil record remains ambiguous5. Extant cyanobacteria 
include the thylakoid-less Gloeobacter-like group and the remainder of cyanobacteria 
that acquired thylakoid membranes6,7. The timing of this divergence is indirectly 
estimated at between 2.7 and 2.0 billion years ago (Ga) based on molecular clocks  
and phylogenies8–11 and inferred from the earliest undisputed fossil record of 
Eoentophysalis belcherensis, a 2.018–1.854 Ga pleurocapsalean cyanobacterium 
preserved in silicified stromatolites12,13. Here we report the oldest direct evidence of 
thylakoid membranes in a parallel-to-contorted arrangement within the enigmatic 
cylindrical microfossils Navifusa majensis from the McDermott Formation, Tawallah 
Group, Australia (1.78–1.73 Ga), and in a parietal arrangement in specimens from the 
Grassy Bay Formation, Shaler Supergroup, Canada (1.01–0.9 Ga). This discovery 
extends their fossil record by at least 1.2 Ga and provides a minimum age for the 
divergence of thylakoid-bearing cyanobacteria at roughly 1.75 Ga. It allows the 
unambiguous identification of early oxygenic photosynthesizers and a new redox 
proxy for probing early Earth ecosystems, highlighting the importance of examining 
the ultrastructure of fossil cells to decipher their palaeobiology and early evolution.

Cyanobacteria have played an important part in the evolution of early 
life and Earth, as one of the major actors in the Great Oxidation Event 
(GOE) around 2.4 billion years ago (Ga) and possible but disputed earlier 
low-oxygenation events, based on the geochemical record2–4. Phylogeny 
of enzymes involved in the use or production of O2 suggests an early 
availability of oxygen at around 3.1 Ga (ref. 14), whereas phylogenetic 
analyses of PSII genes suggest that an early form of oxygenic photo-
synthesis was established by 3.0 Ga (refs. 15,16). However, the appear-
ance of oxygenic photosynthesis does not need to coincide with the 
origin of crown cyanobacteria, which diversified before17,18 or after19 
the GOE. Cyanobacteria diverged from non-photosynthetic relatives 
between 3.37 and 2.54 Ga based on molecular clock estimates, and 
crown group cyanobacteria diverged from their stem relatives before 
or after the GOE (3.67–2.02 Ga)1. These early redox fluctuations led to 
the development of new oxygenated ecological niches in which aerobe 
life, including eukaryotes, diversified, leading to complex ecosystems. 
Cyanobacteria are also the ancestors of the chloroplast20, the organelle 
in which oxygenic photosynthesis takes place within eukaryotes, which 
enabled the diversification of photosynthetic protists, multicellular 
algae and, later, plants. Despite their importance, their unambiguous 
fossil record remains to be evidenced. Although simple filamentous and 
coccoidal fossils that are abundant in Proterozoic shales and cherts are 
usually—and probably rightly—attributed to cyanobacteria, their simple 

morphology and occurrence in the photic zone of aquatic deposits 
are not unique to these microorganisms5. To date, only four microfos-
sil taxa are interpreted with confidence as cyanobacteria, including 
2.018–1.854 Ga (ref. 13) Eoentophysalis belcherensis, the oldest fossil 
interpreted as a cyanobacterium5,12,21,22; the endolithic Pleurocapsales 
1.35–1.01 Ga Polybessurus23 and 1.63 Ga Eohyella24; and a 1.040–1.006 Ga 
Nostocales Stigonemataceae cyanobacterium Polysphaeroides fili-
formis (C.F.D. et al., manuscript in preparation). These microfossils are 
identified based on their particular morphology and division pattern, 
and their habitat, except for P. filiformis, unambiguously identified as a 
cyanobacterium thanks to a combination of morphological, chemical 
and ultrastructural features (C.F.D. et al., manuscript in preparation).

In combination with morphology, ecology and chemistry, one cri-
terion that is scarcely used to identify microfossils—although it may 
provide crucial palaeobiological information—is the ultrastructure 
of cell walls and intracellular organelles (C.F.D. et al., manuscript in 
preparation)25,26. Thylakoids represent direct ultrastructural evidence 
for oxygenic photosynthesis metabolism. Thylakoid membranes are 
dense, mostly galactolipid, protein-containing bilayers in which 
photosynthesis occurs in photosynthetic organisms. They have a tri-
dimensional lamellar organization in cyanobacterial cells or in the 
chloroplast of algae and plants. When present in cyanobacteria, thy-
lakoids are found in different arrangements in the cell lumen, whereas 
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in eukaryotes they are compacted within chloroplasts in two types of 
structure, the grana and stroma lamellar domains27. Thylakoid arrange-
ment in cyanobacteria can be parietal, radial, fascicular, irregular or 
parallel to the cell membrane28,29. Their origin postdates the emergence 
of crown cyanobacteria. Indeed, the earliest diverging extant cyano-
bacterial lineage, the genus Gloeobacter, characterized by the absence 
of thylakoids6,30, is placed at the most basal position in phylogenetic 
reconstructions17,31, which suggests that this lineage may have con-
served traits inherited from the ancestral lineage of cyanobacteria32. 
The recent discovery of a second thylakoid-less cyanobacterial genus, 
Anthocerotibacter, was used to estimate divergence with Gloeobacter 
around 1.4 Ga (ref. 10).

One recent hypothesis suggested that the early emergence of 
thylakoid-forming cyanobacteria may partly explain the span of the 
GOE by ‘multiplier effect’33. This proposition holds on the expansion 
of the photosynthetic surface by the multilayered photosynthetic 
membranes inside the cells that allow a higher production of O2 in 
comparison with the smaller surface of the sole cell membrane that 
hosts the photosynthetic machinery in Gloeobacter-type cyano-
bacteria32. In contrast with this hypothesis, other authors have 
suggested the emergence of crown group cyanobacteria (which 
includes both thylakoid-less and thylakoid-forming cyanobacteria) 
after the GOE9, illustrating the debates around the early evolution  
of cyanobacteria.

Fossil thylakoids
In the fossil record, thylakoids were identified in 0.152–0.157 Ga micro-
fossils from Kimmeridgian bituminous shales34. These structures 
interpreted as thylakoids are linear or contorted, with sharp outlines 
and a thickness of 35–70 nm (ref. 34). Thylakoidal structures were 
also reported in potential algal aggregates from the Late Ediacaran 
(0.55 Ga)35. In younger samples, chloroplasts have been identified in 
various fossil plants of the Cenozoic36,37. The preservation of thylakoids 
extracted by acid demineralization was also reported in 600-year-old 
cyanobacterial mats from Antarctic lacustrine sediments38.

Here we report the presence of thylakoids in the microfossil Navifusa 
majensis, an enigmatic, ellipsoidal, organic-walled microfossil known 
in Mesoproterozoic to Neoproterozoic assemblages, although other 
species of the genus range up to the Carboniferous39. Its taxonomic 
identity is unresolved and probably polyphyletic, as such a simple shape 
is known in diverse clades. The specimens studied here are preserved as 
carbonaceous compressions in shales of the 1.78–1.73 Ga McDermott  
Formation, Australia, the 1.01–0.90 Ga Grassy Bay Formation, Arctic 
Canada and the 1.040–1.006 Ga BIIc6 Formation, Democratic Republic 
of the Congo (DRC). This mode of fossilization as thin carbonaceous 
compressions is common throughout the geological record for 
organic-walled microfossils that are flattened within fine-grained, 
clay-rich, layered sediments5,22,25,26,37. The presence of thylakoids in the 
Proterozoic fossil record was previously indirectly inferred from the 
record of microfossil taxa identified unambiguously as late Palaeopro-
terozoic and younger cyanobacteria or late Mesoproterozoic algae, but 
never observed. Here we present direct evidence for the preservation 
of thylakoids within fossil cells and suggest a minimum age for the 
emergence of thylakoid-bearing cyanobacteria before 1.75 Ga, consist-
ent with the fossil record of unambiguous cyanobacteria.

Ultrastructure of N. majensis
Specimens of N. majensis from (1) laminated grey shales of the 1.78–
1.73 Ga, shallow-water, marine-to-estuarine/fluviatile McDermott For-
mation of the Tawallah Group, McArthur basin, northern Australia40, 
(2) the 1.01–0.90 Ga, shallow-water estuarine Grassy Bay Formation 
of the Shaler Supergroup, from the Brock Inlier in the Northwest 
Territories of Arctic Canada26 and (3) the 1.040–1.006 Ga (ref. 41), 

shallow-water marine BIIc6 Formation of the Mbuji-Mayi Supergroup, 
DRC42 were analysed in this study. These consist of organic-walled, 
unornamented, non-septate, ellipsoidal vesicles with rounded, closed 
ends43 (Fig. 1). Their size range overlaps, with McDermott specimens 
(n = 16) that are 57–177 µm in length and 17–40 µm in width; Grassy 
Bay specimens (n = 22) that are 84–264 µm in length and 23–53 µm 
in width; BIIc6 Mbuji-Mayi specimens (n = 13) that are 75–183 µm in 
length and 34–60 µm in width; and specimens from the Bylot Super-
group measured in Hofmann and Jackson44. The ultrastructure of 
unstained, resin-embedded specimens was observed with trans-
mission electron microscopy (TEM) through transversal ultrathin 
sections. Because these organic-walled microfossils are preserved 
as thin carbonaceous compressions in fine-grained sediments, the 
length of transversal TEM sections corresponds to the width of the 
microfossils, whereas the thickness corresponds to that of the com-
pressed microfossils (Extended Data Fig. 4). N. majensis specimens 
from the Tawallah Group show a set of intracellular membranes 
with sharp, darker edges that appear to be either parallel to the cell 
wall or locally contorted (Fig. 2a,b). Each membrane comprises one 
medium-electron-dense layer surrounded by two electron-dense  
layers (Fig. 2a,b). These membranes have a thickness ranging from 10 
to 20 nm (Extended Data Fig. 3 and Extended Data Table 1). The cell 
wall consists of one electron-lucent layer and one thin electron-dense 
layer with a total thickness of up to 70 nm (Fig. 2b). The cell wall has 
an irregular thickness all along the section and is sometimes poorly 
preserved. The inner membranes are not stored in compartments 
such as chloroplasts and do not show grana or stroma lamellae-like 
structures, implying that these fossils are not eukaryotic45. Indeed, in 
the chloroplast, stacked concentric layers are all surrounded by the 
plastid wall, a concentric bilayered structure45, which is not the case 
here (Fig. 2a,b). The intracellular membranes have a thickness consist-
ent with those of modern thylakoids (two membranes separated by a 
lumen (measured at 12–16 nm in Fig. 4d in ref. 46 and at 14–18 nm in 
Figs. 1 and 2 in ref. 29)). These are interpreted as compressed, stacked, 
thylakoidal membranes preserved intracellularly and may represent 
a parallel and locally contorted arrangement29.

Ultrathin sections of N. majensis from the Grassy Bay Formation 
show an ultrastructure that consists of an outer, electron-tenuous 
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Fig. 1 | Images of N. majensis microfossils. a, N. majensis (n = 16) from the 
McDermott Formation, Tawallah Supergroup, northern Australia. b, N. majensis 
(n = 22) from the Grassy Bay Formation, Shaler Supergroup, Arctic Canada.  
c, N. majensis (n = 13) from the BIIc6 Formation, Mbuji-Mayi Supergroup, DRC. 
One representative specimen for each formation. n, number of measured 
specimens. Scale bars, 50 µm.
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layer and a thin, dark layer surrounding a set of four to six uninter-
rupted, electron-dense concentric layers with sharp edges (Fig. 2c,d). 
The outer, electron-tenuous layer is sometimes poorly preserved and 
is underlain by a thin, dark layer, both forming the cell wall for a total 
thickness of up to 42 nm (Fig. 3a). The inner layers have thickness rang-
ing between 18 and 97 nm (Extended Data Figs. 1 and 2 and Extended 
Data Table 1), except for the larger, outermost, inner layer with a thick-
ness of approximately 200 nm (Fig. 3a). Larger layers (over 20 nm) 
probably correspond to merging of several membranes during burial, 
compression and diagenesis (Extended Data Fig. 1b). Moreover, larger 
layers have been observed in the modern cyanobacterium Spirulina 
major (PCC 6313), for which thylakoids may fill almost the whole cell 
with a 4.75–6.25-fold thicker subperipheral layer consisting of tightly 
stacked membranes29. All of these intracellular layers are concentric, 
uninterrupted and show a parietal arrangement (Fig. 2c,d). Such a 
lamellar architecture is similar to the arrangement of thylakoids in 
some cyanobacterial strains29 and potentially represents the most 
primitive architecture of thylakoids33. Here again, the more complex 

ultrastructure of the chloroplast is not observed for these specimens. 
The combination of thickness, electron density and parietal arrange-
ment of these inner layers is consistent with the presence of thylakoids 
preserved intracellularly within these fossil cells.

Raman microspectroscopic geothermometry shows that temper-
atures undergone by fossils in the diagenetic window were around 
181 °C for the Shaler fossils and about 188 °C for the Tawallah fossils, 
consistent with the respective geological contexts and evidencing 
their syngenicity (Fig. 4)26,40,47. Despite the darker brown colour of the 
organic wall of N. majensis from the Shaler Group (Fig. 1c,d) compared 
with the light brown Tawallah specimens (Fig. 1a,b), their outer wall 
thicknesses and ultrastructures are similar and thus differences in 
colour do not result from differences in wall thickness, ultrastruc-
ture or temperature. The low burial temperature, together with their 
taphonomy in clay-rich shales and their recalcitrant lipidic composi-
tion, may explain the preservation of intracellular structures such as 
thylakoids within recalcitrant cell walls. Organic-walled microfossils 
can be preserved compressed in shales as old as 3.2 Ga and withstand 
acid demineralization48. The ultrastructure of cell walls can be variably 
preserved within single Proterozoic specimens (for example, ref. 25) as 
observed here, and thylakoid membranes also withstand acid demin-
eralization of fossil Holocene mats38 and may show sharp edges com-
pared with ill- to well-defined cell walls following acetolysis of modern 
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Fig. 2 | TEM images of N. majensis from the McDermott Formation, Australia, 
and the Grassy Bay Formation, Canada. a,b, Specimen from the McDermott 
Formation, Australia (n = 2). a, Well-defined contorted layers are interpreted as 
thylakoids. Each thylakoid comprises one medium-electron-dense layer 
surrounded by two electron-dense layers. b, Another part of the section, 
showing the electron-light outer layer (red arrow) overlying the very thin dark 
layers (yellow arrow), interpreted as the cell wall. c,d, Specimen from the Grassy 
Bay Formation, Canada (n = 2). End of the specimen (c) and intermediate region 
of the specimen (d), both showing well-preserved layers separated by white 
linear spaces (lumen) and interpreted as thylakoids with their concentric and 
parietal arrangement. The hole in the centre is the intracellular space. Possible 
partitions are visible between thylakoids, some possibly merged during 
diagenesis and burial compression (see also Extended Data Fig. 1b). The 
electron-light outer layer (red arrow in c) overlying the very thin dark layers 
(yellow arrow in c) is interpreted as the cell wall. n, number of specimens 
observed by TEM. Scale bars, 200 nm (a,b), 500 nm (c,d).
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Fig. 3 | TEM images of N. majensis from the Grassy Bay Formation, Canada, 
and the BIIc6 Formation, DRC. a,b, Specimens from the Grassy Bay Formation 
(n = 2). a, The electron-light outer layer (red arrows) overlying the very thin dark 
layer (yellow arrows), both forming the cell wall; and the partition between 
stacked thylakoids, seen as lines of small, white holes. b, The complete 
transversal ultrathin section of a specimen, its length corresponding to 
microfossil width and its thickness corresponding to that of the flattened 
microfossil (Extended Data Fig. 4). c,d, Specimens from the BIIc6 Formation 
(n = 2). c, A homogeneous, medium-dense, inner layer surrounded by the outer 
wall. d, The outer wall comprises an electron-light outer layer (red arrow) that 
appears to be fibrous (black arrow) overlying the very thin dark layer (yellow 
arrow). Scale bars, 200 nm (a,d), 5 µm (b), 500 nm (c).
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and Mesozoic fossil cyanobacteria34. Such exquisite preservation and 
arrangement of intracellular membranes provide direct evidence for 
oxygenic photosynthesis, and the absence of chloroplast implies that 
N. majensis specimens from both formations represent cyanobacteria 
rather than algae.

By contrast, N. majensis specimens from the Mbuji-Mayi Supergroup 
differ markedly in their ultrastructure (Fig. 3c,d). These specimens 
show a homogeneous, electron-tenuous inner layer filling the vesicle, 
the cell lumen is not visible between the compressed walls and there 
are no distinctive inner layers such as in N. majensis specimens from 
the two other formations. This inner layer is 43–114 nm thick and is sur-
rounded by one thin, electron-dense layer that, itself, is surrounded by 
an electron-lucent layer. These two layers are interpreted as the cell wall, 
which shows variable thickness all around the section, ranging from 3 
to 66 nm, and appears locally fibrous or laminated where it is thicker 
(Fig. 3d). These observations are not consistent with the presence of 
inner stacked thylakoidal membranes. Raman palaeothermometry 
shows that the temperature undergone by these fossils was roughly 
207 °C, similar to or only slightly higher than that for the other studied 
localities, suggesting that these DRC specimens either might not have 
preserved thylakoids or might not have possessed them originally, or 
they may represent another microbial clade (Fig. 4).

Other interpretations of Navifusa spp.
Navifusa morphospecies gather dozens of microfossils with similar 
morphology and variable size, with a stratigraphic range from the Pal-
aeoproterozoic to the Carboniferous39,49. Such ellipsoidal or cylindrical, 
smooth-walled, unornamented form is very simple and widespread in 
a large number of clades such as bacteria, microalgae and other pro-
tists, or fragmented eukaryotic multicellular organisms. This makes 
the interpretation of Navifusa microfossils ambiguous22 because it 
could represent distinct lineages among prokaryotes and eukaryotes. 
The morphogenus Navifusa presents a morphology similar to that of 
other microfossils called Archaeoellipsoides39 that are preserved silici-
fied tridimensionally in chert50. These silicified microfossils are com-
monly interpreted as akinetes when associated with short trichomes 
interpreted as resulting from akinete germination51,52, but see ref. 22. 

Akinetes are specialized dormant cells of nostocalean cyanobacteria 
produced under harsh environmental conditions53. One Devonian 
Navifusa species shows a longitudinal and trochospiral excystment 
structure and was interpreted as a eukaryotic alga49. Some larger Pro-
terozoic specimens (300–550 µm long and 190–375 µm wide) were 
interpreted as probable eukaryotes54. Although the morphology and 
size of Navifusa spp. are coherent with several interpretations, the 
cellular ultrastructure permits discrimination of these hypothetic 
taxonomic placements. Indeed, modern cyanobacterial akinetes show 
an ultrastructure different from that observed in our fossil material55, 
with a cell wall surrounded by a multilayered extracellular envelope 
of varying electron density56 and reduced thylakoids55. However, the 
layers of the envelope may differ between species of cyanobacteria 
because in some strains the akinete envelope is an extracellular poly-
saccharidic matrix covering a thin glycolipid layer55,56. Such akinete 
ultrastructure clearly differs from that exhibited by the fossil specimens 
of the Shaler Supergroup and Tawallah Group studied here, which do 
possess well-developed inner layers interpreted as thylakoids with 
similar electron density and thickness but no multilayered extracel-
lular envelope. Moreover, some modern cyanobacterial species have 
an ellipsoidal morphology similar to N. majensis with large dimen-
sions, such as Cyanothece major (30–70 × 28–52 µm2) or Cyanothece 
aeruginosa (10–50 × 10–38 µm2)7.

Implications of preserved thylakoids
Although thylakoid arrangements do not permit pinpointing of a 
specific clade of cyanobacteria due to convergence within this clade, 
a parietal arrangement was proposed as the earliest to appear in 
thylakoid-bearing clades29. The discovery of preserved thylakoids in 
N. majensis from both the Shaler Supergroup and Tawallah Group pro-
vides direct evidence for oxygenic photosynthesis, for a cyanobacterial 
affinity and for a metabolically active vegetative cell rather than a cyst 
(akinete) stage for these specimens. As illustrated by the difference in 
ultrastructure of Navifusa specimens from the three geological suc-
cessions despite similar morphologies, ultrastructural analyses of 
enigmatic microfossils, although scarcely applied, is a powerful tool for 
deciphering their palaeobiology, metabolism and taxonomic identity.
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The fossiliferous levels of the (approximately) 1.75 Ga McDermott  
Formation studied here were deposited in anoxic, shallow-marine-to- 
evaporitic coastal environments based on sedimentology and trace 
elements and mineralogical palaeoredox proxies40,47. Our study pro-
vides direct evidence for the presence of metabolically active cyano-
bacteria performing oxygenic photosynthesis. It implies that the 
well-preserved microfossil record might capture low-concentration 
or local or short-term oxygenation events that are difficult to detect 
by geochemical proxies. Indeed, the detection limit of the latter, or the 
lack of temporal and spatial resolution of the averaging sedimentary 
record or balance between the biological source and sink of oxygen, 
might impede the recognition of oxygen traces in the rock record. 
Our approach thus offers a new, highly sensitive and complementary 
redox proxy for probing micro-oxic oases on the early Earth, where 
eukaryogenesis may have taken place close to oxygen-producing cyano-
bacteria and where early eukaryotes diversified57,58. Our study findings 
also imply that ultrastructural analyses of early fossil protists might 
show the presence of thylakoids enclosed in chloroplast and help to 
constrain the timing of plast endosymbiosis and the early evolution 
of eukaryotic algae.

The discovery of preserved thylakoids within N. majensis reported 
here provides direct evidence for a minimum age of about 1.75 Ga for 
the divergence between thylakoid-bearing and thylakoid-less cyano-
bacteria. By probing the older fossil record, it may also allow testing of 
the hypothesis that the emergence of thylakoid membranes may have 
contributed to the rise in oxygen around the GOE, and to the permanent 
oxygenation of the early Earth. We predict that similar ultrastructural 
analyses of well-preserved microfossils might expand the geological 
record of oxygenic photosynthesizers, and of early, weakly oxygenated 
ecosystems in which complex cells developed.
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Methods

Sample preparation and extraction of microfossils
Fossil specimens were obtained from (1) the Kanshi SB13 drill core, 
BIIC Formation, DRC (detailed log and geology in ref. 42; datings in 
ref. 41); (2) outcrop sample 15RAT-021A1, Grassy Bay Formation, Shaler 
Supergroup, Canada (detailed log and geology in ref. 26); and (3) the 
GSD7 core, McDermott Formation, Tawallah Group, Northern Terri-
tories, Australia (detailed log and geology in ref. 40). Microfossils of  
N. majensis were extracted from their shale matrix following a proce-
dure modified from Grey60. This modified procedure avoids centrifuga-
tion that could damage microfossils. Rock samples were cleaned and 
crushed before undergoing acid treatment. First, crushed samples 
were bathed in HCl 35% to remove carbonates then in a HF 60% bath to 
remove silicates and finally in hot HCl to remove neoformed fluorides. 
Organic residues were filtered and stored in Milli-Q water. These macer-
ates were then used to prepare samples for electron microscopy and 
Raman microspectroscopy. All figures in the manuscript were created 
using Inkscape software 1.1.2.

TEM
Six isolated microfossils (two each from the Shaler and Mbuji-Mayi 
Supergroups and the Tawallah Group) were pipetted under a Nikon 
Eclipse Ts2 inverted microscope and then embedded in 1% agarose. 
Agarose cubes containing microfossils were dehydrated in a graded 
ethanol series of 70, 90 and 100%. Following dehydratation, microfos-
sils were progressively included within Spi-Pon 812 resin (ARALDITE/
EMbed EMBEDDING KIT, Mollenhauer Formula, catalogue no. 13940). 
Resin inclusion started with two successive baths of propylene oxide, 
followed by a bath in a mix of propylene oxide and Spi-Pon 812 resin 
(1:1) and then a final bath in pure resin. Finally, microfossils in pure 
resin were heated over 2 days at 60 °C. No difference was observed 
between stained and unstained specimens. The resulting blocks were 
cut into transversal, ultrathin sections with an ultramicrotome Leica 
EM UC7 and these were then deposited on formvar-covered copper 
grids for observation. Samples were observed using a TEM Tecnai Spirit 
T12 with a voltage of 120 kV (M4I Division of Nanoscopy, University of 
Maastricht, The Netherlands).

Raman microspectroscopy
Three microfossils (one specimen from each geological formation) 
were pipetted under a Nikon Eclipse Ts2 inverted microscope, depos-
ited on ZnSe plates and air-dried for 24 h. They were then analysed using 
a Renishaw Invia Raman microspectrometer with an Air-ion-40 mW 
monochromatic 514 nm laser source (Early Life Traces & Evolution– 
Astrobiology Laboratory, University of Liège, Belgium). The laser was 
focused using an objective of ×100 to obtain a spot size of 1–2 µm. 
Spectra were acquired in static mode, enabling a range from 1 to 
2,000 cm−1 with a spectral resolution of 4 cm−1 and centred at 1,150 cm−1. 

Acquisitions were acquired at a laser power of 0.1%, an integration time 
of 1 s and using a 1,800 l mm−2 grating that illuminates a charge-coupled 
device array detector of 1,040 × 256 pixels. Map spectra were finally pro-
cessed with Renishaw Wire 4.2 software and RStudio 4.1.1 software. The 
thermal maturity of the kerogenous walls of specimens was estimated 
using the Raman reflectance method previously described59. Basic 
statistics (means and s.d.) were calculated using Microsoft Excel 2016.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
All raw data are deposited in ULiege institutional open archive ORBi 
and can be accessed at https://hdl.handle.net/2268/308458. The folder 
‘morphometry’ contains a table with measurements of microfossil 
lengths and widths; the folder ‘Raman_RawData’ contains raw maps; 
the folder ‘Raman_TreatedData_Temperatures’ contains tables with 
the treated data used to obtain temperatures (palaeothermometry - 
Raman reflectance T°C Rmc Ro); the folder ‘Raw_TEM_images’ contains 
raw TEM images of microfossil ultrastructure with scales. All tables 
are in .txt format.
 
60. Grey, K. A modified palynological preparation technique for the extraction of large 

Neoproterozoic acanthomorph acritarchs and other acid-insoluble microfossils. Western 
Australia Geological Survey, Record 1999/10 (1999).
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Extended Data Fig. 1 | TEM pictures of a specimen of Navifusa majensis, from 
the Grassy Bay Formation (Shaler Supergroup, Canada). Pictures a, c and d 
show the width and limits of each layer interpreted as stacked thylakoidal 
membranes that were measured. Measurements are compiled in Extended Data 
Table 1 below. Picture b is a zoom of the section through the microfossil rounded 

end in a (black box). The parietal arrangement is clearly visible (dotted black 
lines), as well as the variable thicknesses of stacked thylakoidal membranes, due 
to merging of several thylakoids during burial, compression and diagenesis, 
dotted yellow lines show possible limits of several layers in the ticker one. These 
TEM pictures are from the same specimen illustrated in Fig. 2c,d; 3a,b.



Extended Data Fig. 2 | TEM pictures of the second specimen of Navifusa 
majensis from the Grassy Bay Formation (Shaler Supergroup, Canada). 
Pictures a and b show some positions where thickness of layers were measured 
and clearly illustrate the limits of each layer interpreted as stacked thylakoidal 
membranes. Measures are summarized in the Extended Data Table 1 below. 
Picture c shows knife marks (dotted lines) creating artefacts on ultrathin 

sections. These knife marks are clearly distinguishable from limits of stacked 
thylakoidal layers. Picture c also shows that on a same ultrathin section, the 
limits between layers may be less clear, due to merging during burial and 
compression. n = 2 N. majensis for Grassy Bay Formation. “n” represents the 
number of specimens observed by TEM.
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Extended Data Fig. 3 | TEM picture of a specimen of Navifusa majensis from 
the McDermott Formation (Tawallah Group, Australia). This picture shows 
the positions where the thylakoidal membranes are measured. Measurements 

are compiled in table S4 below. n = 2 N. majensis for McDermott Formation.  
“n” represents the number of specimens observed by TEM.



Extended Data Fig. 4 | Schematic drawings showing how compressed 
microfossils were cut transversally for TEM observations. a represents a 
whole flattened specimen of Navifusa majensis, with transversal section shown 
(black line). b represents a transversal TEM ultrathin section through the 

microfossil. The length of the ultrathin section in b corresponds to the width of 
the microfossil (red line in a and b), while the thickness of the ultrathin section 
corresponds to the thickness of the compressed microfossil (T in a and b).  
L: length of the whole microfossil; W: width; T: thickness.
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Extended Data Table 1 | Measurements of thickness of layers interpreted as stacked thylakoids in Navifusa majensis from 
both Shaler Supergroup (Extended Data Figs. 1 and 2) and Tawallah Group (Extended Data Fig. 3)
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