
Becker-Kerber et al., Sci. Adv. 11, eadw7879 (2025)     29 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 16

P A L E O N T O L O G Y

The rise of lichens during the colonization of 
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The origin of terrestrial life and ecosystems fundamentally changed the biosphere. Lichens, symbiotic fungi-algae 
partnerships, are crucial to nutrient cycling and carbon fixation today, yet their evolutionary history during the 
evolution of terrestrial ecosystems remains unclear due to a scarce fossil record. We demonstrate that the enig-
matic Devonian fossil Spongiophyton from Brazil captures one of the earliest and most widespread records of li-
chens. The presence of internal hyphae networks, algal cells, possible reproductive structures, calcium oxalate 
pseudomorphs, abundant nitrogenous compounds, and fossil lipid composition confirms that it was among the 
first widespread representatives of lichenized fungi in Earth’s history. Spongiophyton abundance and wide paleo-
geographic distribution in Devonian successions reveal an ecologically prominent presence of lichens during the 
late stages of terrestrial colonization, just before the evolution of complex forest ecosystems.

INTRODUCTION
The colonization of land and the subsequent evolution of complex 
land ecosystems was one of the most marked evolutionary events in 
the history of life. This process has markedly affected both land and 
marine settings, contributing to drawdown of atmospheric CO2, in-
creased weathering and nutrient input to oceans, soil development, 
and the evolution of major groups of terrestrial animals (1). Early 
plants are well-known to have been central to the colonization of 
land, particularly producing the first cryptogamic ecosystems (2). 
The earliest evidence of basal embryophytes occurs as cryptospores 
by the Middle Ordovician (3, 4), while macrofossils of early vascular 
plants appear in Silurian deposits (5). However, the role and pres-
ence of lichens during certain steps of the terrestrialization process 
remain unclear (6), although this group is a major component of 
modern cryptogamic covers.

According to some molecular clock estimates, modern lichen 
lineages did not evolve before vascular plants, based largely on cali-
brations using well-preserved Cenozoic amber fossils (6). Although 
crown-group embryophytes and crown-tracheophytes likely pre-
ceded the emergence of lichenized fungi, the rarity and ambiguous 

preservation of early lichen-like fossils provide little insight into this 
critical step in the evolution of terrestrial biota (7, 8). The fossil re-
cord of lichens is notably poor, despite their ecological importance 
in modern terrestrial environments. Older occurrences are scarce 
and challenging to interpret, largely due to not only lack of pre-
served diagnostic features but also their gross morphology being 
similar to many different modern groups of organisms (7).

Among the Paleozoic candidates, Spongiophyton stands out as an 
abundant and widespread genus with long-lasting enigmatic affini-
ties. It was suggested to have a lichen nature by some authors (9–11), 
but it is mostly regarded as an alga or early nonvascular plant (12–
14). Recent chemical investigations of Spongiophyton suggested 
similarities with both bryophytes and lichens (15), although most 
infrared absorption bands reported reflect mineral contamination 
(see the Supplementary Materials). Spongiophyton is a millimeter 
wide fossil with dichotomously branching and dorsiventrally orga-
nized thalli composed of a poral and aporal surface. These fossils are 
usually preserved as thick carbonaceous compressions, often called 
“cuticles.” Here, we studied abundant and well-preserved carbona-
ceous remains of Spongiophyton from Early Devonian [~410 million 
years (Ma)] rocks of Brazil. We use multiple advanced synchrotron 
radiation (SR) and laboratory-based methods to thoroughly investi-
gate the morphology, chemistry, and mineralogy of Spongiophyton.

RESULTS AND DISCUSSION
Morphology
The studied material consists of specimens of Spongiophyton nanum 
(Figs. 1 to 3) from the Pragian-Emsian Ponta Grossa Formation in 
the Paraná Basin of Brazil. The fossils were found as a connected 
mass of abundant thalli showing a broadly semiradial distribution 
of its elements (Fig. 2A). The thalli are 2.7 mm wide and a few cen-
timeters long and bear pores of 214 μm in maximum width (133 to 
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Fig. 1. Morphology and internal structures of S. nanum. (A) Isolated fragment of the thalli showing upper surface with pores. (B) Fragment under transmitted light. 
(C and D) Anastomosing hyphae. (E) Hypha with septum (sep). (F) Stereomicroscope image of the upper surface with open (op) and closed pores (cp). (G) Hyphae associ-
ated with and branching toward photobiont cells and cell packages. (H) Putative asci- or conidium-like structures (white arrows) and possible spores (black arrow). (I) Cells 
and cell packages. (J and K) Swollen cells (sc). (L and M) Thin sections with longitudinal cuts illustrating the outermost upper layer (ol) on the upper surface.
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303 μm; data S1). In a few cases, the pores appear covered by a domed 
layer or cap-like structure (Figs. 1F and 2B).

Fine (≤6 μm) outermost layers are observed in thin sections 
(Fig. 1, L and M), with no discernible cellular structure. The out-
er layers of the poral surface are usually thicker and more com-
monly preserved than the outer layers of the aporal surface (Figs. 1, 
L and M; and  2, E and F). Most thalli elements show internal 
networks of hyphae (Figs. 1, C to E, 2, G to J, and 3, D to F; and 
fig. S1) that are 2.12 μm in mean diameter (n = 157). Most hy-
phae run roughly parallel to each other and to the surface of the 
thalli, although different orientations are present (fig. S1A). Sep-
ta (Fig. 1E and fig. S1F), swollen cells (Fig. 1, J and K), and putative 

reproductive structures associated with spore-like features are also 
present (Fig. 1H).

The hyphae often occur closely associated with large spherical 
cells or cell clusters (5 to 37 μm) (Figs. 1, G and I, 2, G to J, and 3). 
In optical microscopy, these cells occur close to the poral surface 
outer layers or even at the surface of the thalli if this outer layer is 
not preserved. Similarly sized but apparently compressed cellular 
packages are visible just below the poral surface in SR nanotomog-
raphy (SR-nanoCT) images (Fig. 3, B to D).

Although the remains of S. nanum were transported to an offshore 
marine setting (see the Supplementary Materials), all the thalli ele-
ments exhibit a consistent orientation of the poral surface (Fig. 2A). 

Fig. 2. Thalli disposition and internal cellular structures. (A) Slab with S. nanum connected thalli elements showing their distribution on the bedding plane. (B) Optical 
microscope image showing open and closed pores (arrow). (C) Slice from SR-nanoCT in the region of an open pore showing remnants of the former cover. (D) Poral cover-
ing remnants observed by transmitted light. (E and F) Bright yellow algae and dark yellowish green thalli under reflected fluorescence light. (G to J) Photobiont cells and 
cell packages strongly associated with hyphae networks.
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This uniform orientation suggests that the thalli preserve their origi-
nal growth mode, rather than representing fragments entangled dur-
ing transport. Their arrangement, combined with their dorsiventral 
organization, suggests a prostrate, creeping habit, as previously sug-
gested to Spongiophyton minutissimum (13). However, no attachment 
structures could be observed. The covering of the pores in S. nanum 
suggests that these structures were originally closed and later opened 
either during ontogeny or due to taphonomy. Raised borders and bro-
ken remnants further confirm this interpretation (Fig. 2, C and D). 
These features show analogies with the reported ontogeny of pseudo-
cyphellae in modern lichens (16, 17). Although pores in Spongiophyton 
may not have been pseudocyphellae (11), they suggest a similar on-
togeny and physiological role, such as gas exchange.

The observation of outer layers, especially on the poral, presum-
ably upper surface, suggests that Spongiophyton originally had up-
per and lower cortex-like structures, which likely lost a recognizable 
cellular organization. This indicates a more stratified construction 
of the thallus than previously thought. The absence of these layers 
locally (Figs. 1M and 2F) may be due to decomposition or detach-
ment before fossilization. Notably, similar features have been ob-
served in taphonomic experiments on modern lichens subjected to 
compression and thermal alteration, where a layered anatomy per-
sisted despite the loss of visible cellular detail (18).

The internal anatomy of S. nanum is highly reminiscent of modern 
lichens, with networks of anastomosing, dichotomously branching 

hyphae that are similarly orientated relative to the surface of the 
thalli (Figs. 1 to 3 and fig. S1) and comparable micrometric diame-
ter; the latter characteristic refutes affinities with actinobacteria, 
in which the filaments are usually <1 μm (8, 19). The presence of 
septa is reported in the hyphae of S. nanum, but they are not always 
conspicuous, likely due to preservation. Alternatively, these hyphae 
might have been irregularly septate. Putative reproductive struc-
tures (asci- or conidia-like features) associated with spore-like for-
mations were also observed in the Devonian fossils (Fig. 1H), but 
they are noticeably smaller than the asci of modern lichens and their 
nature remains uncertain and should be further investigated.

Swollen hyphae are common components of endolithic lichens 
(20), although being also found in saxicolous forms (21). On the 
other hand, the large spherical cells are similar in size and morphol-
ogy to the cells and cell packages of modern chlorophyte photobi-
onts (22). Last, the hollow space bounded by the upper and lower 
layers in Spongiophyton (Figs. 1, L and M, and 2) was previously 
interpreted as the nonpreserved medulla of a lichen (11), but com-
parisons can also be drawn with modern lichens with hollow me-
dullas, such as Menegazzia and Hypogymnia (23, 24). Overall, the 
anatomy of S. nanum shows notable similarities to modern lichen-
ized fungi, but no feature provides clear evidence of affinities with 
either Ascomycota or Basidiomycota. This may indicate that it rep-
resents a particularly early diverging form of lichenized fungi with 
no representatives today.

Fig. 3. SR-nanoCT 3D surface rendering of S. nanum. (A) External surface showing an open pore. (B and C) Translucent image of the same sample with the distribution 
of internal structures. (D) Internal photobiont cells (green) and hyphae (white). (E) Plane view of internal hyphae in another specimen with photobiont cells (green). 
(F) Perpendicular view of (E). Scale bars, 500 μm (A), 400 μm [(B) to (D)], 100 μm (E), and 50 μm (F).
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Biomineralization
Chemical mappings of nano x-ray fluorescence (nanoXRF) (Fig. 4 
and fig.  S2) and energy-dispersive spectroscopy (EDS) (fig.  S3, D 
and E) show numerous calcium-rich microparticles (~1 to 5 μm) 
inside the organic material predominantly composing the fossilized 
remains of S. nanum, often arranged in layers closer to the outer 
surfaces. These Ca-rich particles are euhedral and show bipyramidal-
prismatic morphologies (see the Supplementary Materials). Zn-rich 
microparticles are locally present as well (Fig.  4E). Unexpectedly, 
the hyphae are also preserved as a Ca-rich material (Fig. 4, A and D, 
and fig. S2A). Laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) and time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) (fig. S5 and data S1) confirm the elevated Ca 
concentrations, while Fourier transform infrared (FTIR) spectros-
copy, microFTIR, synchrotron x-ray diffraction (SR-XRD), and pair 

distribution function (PDF) show their calcite mineralogy, possibly 
with a nanocrystalline structure (figs. S3 and S4, F, G, I, J, and M; see 
also the Supplementary Materials). Several pyrite peaks were identi-
fied in the diffractograms, and the presence of pyrite inclusions is 
evident (Fig. 4B and figs. S1, G and H, S3, A and D, and S4C).

Modern lichens are well-known to produce biominerals inside and 
on the surface of their thalli (25), the most common being calcium 
oxalate (CaOx), although calcite and other minerals were also report-
ed (26). Unlike particles incorporated from the environment, oxalates 
and, sometimes, calcite can be biomineralized by lichens, even on 
noncalcareous substrates (26, 27). Despite their composition sugges-
tive of low-magnesium calcite, the morphology and size of the calcite 
particles inside S. nanum are similar to bipyramidal and bipyrami-
dal prismatic crystals of weddellite, a polymorph of CaOx observed in 
lichens (28) (see the Supplementary Materials). CaOx is also found 

Fig. 4. SR-nanoXRF and microFTIR chemical maps showing calcite particles and calcite-preserved hyphae and Zn microparticles. (A to E) SR-nanoXRF of a longi-
tudinal section of S. nanum, perpendicular to its surface, showing Ca (A), Fe (B), and Zn (C) maps, and respective insets for Ca (D) and Zn (E). (F) MicroFTIR map in the car-
bonate stretching vibration region. us, upper surface; hy, hyphae.
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covering the walls of hyphae in modern lichens (29), in a notable sim-
ilarity to the calcite-preserved hyphae here (Fig. 4, A and D). The fact 
that CaOx is no longer present is not unexpected because it is usually 
not preserved in the geological record (30). The occurrence of calcite 
microparticles (formerly, CaOx) forming layers (Fig. 4, A and F; and 
figs. S1, A and B, and S3D; see the Supplementary Materials) closer to 
the outer surfaces of S. nanum resembles CaOx layers deposited on 
the surface or even inside the upper cortex of lichens growing in envi-
ronments with intense light (31). This is suggested to act as a protec-
tion against irradiance oxidative stress by increasing surface albedo of 
the thallus (31). To our knowledge, this is the first evidence of biomin-
eralization in macroscopic fossil fungi and provides convincing com-
plementary evidence for the lichen nature of these fossils. The local 
occurrence of Zn may also represent metal incorporation through 
biomineralization or particle entrapment (see the Supplementary 
Materials). The calcite-preserved hyphae, localized distribution of cal-
cite microparticles, the lack of long-range order in calcite, and com-
plete lack of calcite sediments/cements in the host rock all indicate a 
diagenetic origin after CaOx (please see the Supplementary Materi-
als), rather than incorporation of calcite clasts before the final burial of 
the organism. On the other hand, pyrite inclusions are ubiquitous in 
kerogens and carbonaceous fossils, being simply a by-product of de-
composition by sulfate-reducing bacteria. The pyrite inclusions dif-
fer in size, morphology, and distribution from the photobiont cells 
observed here.

Molecular composition of Spongiophyton 
carbonaceous matter
Elemental analysis (EA), organic petrography, x-ray photoelectron 
spectroscopy (XPS), and Rock-Eval show a high hydrogen and very 
low oxygen content for the fossilized remains of Spongiophyton. 
These results classify S. nanum organic matter as immature to slight-
ly mature kerogen type I (Fig. 2, E and F, and data S1; see the Supple-
mentary Materials). The high hydrogen content is reflected in the 
high aliphatic component in results from FTIR (fig. S6A), SR-XRD, 
PDF, and 13C solid-state nuclear magnetic resonance (13C SS-NMR), 
with aromatic and aliphatic fractions of 24 and 75%, respectively 
(data S1). Despite the low oxygen content, FTIR, XPS, and 13C SS-
NMR reveal C─O, C═O, and O═C─O signals, with a lower content 
for the latter (data S1). Nitrogen functional groups appear in FTIR 
and 13C SS-NMR (fig. S6; see the Supplementary Materials), the for-
mer with a band near 1633 cm−1 (C═O in amides), and a convoluted 
band near 1564 cm−1 (C─N and N─H). Last, a FTIR band near 
1513 cm−1 is here assigned to secondary aromatic amines (see data 
S1 for detailed assignments) (32).

The nitrogen content in the Devonian fossils is substantial, 
around 2.7 wt % (C/N = 28). ToF-SIMS in negative ion spectrum 
confirms this high N content, with CN− being the second largest 
peak (Fig. 5E and data S1). Other peaks can be attributed to N con-
tent, such as C2N−, CNO−, C3N−, and C5N−. XPS also shows the 
presence of amines (~25%), pyridines (~24%), and pyrroles/amides 
(~24%) (Fig. 4B; see the Supplementary Materials). X-ray absorp-
tion near-edge structure (XANES) at the N K-edge corroborates the 
presence of pyridines and pyrroles (or pyridones) (fig. S6C). Alkyl-
pyridines are among the most abundant pyrolysis products of the 
remains of S. nanum (Fig.  5F). Stable isotope measurements for 
δ15N resulted in mean values of +3.48 per mil (‰; data S1).

These nitrogen and oxygen functionalities can show spatial varia-
tions in the fossilized thalli of S. nanum. MicroFTIR mapping shows 

higher intensities of the C─N/N─H vibrations (1500 to 1600 cm−1) 
toward the interior of the thalli, while the vibrational region of C═O 
(1700 to 1800 cm−1) shows slightly higher intensities toward the 
outer surfaces (Fig. 5, C and D; and fig. S4, K to M), broadly corre-
sponding to chemical differences seen by multispectral lumines-
cence microscopy (fig. S6, D to F) and the location of the outer layers 
identified in thin sections.

Biomarker investigation of Spongiophyton revealed the presence of 
different hopanes for the fossil and host rocks. Among n-alkanes and 
waxes, the fossil extract and pyrolysate showed maxima at n-C15 and 
n-C14, respectively, with a rapid decline toward higher homologs. This 
contrasts with the abundant odd-carbon numbered n-alkanes in the 
C21-37 range in the rock matrix reminiscent of cyanobacterial or algal 
sources (fig. S7; see the Supplementary Materials).

The classification of Spongiophyton carbonaceous matter as kero-
gen type I, with very low oxygen content, suggests that terrestrial 
plants are unlikely precursors. This type of kerogen is usually inter-
preted as resulting from lacustrine algal matter (33). S. nanum also 
shows lower contributions of C═O (relative to aliphatics) than most 
previous studies on plant leaves [e.g., (34); see also the Supplemen-
tary Materials] and lower oxygen and carboxyl/ester (relative to 
other carbonyls) content than early land plants (35).

The nitrogen compounds and their abundance also argue against af-
finities with early plants. More specifically, the amine-rich Spongiophyton 
kerogen indicates an original composition that was different from 
free-living algal and plant organic matter. More commonly studied 
immature kerogens often show much lower, or insignificant, amine 
content (36). The abundance of pyridines has, to our knowledge, 
never been observed before in fossil pyrolysates. Based on the uni-
form nature, simple distribution, and high relative abundance of the 
pyridines, as well as the absence of other major N-containing py-
rolysis products, it is likely that the precursor was a polymer with 
a single type of reactive N moiety, such as chitin, or, more likely, 
chitosan after the degradation of chitin, without multiple different N 
functionalities as found in nucleic acids or proteins.

Higher oxygen-containing moieties toward the surface indicate the 
former presence of secondary metabolites, such as polyketides and phe-
nolic compounds. Modern lichens can have spatial allocation of sec-
ondary metabolites, such as usnic acid concentrated in cortical areas 
(37). Small peaks in the ToF-SIMS positive ion spectra can be attributed 
to fragments of phenolic compounds (data S1). Spherical regions with 
high C─N/N─H intensities within the thallus of S. nanum (fig. S4E) 
may correspond to remnant pockets of chitin/chitosan-derived com-
pounds or even be related to photobiont chemistry because amide moi-
eties have been found in algaenan and alginite (38).

The δ15N signatures may have implications for N sources and 
S. nanum photobionts. For instance, more positive values are observed 
in lichens growing in coastal areas, where they are influenced by marine 
breeze (39). Lichens growing in proximity to the sea show similar isoto-
pic composition to particulate organic matter in the ocean (40), which 
is likely the case here (data S1), where the organisms had riparian habits 
but got transported into marine settings by the deltaic system. More-
over, lichens with N2-fixing photobionts show slightly negative δ15N 
values closer to 0‰ (41), reinforcing the interpretation of S. nanum 
photobionts as chlorophytes rather than cyanobacteria.

The different hopane (molecules produced by bacteria) homologs 
that occur in the matrix and the fossil indicates that specific bacteria 
degraded Spongiophyton biomass and/or lived in symbiosis with it 
(see the Supplementary Materials). The n-alkane composition of 
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Spongiophyton is thus markedly different from the aquatic matrix and 
also from typical wax coatings of most land plants. Based on the high 
relative abundance of hopanes in Spongiophyton, it is likely that any wax 
coating and original fatty acids were aerobically degraded by bacte-
ria before permanent burial. Intense aerobic reworking of the original 
lipid content is also consistent with low relative abundances of fun-
gal and plant steranes (table S1) (42).

Spongiophyton lichenized nature and implications 
for terrestrialization
A lichenized structure in Spongiophyton was repeatedly proposed in 
the past (9–11) based on structure, especially the claimed presence 
of hyphae, gross morphology, ultrastructure, and isotopic composi-
tion. However, the hyphae were not illustrated in these works, and 
the observed δ13C ranges proved to be not specific to lichens (14). 

Fig. 5. Chemical composition of S. nanum. (A) deconvolution of transmission FTIR spectra in the region of C═O, C═C, and C─N. (B) Fitting of N1s XPS spectrum. (C) Su-
perposed MicroFTIR chemical maps. (D) Spectra from the points arrowed in (C), showing differences in the C─N/N─H (green) and C═O (red) integrated areas. au, arbitrary 
units. (E) ToF-SIMS spectra in negative ion mode with peaks assigned to N-containing fragments. (F) GC-MS full-scan chromatogram of the polar fraction of S. nanum py-
rolysate highlighting the relative abundances of straight-chain alkyl pyridines, alcohols, and ketones.
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Notably, internal structures resembling hyphae have been illustrated 
in other occurrences of Spongiophyton around the world, including 
plate 1, figures 7 and 8 of (28); plate 124, figures 1 and 2 of (26); and 
text and figure 5D of (29), although their possible fungal nature 
was either dismissed or not addressed. The repeated occurrence of 
hyphal-like structures in Spongiophyton from geologically distinct 
environments speaks against a postmortem colonization by fungi 
decomposers, particularly given that these fossils are preserved as 
compressions rather than permineralization. A saprotrophic nature 
is further contradicted by the orientation of these hyphae to each 
other and to the surface, their preservation as calcite after CaOx, 
and their co-occurrence with CaOx microcrystal layers, which are 
all observations congruent with lichenization. If belonging to sapro-
trophic or parasitic fungi, then the hyphae would also show a ran-
dom distribution, with radiating outward patterns from locations 
of colonization/infection. In summary, hyphae are neither rare nor 
random in Spongiophyton, and a saprophytic origin for them is 
highly unlikely.

The close association of the hyphae with the round cellular struc-
tures, here, interpreted as the symbiotic algae, also strongly refutes 
the hypothesis of the hyphae simply being some type of saprotro-
phic fungi. Similar round cellular structures have been reported in 
Spongiophyton from other geological units (11, 43), although their 
identity remains uncertain. In our material, the round cellular struc-
tures occur near the surface of the thalli, supporting their identifica-
tion as symbiotic algae rather than degraded plant cells or large 
spores. These round cells and cell packages are isolated within the 
thalli of Spongiophyton, a clear departure from the closely packed 
structural or photosynthetic tissues of macroscopic red and green 
algae and bryophytes. A remaining alternative hypothesis would be 
that these round structures are remains of spherical minerals. How-
ever, the only spherical minerals inside Spongiophyton thalli are py-
rite framboids, which are different in size and shape from the round 
cellular structures.

Adding to the extensive morphological information of Spongiophyton 
considered above, it is important to note that CaOx precipitation 
is not commonly observed in algae and bryophytes (44). Although 
CaOx may be common in vascular plants, Spongiophyton was clearly 
not a vascular plant, as demonstrated since the earliest studies. Fur-
thermore, we report the presence of abundant nitrogen functional 
groups in this fossil, alongside with mass spectrometry (MS) data 
that show no compositional similarities to algal or plant matter. Pre-
vious works suggested higher nitrogen content based on simple EA 
(43). Chaloner et al. (43), however, cautioned against using these 
elemental results to infer an original chitin composition, arguing that 
graptolites have been shown to have high nitrogen content derived 
from scleroproteins. However, unless considering Spongiophyton 
as a metazoan, this concern is of no assistance to understanding 
Spongiophyton chemistry. Recently, Gaia et al. (15) attempted to in-
vestigate Spongiophyton fossils using EDS and FTIR. However, this 
attempt was flawed in multiple fundamental ways: (i) EDS is an un-
suitable method for analyzing the chemistry of kerogen from carbo-
naceous fossil materials; (ii) their interpretations of EDS results are 
inconsistent; and (iii) absorption bands indicative of mineral con-
tent were misidentified as organic signals (see the Supplementary 
Materials). These issues misled them to claim that bryophyte and 
lichen affinities were equally plausible [page 9 of (15)].

Unlike Spongiophyton, other mid-Paleozoic fossils with proposed 
lichenized nature are known from isolated occurrences (8, 45). These 

include Chlorolichenomycites devonicus and Cyanolichenomycites 
salopensis, both described on the basis of single specimens from the 
~415-Ma Ditton Group and interpreted as charred fragments of het-
eromerous lichens (45). Their lichenized nature, however, has been 
subject to recent reconsideration [see supporting information in 
(6)]. The evidence for photobionts in these taxa consists of inclu-
sions of framboidal pyrite or pseudomorphs after it. While it re-
mains possible that these inclusions represent mineral artifacts rather 
than true photobionts, the heteromerous organization and other 
anatomical structures still provide strong support for a lichenized 
affinity. Winfrenatia reticulata from the Rhynie cherts (46, 47) rep-
resents another good lichen candidate [but see (7)]. Other (more 
dubious) Paleozoic possible lichens include the widespread nemato-
phytes (48, 49) with their tubular constructions, which lack evi-
dence of photobionts. A comprehensive review of putative fossil 
lichens is beyond the scope of this work, especially because thor-
ough reviews are already available (2, 7). Nonetheless, we consider 
that S. nanum adds to a growing body of evidence that lichens may 
have been present among these early-middle Paleozoic enigmatic 
thalloid forms, highlighting the importance of cryptogamic covers 
during terrestrialization, especially at high latitudes (Figs. 6 and 7). 
After a ~250-Ma hiatus (7, 50), fossil lichens are found in Mesozoic 
and Cenozoic deposits, where their lichen nature is typically in-
ferred from macroscopic morphology.

Our data provide strong evidence that Spongiophyton was one of 
the earliest lichenized macroscopic fungi and a dominant compo-
nent of Devonian cryptogamic covers (Fig. 7). Regardless of its pre-
cise phylogenetic placement within fungi, our results confirm that 
the symbiosis between terrestrial heterotrophic fungi and photosyn-
thetic eukaryotic algae has already evolved by the Early Devonian. 
These early lichens were widespread (Fig. 6) and commonly present 
in some Devonian successions (13). As other organisms in crypto-
gamic covers (2), lichens are stress-tolerant organisms (51) and can 
survive in harsh environments on Earth. As such, they may have 
acted as pioneer organisms in habitats still unsuitable for early land 
plant colonization, creating proto-soils (52) and biomass that would 
set the stage for the expansion of terrestrial plants and animals.

The evolution of complex terrestrial ecosystems was a long, step-
wise, and phylogenetically diverse evolutionary process that may 
have spanned the Cambrian to the Late Devonian periods (53). This 
transformation is largely attributed to the emergence and diversifi-
cation of land plants, especially vascular plants (i.e., tracheophytes), 
which enhanced weathering, soil formation and contributed to bio-
geochemical cycles (54). In contrast, although a critical role of li-
chens during terrestrialization has long been suggested, only isolated 
occurrences of lichens were described (45), the lichenized nature of 
which remains debated (6, 7).

Present-day cryptogamic covers contribute to biomass produc-
tion, carbon and nitrogen cycles, and weathering processes (55, 56), 
accounting for ~7% of net primary production by terrestrial vegeta-
tion (55). The ability of Spongiophyton to biomineralize CaOx may 
have further influenced carbon and calcium cycles. The presence of 
widespread lichens by the Early Devonian could have also played a 
role in the environmental changes observed during this time. For 
instance, the expansion of weathering-active biota such as lichens 
and other cryptogams could have transiently enhanced the weather-
ability of silicate substrates, affecting sedimentation rates and nutri-
ent fluxes to the oceans. These processes can promote anoxia and 
enhance carbon burial, leading to lower equilibrium pCO2. These 
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geochemical feedbacks were already related to environmental per-
turbations and extinction events in Middle-to-Late Devonian and 
are often linked to the rise of deep-rooting vascular plants (54).

Combined morphological, geochemical, and molecular approaches 
of other Paleozoic enigmatic thalloid fossils can provide additional 
data on the presence of lichens during specific stages of the terres-
trialization process and even push back their presence to the upper 
Ordovician if Nematothallus-type cuticles represent lichenized fungi 
(2). Spongiophyton, now confidently identified as one of the oldest 
and most widespread lichens from the fossil record, illuminates the 
origins and composition of the first complex terrestrial ecosystems 
and the role of lichens within them.

MATERIALS AND METHODS
Fossil preparation
Selected fossil samples were processed in two different ways for chem-
ical investigation. Here, we name these two sets of samples as de-
mineralized Spongiophyton (DS) and demineralized Spongiophyton 
powder (DSP). The first is simply the isolation of the organic remains 
from the host rock by acid maceration (HCl and HF). The second 
is a step further on this process, where already DS fragments are 
ground in a mortar and subsequently demineralized again. This pro-
vided a better removal of mineral matter from deep within the or-
ganic cuticles. However, it is important to note that this process 
could not completely remove internal mineral particles given that 
some of them are close to 1 μm in size (see the Biomineralization 
section). Powders of both DS and DSP were studied through EA, 
FTIR, 13C SS-NMR, lab-based XRD, SR-XRD, and PDF. None of the 
samples were treated with Schulze’s solution because this procedure 
would markedly change the composition of the fossils.

On the other hand, intact demineralized and nondemineralized 
fragments were used for SR-nanoCT and XRD-CT. Only demineral-
ized intact thalli were used for XPS and N K-edge XANES, which 
were intensely cleaned using ultrapure water before analysis. Sput-
tering was also used in these cases to further clean the fossil surfaces. 
Thin and polished sections were used for SR-micro- and nanoXRF, 
and lab-based microFTIR. For the ToF-SIMS analysis, we only used 

Fig. 6. Paleogeographic distribution of Spongiophyton by the Early Devonian. 
(A) 3D orthographic plot with color-coded occurrences and the plate reconstruc-
tion model from ref (84). Colors from red to pale orange represent older to younger 
relative ages. Grey-colored circles represent less well-defined ages. (B) Same distri-
bution as in (A) but in a Robinson projection.

Fig. 7. Artistic reconstruction of Spongiophyton during the Early Devonian in the high latitude depositional system of the Paraná Basin. Paleoart by J. Lacerda.
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sample regions that were still embedded within the host rock. These 
portions of the fossils were then removed and broken perpendicular 
to the surface to expose clean regions within the thalli, avoiding 
contamination from the interface with the host rock.

SR nanotomography
Small samples (~300 μm) for nanotomography were prepared using 
laser microdissection at the Cryogenic Sample Preparation Labora-
tory (LCRIO) facility of the Sirius synchrotron. These small samples 
were then glued to the tip of a short bristle or placed inside Kapton 
capillaries. At the dual imaging and diffraction (DIAD) beamline 
(Diamond Light Source), these samples were imaged in 180°, using 
unfiltered pink beam, a PCO.edge 5.5 detector scientific comple-
mentary metal-oxide-semiconductor (sCMOS), effective pixel size 
of 0.5 μm, and 5100 projections. Images were reconstructed using 
the filtered back projection algorithm available in the Savu python 
package, as well as using in-house–developed python pipelines from 
the Sirius computing team.

At the the micro and nanotomography beamline (MOGNO) (57), 
samples were imaged in the nanostation, with a 360° rotation angle, 
22-keV quasimonochromatic cone beam, variable sample-detector 
distance (depending on sample size), a PCO Edge detector, and 2048 
projections. The effective pixel size varied between 150 and 500 nm. 
The tomographic images were reconstructed using in-house–developed 
python pipelines together with Astra and Tomopy functionalities. We 
used the Avizo software for processing the reconstructed images.

Optical microscopy and organic petrography
Demineralized fragments of Spongiophyton were studied with a Leica 
LMD 7 laser microdissection microscope at the LCRIO facility (Sirius 
synchrotron). The laser microdissection coupled with this equipment 
was used for the preparation of very small samples for SR-nanoCT, 
ptychography, and XRD-CT.

Organic petrography was carried out on selected samples using 
polished blocks made with a cold-setting epoxy-resin mixture. The 
resulting sample pellets were ground and polished, in final prepara-
tion for microscopy, using an incident light Zeiss Axioimager II mi-
croscope system equipped with an ultraviolet (UV) light source and 
the Diskus-Fossil system. Fluorescence microscopy of organic mat-
ter was carried out using UV G 365-nm excitation with a 420-nm 
barrier filter to study fluorescence color variations of macerals. Ran-
dom reflectance measurements were conducted under oil immer-
sion (objective, ×50) following American Society for Testing and 
Materials (ASTM, 2014) methodology (58). The standard reference 
for reflectance measurement was yttrium aluminum garnet with a 
standard reflectance of 0.906% under oil immersion.

Scanning electron microscopy and EDS
One thin section was investigated in a Helios 5 PFIB CXE dual beam 
under the same proposal for ptychography. Secondary electron and 
backscattered electron images were acquired, and EA was per-
formed with an energy dispersive spectrometer.

Elemental analysis
Acid-cleaned samples were investigated for C, N, O, and S content 
using an Exeter CE440 at Midwest Microlab.

FTIR spectroscopy
DS and DSP, as well as standards, were investigated using a Spectrum 
Two (PerkinElmer) spectrometer. KBr discs were prepared by mixing 

1 mg of sample and 99 mg of KBr and pressed under 5 T for 5 min. 
KBr discs were examined not only after being prepared but also after 
24 hours in the stove at 60°C to remove eventual adsorbed water. No 
significant changes were observed before and after dehydration for 
both fossil and standards, but we focused our analysis using spec-
tra from the latter. In all cases, 100 acquisitions with a resolution of 
4 cm−1 were performed. The FTIR spectra were processed using 
the software OMNIC 9.9.473 and Fityk 1.3.1. We obtained a sec-
ond derivative using the derivative function in OMNIC, through a 
Savitzky-Golay filter, 9 points, and a polynomial order of 3. The 
second derivative was used to check relative band positions, which 
were later used for deconvolution in the region of aliphatics (3000 to 
2800 cm−1) and carbonyls and aromatics (1800 to 1500 cm−1).

Band assignments were based on available literature (mostly on 
kerogen and organic fossils) and are compiled in data S1. Some 
FTIR parameters were calculated, such as CHal/Ox (ratio of inte-
grated area of 3000 to 2800/1800 to 1600) and CHal/C═O (3000 to 
2800/1800 to 1700) for a broad comparison with the literature on 
FTIR studies of fossil plants (34, 59–64). However, we note that 
these parameters may not only reflect contributions from carbonyls 
and aromatics in the region of 1800 to 1600, and contributions from 
vibrations of other functional groups may alter these results. Addi-
tionally, it is also important to stress that any mineral impurity or 
water (adsorbed or in crystal structure) can also influence these pa-
rameters, as well as different processing methods used among stud-
ies, including methods of background removal and subsequent area 
integration. In sum, caution is necessary when interpreting FTIR 
spectra and its semiquantitative approaches for geological carbona-
ceous matter.

MicroFTIR
Chemical mapping of Spongiophyton with microFTIR was performed 
at the microstation of the IMBUIA beamline, using thin and polished 
sections. We used an Agilent Cary 670 spectrometer coupled with a 
Cary 620 microscope. MicroFTIR imaging was also performed at the 
IPANEMA laboratory using a Bruker Vertex 70v FT-IR spectrometer 
attached to a Bruker HYPERION 2000 FT-IR microscope, with an 
attenuated total reflection (ATR) system. Chemical maps in both 
cases were made in single image and panoramic modes using a focal 
plane array detector, which was periodically cooled with liquid nitro-
gen. At the infrared (IR) beamline (IMBUIA), the acquisition was 
made in reflectance mode using a 25× calibrated objective, while, at 
IPANEMA, the acquisition was performed using a micro-ATR objec-
tive. Multispectral images were acquired using varying accumula-
tions, but mostly in the range of 256 and 512 scans. Before acquisition, 
background measurements were taken using the same number of 
scans. Some multispectral images acquired in reflectance mode had 
to be processed using a Kramers-Kronig transform. The data from 
IMBUIA beamline was processed using the Resolutions Pro software 
and Orange. Data from the IPANEMA lab was processed using the 
Quasar of the Orange suite. The general pipeline for processing the 
multispectral images included: (i) removal of the CO2 vibrational re-
gion; (ii) truncation of the spectra for a better background subtrac-
tion; (iii) background subtraction using a rubber band baseline type; 
(iv) data normalization; and (v) plotting of chemical images based on 
integrated areas of spectral regions of interest, including 1400 to 1450, 
1520 to 1600, and 1700 to 1800 cm−1. Regarding the latter range, it is 
important to note that although C═O vibrations can contribute be-
low this limit, we chose a slightly higher lower limit (1700 cm−1) to 
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avoid contributions from other functional groups, such as amides, 
for instance.

SR-microXRF and nanoXRF
SR-XRF was performed at the CARNAÚBA beamline of the Sirius 
synchrotron (65). Thin and polished sections were mounted on 
beamline specific sample holders and carpins. These samples were 
scanned in the TARUMA station using a 9.75-keV monochromatic 
beam, with a beam size of 0.15 μm by 0.15 μm. Different pro-
grammed trajectories were used (i.e., size of scanned windows and 
resolution), and, in most cases, the regions of interest were imaged 
in panoramic mode, with spatial resolutions of 5, 0.5, and 0.1 μm. 
Map datasets were last processed using PyMca 5.6.3 (66).

Laboratory-based x-ray diffraction
Powder XRD was performed in a PANalytical diffractometer with 
Mo x-ray source. We used a tension of 40 kV and current of 40 mA. 
Diffractograms were acquired in the two-theta range of 2 to 50 for 
fossils, surrounding matrix, and other levels throughout the stratig-
raphy of the outcrop. Diffractograms were processed in the X’pert 
HighScore 3.0 software. Phase ID was based on open-source Crys-
tallographic Information File (CIF) databases.

SR-XRD, XRD-CT, and PDF
Spongiophyton powders type DS and DSP, as well as standards, were 
analyzed at the 1-ID beamline of the Advanced Photon Source under 
proposal 80784. Samples for powder diffraction were placed inside 
1- and 1.5-mm capillaries. All measurements were made using a pho-
ton energy of 71.676 keV, a sample detector distance of ~555 mm with 
a beam offset to get a higher q range (0.7 to 21.5 Å−1). The diffrac-
tion patterns were collected using a flat GE amorphous Si detector. 
Calibration for the diffraction analysis was performed with a CeO2 
standard. Background measurement was carried out with empty cap-
illaries and the same configuration as for samples. Detector images 
were processed in GSAS-II and included calibration, azimuthal inte-
gration (over a two-theta range of 1.1 to 34.52), and background re-
moval. PDF was also performed in GSAS-II. The empirical formula 
used for the PDF of the fossils was C100.2H141N3O8S2, which is based 
on our EA of the fossils. We also used C118.3H166.6N2O3.8S, which is 
based on EA and XPS, but both gave almost identical results.

For the XRD-CT measurements, two nondemineralized fossil 
fragments (~400 μm) were scanned horizontally by the beam (size, 
15 μm) with 45 and 57 steps, 75 and 94 angles (angle step, 2.5 and 2), 
and 3 s of acquisition time at each point. The step size was the same 
as the beam size. The total number of diffractograms for each sample 
was 3375 and 5358. Angular projections were collected over a rotation 
of 180°. XRD-CT datasets were processed by in-house–developed 
algorithms included in the MIDAS package using MATLAB.

X-ray photoelectron spectroscopy
DS fragments were intensively cleaned with ultrapure water before 
XPS analysis. Samples were then mounted in the sample holder us-
ing carbon tape. Sputtering of the samples’ surface was also used 
before the analysis, and depth profile was used to evaluate and re-
move spectra that, at the uppermost nanometric layers, will show 
higher oxygen levels due to atmosphere exposure. The measure-
ments were performed in a K-Alpha X-ray Photoelectron Spectro
meter System (Thermo Fisher Scientific) available at the National 
Nanotechnology Laboratory (LNNano, Brazilian Center for Research 

in Energy and Materials-CNPEM). We used an electron flood gun 
for charge control. For the survey spectra, the conditions of analysis 
were as follow: 10 scans, 300-μm spot size, pass energy of 200.0 eV, 
1.000 eV of energy step size, and 10 ms of dwell time. For the high-
resolution spectra, the conditions were as follows: 10 scans, 300-μm 
spot size, pass energy of 50.0 eV, 0.10 eV of energy step size, and 
dwell time of 50 ms. The spectra were processed in CasaXPS version 
2.3.25PR1.0, with the same fitting procedures for C1s and N1s as 
previously used by other authors (36, 67). Regarding the fitting of 
the N1s, we also stress that it is not possible to differentiate pyrroles 
from amides in the spectra.

Nitrogen K-edge XANES
Intact and clean fragments of Spongiophyton were studied at the IPE 
beamline of the SIRIUS synchrotron (68). Specimens were mounted 
in the sample holder using carbon tapes. N K-edge XANES mea-
surements were made at the XPS station in total fluorescence yield, 
with 0.2 eV of resolution, 1 s of acquisition time, and spot size of 
20 μm by 6 μm. Because we noticed beam damage after the first 
measurement, we decided to make only one acquisition at distinct 
positions in the samples. These spectra were then summed and pro-
cessed in Athena (Demeter 0.9.26) software (69). A small correction 
in energy (−0.7 eV) was performed for all spectra on the basis of 
the amide peak from the chitin standard.

13C solid-state nuclear magnetic resonance
Around 100 mg of DS and DSP was analyzed in a Bruker Avance 400 
spectrometer using a 7-mm rotor. The experiment was conducted in 
a Bruker Avance 400 spectrometer using a Jackobsen design probe 
head, operating at 400- and 100.5-MHz 1H and 13C, respectively. 
Typical experimental parameters were cross-polarization time of 
1 ms, recycle delay of 1 s, 1H and 13C pulse lengths of 4.8 and 4.2 μs, 
respectively, and 1H decoupling amplitude of γB1/2π = 60 kHz. Spec-
tra were recorded at room temperature. Last, all 13C NMR spectra 
were processed using the Fityk software.

Time-of-flight secondary ion mass spectrometry
A Spongiophyton fragment was removed from within the host rock 
before the analysis. The material was broken apart, and the clean 
internal perpendicular surface was analyzed in a TESCAN integrated 
ToF-SIMS system at the Centro Regional para o Desenvolvimento 
Tecnológico e Inovação of the Universidade Federal de Goiás. ToF-
SIMS spectra were acquired in positive and negative ion modes 
using a xenon (Xe) focused ion beam, with current of 120 pA and 
tension varying between 15 and 30 keV. All mass spectra were pro-
cessed in the software TOF-SIMS Explorer version 1.12.2.0. In the 
negative ion mode spectra, the calibration was performed using the 
C−, O−, CH−, C2−, S−, C3−, C4−, C5−, C6−, C7−, C8−, and C10− 
peaks. In the positive mode spectra, the calibration was based on 
C+, CH+, CH3

+, C5H9
+, C6H5

+, C6H9
+, C6H13

+, C9H7
+, OH2

+, C3
+, 

and Ca+ peaks. One important question to address here is the fact 
that the much larger abundance of low mass/charge ratio (m/z) frag-
ments compared to previous works reflects the monoatomic ion source 
used here. Nevertheless, we can make broad comparisons with pub-
lished ToF-SIMS of fossil materials, but we restrain ourselves from 
comparing relative intensities of the peaks.

Nitrogen isotopes
Nitrogen isotope ratios were analyzed on fossil organic matter and 
host sediments following published methods [e.g., (70, 71)]. Sample 
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powders (1 to 2 mg for fossil material and 10 to 20 mg for rock ma-
trix) were weighed into tin capsules and combusted in an IsoLink 
(Thermo Fisher Scientific) elemental analyzer with a 5-s pulse of O2 
and a He flow rate of 180 ml/min. The resulting gases were passed 
through a reduced copper column and Mg-perchlorate desiccant 
trap before being introduced to a Delta V Plus (Thermo Fisher Sci-
entific) isotope ratio mass spectrometer via a Conflo IV continuous 
flow interface.

Raw isotopic data were corrected using a two-point calibration 
(72). Analytical blanks were subtracted from sample nitrogen data. 
Data are reported in delta notation relative to atmospheric N2. Sam-
ples N isotopic values were calculated using a series of standards, 
including USGS62 (caffeine, δ15N = 20.17‰) and a suite of inter-
nally calibrated standards: peat (δ15N  =  4.24‰), sulfanilimide 
(δ15N  =  −2.86‰), maple leaf (δ15N  =  1.33‰), and linden leaf 
(δ15N = 1.06‰). Analytical precision is ~0.2‰, based on replicate 
analyses of leaf standards.

Ptychography
The two-dimensional (2D) ptychographic experiment was performed 
at the CATERETÊ beamline (73), a coherent x-ray scattering dedi-
cated beamline at Sirius synchrotron facility (74). The monochro-
matic beam, at 6 keV, was used for the measurements. A 5-μm pinhole 
was used to define the confined coherent illumination on the sam-
ple. The sample was scanned in the xy direction, with overleaping 
steps of 2 μm and with linear trajectory. The acquisition time per 
point was 150 ms, and the corresponding diffraction patterns were 
recorded with a PIMEGA 540D (PiTec, SP, Brazil) detector (55-μm 
pixel size and 3072 × 3072 pixels) placed in vacuum, 10 m from the 
sample. A total of 429 points were collected in a field of view of 
44 μm (vertical) by 36 μm (horizontal). The 2D ptychographic re-
constructions were performed using a combination of the relaxed 
averaged alternating reflections and alternating direction method of 
multipliers methods and implemented in Python by the LNLS Sci-
entific Computing Group (not published). The resulting voxel size 
was 22.14 nm by 22.14 nm by 22.14 nm.

Laser ablation inductively coupled plasma 
mass spectrometry
One polished section with two longitudinally sectioned fragments 
were analyzed in an Applied Spectra RESOlution-SE excimer laser ab-
lation system coupled to an Agilent 8900 mass spectrometer. GSD-1G, 
NIST610, calcite, pyrrhotite, and NIST1632D were used as reference 
materials. Other parameters were as follows: 24-μm spot size, repeti-
tion rate of 10 Hz, and fluence of 5 J/cm2. Normalization was done as 
elements and total weight% calibrated with results from EA.

Point analyses were acquired in time-resolved sampling mode 
(peak hopping). Samples were ablated using a 24-μm circular beam, a 
laser repetition rate of 10 Hz, and on-sample fluence of 5 J/cm2. Abla-
tion and background (gas blank) measurements, as well as washout 
times were set to 50 s each. By using a smoothing device (Squid) sig-
nal stability was enhanced (relative standard deviations < 2%). For 
quantification, to evaluate instrument drift and for quality assurance 
and quality control (QA/QC), a suite of reference materials was mea-
sured every 20 unknowns.

Data processing was performed with the iolite 4 software (75, 76) 
using the recently developed 3D Trace Elements data reduction 
scheme (77). The time-resolved LA-ICPMS spectra were standard-
ized against 3D calibration surfaces, where the basaltic glass GSE-1G 

[USGS; (78)] was selected as the primary calibrant. For P and Cl, the 
synthetic glass NIST-610 was chosen, while C and S were calibrated 
against in-house reference materials, calcite and pyrrhotite, respec-
tively. In addition, the bituminous coal reference material NIST1632d 
was analyzed for quality control. Quantification of the data was 
achieved through normalization of the total element abundances to 
74 wt %, on the basis of the results from EAs (excluding H, N, and 
O). Except for B, As, and Tl, measured concentrations of NIST-610 
are in good agreement (<20%) with the GeoReM preferred values 
(79). For NIST1632d, the obtained concentrations are typically within 
30% of the previously reported values (GeoReM database), the large 
discrepancy to the target for the remaining elements (Fe and Se) 
likely due to the heterogeneous nature of the analyzed material. A 
detailed summary of the instrument conditions and processing pa-
rameters is listed in data S1.

The correlation matrix with hierarchical clustering was obtained 
with RStudio using the corrplot library (T. Wei and V. Simko, 2024. 
R package “corrplot”: Visualization of a correlation matrix; https://
github.com/taiyun/corrplot). We used the dataset available in data 
S1. Rare earth elements (REE) and other trivalent (3+) elements 
were not included in the final plots, but we note that they all were 
strongly correlated with each other and slightly correlated with met-
als in the pyrite group, suggesting their presence in these sulfide 
minerals. Only correlations with P values of <0.05 were color coded 
in the correlation matrices.

Programmed pyrolysis Rock-Eval
Bulk sediment samples (~70 mg) were analyzed using programmed 
temperature heating. The pyrolysis stage (under N2) involved the 
initial isotemperature of 300°C for 3 min to release free hydrocar-
bons in the samples (S1, milligrams of HC per gram of rock), fol-
lowed by ramping the temperature up 25°C/min to 650°C to release, 
through thermal cracking, hydrocarbons and the oxygen contained 
in pyrolizable kerogen (S2, milligrams of HC per gram of rock, and 
S3, milligrams of CO2 per gram of rock, respectively). Samples were 
then automatically transferred to the oxidation oven and heated 
from 300° to 850°C at a heating rate of 20°C/min to measure the 
residual inert organic carbon [S4, milligrams of CO and CO2 per 
gram of rock and residual carbon (RC) wt %] and a portion of the 
mineral carbon (wt %). Total organic carbon (TOC; wt%) is quanti-
fied as the sum of the total quantity of organic matter released dur-
ing pyrolysis (pyrolizable carbon wt %) and the oxidation step (RC 
wt %). The oxygen index is calculated by normalizing the quantity of 
the pyrolizable CO2 (S3) to total organic carbon (S3/TOC × 100) 
and is proportional to the elemental O/C ratio of the kerogen while 
the hydrogen index is the ratio of (S2/TOC × 100) and is propor-
tional to H/C (80).

Biomarker analysis of solvent extracts and pyrolysates
Materials
Solvents used were methanol (MeOH; OPTIMA grade ACS), dichloro-
methane (DCM; GC UNICHROM), and n-hexane (95% UNICHROM 
HPLC GC Pesticide grade). Glassware and aluminum foil were 
cleaned by combustion at 300°C for 9 hours. Metal appliances and 
agate mortar and pestle were washed with methanol and DCM 
before use.
Sample preparation and solvent extraction
During collection of Spongiophyton and sediment matrix samples, 
extreme care was taken to avoid contamination. The samples were 
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rapidly wrapped in combusted aluminum foil and only handled 
with cleaned tweezers. Hydrocarbons were analyzed in the Trace 
Biomarker Laboratory at the Australian National University using 
protocols developed for contamination-free analysis of biomarkers 
in lean bitumens and small fossil samples, including comprehensive, 
accumulatory laboratory system blanks that capture all steps in the 
process from specimen preparation to instrumental analysis. For 
biomarker analysis on the sediment matrix of Spongiophyton, sur-
faces were trimmed using a solvent-cleaned diamond wafering saw 
(Buehler Isomet 1000; Illinois, USA), and the sample interior was 
extracted, analyzed, and interpreted using protocols for the recogni-
tion and exclusion of contaminants (81, 82). The trimmed rock was 
ground to a <240 mesh powder using a Rocklabs iron puck mill. The 
mill was cleaned by rinsing with MeOH and DCM and by grinding 
annealed (600°C, 9 hours) quartz sand. Isolated Spongiophyton fossil 
material was inspected under a stereo microscope to ensure that it 
was devoid of attached sediment. Bitumens were extracted from the 
rock powder (15.64 g) and fossil (~20 mm2) via ultrasonic agitation 
in DCM for 30 min and allowed to remain in the solvent for a fur-
ther 12 hours. Solvent was removed under a stream of purified ni-
trogen gas.
Pyrolysis
The solid residue of the extracted fossil was transferred to a silica glass 
pyrolysis tube (6 mm external diameter, 25 cm long, Choice Ana-
lytical). The tube was evacuated and flushed with N2 gas several 
times using a vacuum line and then flame-sealed under vacuum. The 
sample-half of the tube was placed into a pyrolysis oven at 500°C, while 
the flame sealed end was exposed to room temperature to allow vola-
tile pyrolysis products to condense instantly, protecting them against 
further thermal decomposition. The pyrolysis tube was removed from 
the oven after 10 min. The pyrolysate was extracted three times using 
5 ml of DCM: MeOH (1:1 v/v) under ultrasonic agitation.

The solvent was removed under a stream of purified nitrogen gas 
and the pyrolysis products redissolved in ~2 ml of n-hexane. To hy-
drogenate double bonds formed during pyrolysis, a gentle stream of 
H2 gas was bubbled through the solution for 5 min. Platinum(IV) 
oxide (0.2 mg) on charcoal (PtO2, 10% on carbon, dry, Alfa Aesar) 
were added followed by another 10 min of H2 supply under stirring. 
The system was tightly capped and allowed to react for 16 hours at 
room temperature (21°C) with stirring. The PtO2 catalyst was re-
moved by filtration over a silica gel microcolumn, and the hydroge-
nated products were collected using 3 ml of n-hexane and then 3 ml 
of DCM as eluents.
Fractionation of bitumens and pyrolysate
The matrix extract was fractionated into saturated, aromatic, and po-
lar fractions using microcolumn chromatography over annealed 
(300°C, 12 hours) and dry packed silica gel (Silica Gel 60; 230 to 
600 mesh; EM Science). Saturate hydrocarbons were eluted with 
0.5 dead volumes (DV) of n-hexane, aromatic hydrocarbons with 
2 DV of n-hexane:DCM (1:1 or 4:1 v/v), and polars with 3 DV of 
DCM:MeOH (1:1 v/v). The total lipid extract (TLE) of the fossil was 
not fractionated to avoid product loss. The fossil pyrolysate was frac-
tionated into a combined saturated and aromatic fraction and a 
polar fraction.

As internal standard for full scan and selected iron recording 
(SIR) experiments, 150 ng of D10 (Pyrene-d10, Chiron) was added 
to the saturated and aromatic fractions of the matrix extract and both 
fractions of the fossil pyrolysate. For metastable reaction monitoring 

(MRM) experiments, 25 ng of D4 (d4-C29-ααα-ethylcholestane; 
Chiron Laboratories AS) was added to the saturated hydrocarbon 
fraction of the matrix extract, the TLE of the fossil, and the saturated 
and aromatic fraction of the pyrolysate.
Gas chromatography–mass spectrometry
The gas chromatography (GC) was equipped with a 60-m DB-5 MS 
capillary column (inside diameter of 0.25 mm and film thickness of 
0.25 μm; Agilent JW Scientific, Agilent Technologies, Santa Clara, 
CA, USA), and helium was used as the carrier gas at a constant flow 
of 1 ml min−1. Samples were injected in splitless mode into a Gerstel 
PTV injector at 60°C (held for 0.1 min) and heated at 260°C min−1 
to 300°C. The MS source was operated at 260°C in electron ioniza-
tion mode at 70-eV ionization energy and 8000-V acceleration volt-
age. The MS source was operated at 260°C in electron ionization 
mode at 70-eV ionization energy and 8000-V acceleration voltage. 
For full-scan, SIR, and MRM analyses, the GC oven was programmed 
from 60°C (held for 4 min) to 315°C at 4°C min−1, with total run 
time of 100 min. All samples were injected in n-hexane to avoid de-
terioration of chromatographic signals by FeCl2 buildup in the MS 
ion source through use of halogenated solvents (83).

Saturated steranes, hopanes, and methyl hopanes were quanti-
fied using MRM M+. → 217.2, 191.2, and 205.2 precursor-product 
transitions, respectively. m/z values for the integration of aromatic 
steroids by SIR under magnet control are provided in table S1. All 
ratios and abundance proportions are reported uncorrected for dif-
ferences in MS-response except where noted in table S1. Mass spec-
tra were collected using full scan experiments at 1000 resolution and 
with a total cycle time of 1.28 s and are baseline corrected.
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