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The absence of unambiguous animal body fossils in rocks older than the late
Ediacaran has rendered fossil lipids the most promising tracers of early organismic
complexity. Yet much debate surrounds the various potential biological sources of
putative metazoan steroids found in Precambrian rocks. Here we show that 26-
methylated steranes—hydrocarbon structures currently attributed to the earliest
animals—can form via geological alteration of common algal sterols, which carries
important implications for paleo-ecological interpretations and inhibits the use of
such unconventional ‘sponge’ steranes for reconstructing early animal evolution.

Determining the first appearance of animals in the rock record places important
constraints on the timing and environmental conditions surrounding the Neoproterozoic
advent of organismic complexity. In particular the perceived late rise of animals—nearly
a billion years after the first fossil eukaryotic cells emerge in the rock record ~1600 million
years ago'? (Ma)—remains one of the fundamental unexplained phenomena of evolution.
Resolving the drivers for the emergence of organismic complexity fundamentally relies
on a reliable temporal framework of animal evolution. In this regard, occurrences of
Cambrian sponge spicules®® and animal fossils of unspecific affinity (~560 Ma®) are
preceded by a much earlier record (up to ~640 Ma’-®) of unconventional fossil steroid
lipids (i.e. steranes) considered diagnostic for early sponges and thus for animal-grade
life. Timing the rise of complex life thus crucially depends on the applicability of these
biomarker hydrocarbons, which warrants thorough scrutinisation.

In contrast to the ubiquitous Co7 steroid biomarker cholestane, which derives from
cholesterol (C27)—the major membrane sterol in most animals—peculiar Czo sponge
sterane biomarkers carry an additional n-propyl (24-npc) or isopropyl (24-ipc) alkyl group
at position C-24, or an ethyl group at C-24 combined with an additional methyl group at
position C-26 at the end of the steroid side-chain (26-mes) (Figs. 1, 2). In the geological
record, 24-ipc and 26-mes are particularly abundant in upper Neoproterozoic rocks,
preceding animal fossils by almost 100 Myr”-8 (Fig. 1). Other unconventional steranes with
C-26 alkylation are found in even older deposits: 26-methylcholestane (26-mec, or
cryostane) and tentatively identified 26-propylcholestane (26-proc) have been reported in
rocks antedating the Cryogenian Snowball Earth glaciations (717-635 Ma)®'? (Fig. 1).
The biological capacity to alkylate the steroid side-chain at position C-26 is indeed very
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rare, yet present in many demosponges?® and the various 26-alkylsteroids were proposed
to extend the metazoan biomarker record into the Cryogenian Period and possibly even
into the Tonian (717-1000 Ma)®8°. However, the sponge interpretation of some of these
fossil lipids has been challenged'*-'". Ecological arguments and the presence of 24-ipc
and 26-mes in lipid hydrogenates of planktonic, unicellular Rhizaria—the protist group
including Foraminifera and Radiolaria—have cast doubt on whether these Czg steranes
are sufficiently diagnostic for animals'®'7. Still, other scientists maintain that, from a
perspective of abundances, only demosponges can account for the biomarker patterns
typically observed in Neoproterozoic-Cambrian rocks'. Precursors to the 26-
alkylsteranes 26-mec and 26-proc are not known to be biosynthesised by protists or any
other organism. Hence a confirmed unique sponge source® would greatly impact our
understanding of early animal evolution.

a W T P b5

@ Cholestane

.

24-ipc & 24-npc Absent | |

- - - b o Ergostane
Dominant sterane Cholestane dominated J Stigmastane dominated dSE’L"

@ Stigmastane

LECA ] Global dsgﬁ"
C. H{mlecularcluﬂts}._) Glaciations & - £§
€——————— Crown-group (molecular clocks) |} > 8 3 g sz -~ 26”'““_
.................... — I A — = - -
Eukaryotic Proterocladus g g 8 § @ § 5 dr}g‘q
| Microfossils | (Chiorophyta) i::; £ Q T
&= o ey
Hopanes Bangiomorpha| Cholestane (<i[EI@ @  |Stigmastane| = [EIET:H] Dickinsonia Sponge
|Gacter)|| | Rhodophyiz) | | | (Rhodoohye)|  RUMH © |(Chorophyin] NN |(Animals) | | spicuios| 355 "
= *e =8 TS — E ® 24-ipc
= Paleo-| Mesoproterozoic = = Tonian Cryogenian | Ediacaran | Cambrian — ¢ <
1800 1400 1000 800 750 700 650 600 550 500

Geological age (million years before present) ® 24-npc

Figure 1. Geological record of steroid evolution. (a.) Arrows indicate the presence of 26-methylcholestane (26-
mec)'? and 26-methylstigmastane (26-mes)®, the relative distribution of 24-isopropylcholestane (24-ipc) and 24-n-
propylcholestane (24-npc)”®, and the distribution of conventional (C27, C2s and Cz9) steranes'®?® throughout the
Neoproterozoic and earliest Phanerozoic. (b.) Molecular structures of relevant steranes. (c.) Key events in Proterozoic
Earth system evolution. Black arrows mark the emergence of the last eukaryotic common ancestor (LECA) and
evolution of crown-group metazoa, as suggested by molecular clocks®®37; light grey tags in the Paleo- and
Mesoproterozoic indicate the oldest known evidence for bacterial hopane biomarkers®®, unambiguous eukaryotic
microfossils' and multicellular algal fossils?”%°. The earliest animals occur among the Ediacara biota®, whilst the oldest
sponge spicules are observed in the lower Cambrian3-5. Dark grey tags mark the depositional ages of the sedimentary
sequences used in this study.

Based on new biomarker analyses, we find that sedimentary rocks of the ~740 Ma
Chuar Group and the 635 Ma Araras Group contain not only 26-mec and 26-proc, which
could represent sponge markers®®, but a complete homologous series of 26-
alkylcholestanes with side-chain alkylation extending from C1 to at least Cg. The
abundance of consecutive homologs exhibits an exponential decrease (Fig. 2a, b), which
is uncommon for a series of biosynthetic products but reminiscent of patterns created by
abiogenic processes such as free-radical alkyl additions'® or the thermal cracking of
longer alkane moieties (Supplementary Information). In all observed cases, the 26-
alkylsterane series co-occur with extended series of 3-alkylsteranes that exhibit
remarkably similar homolog patterns (Fig. 2a—c), suggesting a common mechanistic
origin. Such 3-alkylsterane series have been previously reported and were attributed to
diagenetic reactions, possibly proceeding via the bacterial modification of sedimentary
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ster-2-ene intermediates?%2!. Our observation of a nearly identical alkylation pattern in 3-
and 26-alkylsteranes thus also suggests a diagenetic origin of 26-alkylation.

60, 50, & C o 0217
. 4702
504 © Chuar Group, USA . 26-alkyl-steranes g Desmosterol 5.71E3 “ " | L -
£ 8 § 40 i pyrolysis H“Nlm h,
‘g 401 % 3] o ® 26-alkylsierane 4563217
g ¥ = 30 O 28-alkyisterane (Tentative) 421 E4
§ 30 ' % > Z6-isoalkylsterane (Tentative) W, 0+C,
3 % 5 al
® 20 o, % 2 Cy.0 4425217
2 26-alkyl z o 336 £4
10 B\‘“ﬁ RY0.98 3 10{c.0 0.+C,
3-alk . e
@ RS 096 @ D e R?=1.00
o0 F g M ... 12;5;);‘?
Ci Ci Gy € Cs o G 0 10 20 30 40 50 F M
Alkylation ’?’ 26-alkyl steranes (Araras) c
b g 414217
504+ miz 3862217 2 140 ES -
® \Mlll\,q LN ) + 26-alkylcholestane
5 8  Araras Group, Brazil o ___‘__,Jﬂ.,’. "\"‘J‘*-l—-
= 404 o = = 00 =3
£ I TR Jou
8 4] g W Mhl\u__ e hum/‘ e
]
E i g E 3863217 l ®.C, 3-alkylcholestane
" i 183 E6
s . ° Iwu'u'J MLJ
2 . ] 26-alkyl =z |
2 104 ‘@ RI099 2 3-'?2—;;1
& 3-alkyl g o I Desmosterol Cholestane
R 0.98 Q.9 | |1 j ] Choleslane

C,.C, G C C. GG,

Alkcylation Time (min) Tlme :mm}

Figure 2. Alkylsteranes in Neoproterozoic rocks and in sterol pyrolysates. Cross plots show the relative
distribution of 3- and 26-alkylcholestanes in (a.) the ~740 Ma Chuar Group (#L.39)*°, and (b.) the 635 Ma Araras Group
(#TeS-22)*%; see Supplementary Information for sample pedigrees).(c.) The relative distribution pattern of 26-
alkylsteranes in the Chuar Group matches that in the ~100 Myr younger Araras Group. (d.) C2s sterane (m/z 386>217)
GC-MS traces show the presence of 26-methylcholestanes (red peaks) in a laboratory pyrolysate (desmosterol, 300°C,
#8 in Supplementary Table 1) and in a Neoproterozoic rock extract (Chuar Group; #L.38), which differ from ergostanes
(i.e. 24-methylcholestanes; blue peaks) commonly present in Phanerozoic rocks and oils (here shown in Phanerozoic
oil standard NSO-1); also see Supplementary Figure 1. (e.) Pyrolysis of desmosterol creates a series of 26-
alkylsteranes. Closed circles mark C1—Cas alkylcholestane peaks in same elution position as aaaR isomers in
Neoproterozoic rock extracts (the identity of the aaaR isomer of 26-mec cholestane was additionally confirmed through
coelution experiments with an authentic standard); open circles mark consecutive peaks of the same homologous
series tentatively assigned as Cs—Cs alkylcholestanes; also see Supplementary Information. (f.) Molecular structures
and reaction schematic of precursor (desmosterol) alkylation or reduction (colours match those

To determine if alkylation can indeed occur through typical diagenetic reactions, and
to assess similarities between 3- and 26-alkylsterane formation, we conducted closed-
vessel pyrolysis experiments of pure sterols in glass tubes alongside graphite or active
charcoal and heated the material to 300°, 310° or 340°C for 24 hours (see Supplementary
Information for details). This common method is a laboratory analogue for organic matter
alteration during burial®?, where the solid carbon phases act as catalysts?®2* and facilitate
hydrogen and carbon transfer reactions?® (Supplementary Information). The highest
relative abundances of 26-mec occur in Tonian—Cryogenian rocks that otherwise exhibit
a strong dominance of cholestanes'?2¢ (Fig 1). Apart from animals, such high Cy7 steroid
abundances are the hallmark of red algae'®, the fossil record of which extends to at least
1.1 Ga?’ (Fig. 1). In addition to cholesterol, many rhodophytes tend to biosynthesise
abundant side-chain functionalised C»7 steroids, such as desmosterol or 25-hydroxylated
cholesterols?®2°, rendering these compounds likely diagnostic indicators of Tonian
primary producers. In all our experiments with educts containing a hydroxyl functionality
at C-3 (cholesterol, 5-dihydrocholesterol [cholestanol], 24-dehydrocholesterol
[desmosterol] and 25-hydroxycholesterol), pyrolysis products comprised a series of C-3
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alkylated steranes extending at least to Cg—similar to alkylation patterns in
Neoproterozoic rock extracts. In contrast, only educts with a less common side-chain
functionalisation (desmosterol, 25-hydroxycholesterol) yielded a similar series of 26-
alkylsteranes (Fig. 2d-f; Supplementary Figure 1), suggesting that biological
functionalisation is required for geological alkylation. The latter may proceed via radical-
chain reactions that are known to induce alkylation of alkenes and alcohols at low
temperatures'® and which may operate during early diagenesis and even in the water
column?, and/or by ionic reactions that are well known to occur in sedimentary rocks®
(Supplementary Information). In our pyrolysis experiments, the thermochemical alteration
of regular desmethylsterols on solid carbon surfaces generated relevant yields of 3-
methylcholestane and 26-methylcholestane (up to 2.5% and 2.0% relative to cholestane,
respectively; Supplementary Table 1), comparable to abundances of 26-
methylcholestanes in Neoproterozoic rocks (2-8%, see Zumberge et al. 2019 and
Supplementary Table 2). Bacterially-mediated rearrangement processes®? thus do not
need to be invoked. Purely abiotic geological processes can create unconventional
‘sponge’ steranes from regular (i.e. algal) sterol precursors in significant yields, thereby
negating any animal”-81833 or protozoan'®'” diagnosticity.

The putative sponge-derived Cazp sterane 26-mes is found in Neoproterozoic and
Cambrian (n > 60), and in Phanerozoic (n = 8) rocks and oils that are dominated by Cz9
steranes®, whereas the Cas alkylsterane 26-mec is found in rocks that are dominated by
C27 steranes’26 (n > 119; see Fig. 1). This carbon number relationship (n+1 vs. n) likely
indicates a mechanistic connectivity®. But rather than pointing to the heterotrophic
transformation of dietary sterols by sponges®, we attribute Neoproterozoic 26-mec and
26-mes to the abiogenic diagenetic modification of sedimentary Co7 and Cyg sterols,
respectively. Pyrolysis experiments with various side-chain unsaturated Cog phytosterols
(i.e. AS?2-stigmastadienol [stigmasterol], A%?4(8)-stigmastadienol [fucosterol] and A525-
stigmastadienol [clerosterol]) indeed confirm that also the supposedly sponge-diagnostic
Cso sterane marker 26-mes® can form from regular Cyg sterol precursors. Abundances of
26-mes in pyrolysates of up to 0.8% relative to stigmastane are comparable to those
encountered in Neoproterozoic-Cambrian samples (0.3—4.2%, average 1.5%, n = 61,
calculated from Zumberge et al. 20188, see Supplementary Information), demonstrating
that diagenetic alteration of Cyg sterol precursors can realistically account for 26-mes
abundances in the rock record.

In summary, none of the low-concentrated 26-alkylated sponge associated steranes
found in the ancient rock record (26-mec, 26-proc and 26-mes) are diagnostic for early
Metazoa or for Rhizaria, nor are any of the other possible sponge biomarkers (24-ipc, 24-
npc), as shown by independent work in this issue®. Therefore, the Neoproterozoic steroid
record should not be used as a minimum estimate for timing the origin of the characteristic
sponge body plan or the emergence of animal multicellularity, as previously suggested®.
The observation that diagenetic reactions of common algal sterols may create all of the
currently-used sponge biomarkers in sufficient abundances to account for geological
observations re-accentuates the importance of ~560 Ma Ediacara Biota fossils®3® (Fig. 1)
and Cambrian sponge fossils and spicules®= (Fig. 1) as the oldest evidence for animals
and sponges, respectively. The assumption that characteristic hydrocarbon alkylation
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patterns define the biological diagnosticity and affinity of particular fossil lipids forms a
fundamental pillar of the biomarker concept. Our finding that non-biological processes
can mimic seemingly diagnostic alkylation patterns in steranes—and presumably in many
other biomarkers—implies that the correct interpretation of the ancient biomarker record
will require more insight into reliably recognising such diagenetic signals. Nevertheless,
the discovery of functionalisation-dependent alkylation carries vast paleobiological
potential by providing new perspectives to reconstruct past biodiversity and the evolution
of lipid biosynthetic pathways.

Methods

Rock samples

Rock samples from the Tonian Chuar Group (USA) and earliest Ediacaran Araras
Group (Brazil) were analysed as reported previously*®-42. Chuar Group samples were
collected on the northwest flank of Nankoweap Butte (36°26°43” N, 111°88°40” W), while
samples of the Araras Group were collected from Terconi quarry (15°40°'42” S, 58°4’32”
W). The particular Chuar sample shown in Figure 2 and Supplementary Figures 1 and 2
derives from the Walcott Member (sample #L.38 in Van Maldegem, 20174%, and #L.39 in
Van Maldegem et al., 20194°), at a stratigraphic height 287.6 m above the boundary to
the Galeros Fm. The particular Araras sample shown in Figure 2 derives from the Mirassol
d’Oeste Fm. (sample #TeS-22 in Van Maldegem, 20174°, and Van Maldegem et al.,
2019%?), at a stratigraphic height 11.5 m above the base of the cap carbonate. In short,
rocks were cleanly sawed into interior and exterior subsamples for syngeneity
assessment as previously reported*?, extracted using dichloromethane (DCM),
fractionated into aliphatic (sats), aromatic and polar fractions using small-scale open
column liquid chromatography using activated silica and analysed by GC-MS. The
presence of 26-mec and 26-proc in Chuar Group extracts has been reported
previously®19.1243 while extended series of 3-alkylcholestanes have previously been
reported for Araras Group extracts**.

Pyrolysis experiments

To simulate the geological processes that affect biological sterols upon sediment
burial, we subjected functionalised sterols to thermal maturation experiments in the
presence of two different carbon phases®-?2: graphite (C, TIMREX KS75 primary synthetic
graphite, microcrystalline, TIMCAL Ltd.) and activated carbon (Sigma-Aldrich, DARCO,
100 mesh particle size, CAS: 7440-44-0). The following sterols were used in this study:
5,24(28)-stigmastadienol (fucosterol; = 98%, Cayman Chemical Company), 5,25-
stigmastadienol (clerosterol; = 98%, ChemFaces), stigmasterol (= 95%, Santa Cruz
Biotechnology), 5a(H)-cholestanol (= 95%, Sigma-Aldrich), cholesterol (= 99%, Sigma-
Aldrich), 25-hydroxycholesterol (= 98%, Sigma-Aldrich), 5a(H)-cholest-2-ene (R205982,
Sigma-Aldrich), and 5,24-cholestadienol (desmosterol; = 98%, Cayman Chemical
Company). In most experiments, between ~1 and 6 mg solid carbon and ~0.5 and 1 mg
sterol were used. Laboratory metal- and glassware was baked at 500°C for 8 h to remove
potential hydrocarbon contamination. Graphite and activated carbon were activated by
heating (> 12 h at 110°C) and subsequently stored at 110°C, but may have re-adsorbed
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variable small amounts of atmospheric moisture before the tubes were sealed. Sterols
and solid carbon phases were transferred into glass tubes flame sealed at one end
(Duran, 8 mm diameter, 1 mm wall thickness) with a spatula and/or dissolved in organic
solvent. Upon solvent evaporation, tubes were evacuated to < 300 mTorr and flame
sealed with a gas torch. To test if active glass surfaces of the reaction vessel could have
influenced the experimental alkylation reactions, glass tubes were deactivated with
dichlorodimethylsilane (5% in toluene®??) in some experiments (see Supplementary
Table 1). Selected experiments saw the addition of n-alkanes (n-hexane or n-
pentadecane; originally ~20 pL, but only a fraction of n-hexane remained after evacuation
of the tube) in addition to the steroids to test the effect on alkylation yields. Supplementary
Tables 1 and 4 give an overview of the different experimental conditions. After pyrolysis,
tubes were cooled to room temperature and the solid carbon phase content was
transferred with sequential rinses of n-hexane, DCM and methanol (MeOH) onto silica gel
in either a Pasteur-pipette or in a 4 mL SPE glass tube, and subsequently extracted with
~10 mL n-hexane, ~10 mL DCM and ~4 mL MeOH (experiments #2, #3 and #20 were
extracted with ~3 mL DCM and ~10 mL n-hexane only). Once solvents were evaporated
under a gentle stream of N2, the solvent extracts were re-dissolved in n-hexane for GC-
MS analyses. In most cases, aliphatic fractions (obtained by eluting ~1.5 dead volume n-
hexane over a Pasteur-pipette filled with activated silica gel) were used for GC-MS-based
quantifications in multiple reaction monitoring (MRM) mode. Empty sealed glass tubes
taken through the same process were used as procedural blanks.

GC-MS analyses and biomarker identification

Biomarker analyses were conducted on a Thermo Quantum XLS Ultra triple
quadrupole MS coupled to a Thermo Trace GC Ultra. Details of the analyses of Chuar
and Araras Group extracts have been previously reported*®. For the analysis of
hydrocarbons from pyrolysates, the GC was fitted with a VF-1 MS column (40 m, 0.15
mm i.d., 0.15 ym film thickness). A constant flow of Helium (5.0, Westfalen AG) was used
as carrier gas (1.0 mL/min). Volumes of 1 out of 20-2000 pL were injected at 40°C in
splitless mode (held for 0.1 min) using a Thermo 816 RP-2004 PTV injector and ramped
to 330°C at 14.5°C/sec (held for 2.0 min). The oven was held isothermal at 40°C (2.5
min), then heated to 325°C at 8°C/min and held at the final temperature for 22 min.
lonisation was achieved by electron impact at 70 eV with an emission current of 50 or
100 pA and at a source temperature of 250°C. Q1 and Q3 were each operated in 0.7 Da
resolution with a cycle time of 0.5 s. Q2 was operated with Argon 6.0 collision gas at a
pressure of 1.0 mTorr and a collision voltage of 10 eV. Steranes were analysed and
quantified in MRM mode monitoring M* to base ion (m/z 217 for desmethyl and 26-
alkylsteranes, m/z 231 for 2- and 3-methylsteranes) transitions. For analyses of extended
3-alkylsterane series, higher homologs of the 3-alkylcholestane series were analysed with
M*-> (217+x*14) transitions (x representing the number of carbon atoms attached to C-
3).

Steranes were identified in comparison to published elution patterns®9-214% as well
as by parallel analyses of the Norwegian standard oil mixture NSO-148, extracts from the
Araras formation (as various 3-alkylcholestanes were identified in Araras Group extracts
through coelution experiments with synthetic standards**) and additional Neoproterozoic-
Cambrian bitumens, such as extracts from the Usolye Formation®28. For pyrolysates, the
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identity of the 5a(H),14a(H),17a(H) (20R) (abbreviated aaaR) isomers of 26-mes, 26-
mec, 3-ethylcholestane, 3-n-propylcholestane and 3-methylstigmastane was further
confirmed by GC-MS co-injection experiments with rock extracts, a 26-mes-containing
Rhabdastrella distincta (R. distincta) demosponge Hydrous Pyrolysis (HyPy) extract®
kindly provided by Gordon Love (University of California Riverside), and authentic 3-
ethylcholestane?’, 3-n-propylcholestane, 3-methylstigmastane*’ and 26-
methylcholestane*® standards that were synthesised at the University of Strasbourg.
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1) Pyrolytic formation of Cos alkylsteranes from Cz7 sterols

The m/z 386->217 chromatograms of rock extracts of most Tonian (1000-720 Ma) biomarker-
bearing samples (e.g. from the ~729—757 Ma Chuar Group? in the USA and the ~886—740 Ma
Visings6 Group in Sweden?, as well as the terminal Cryogenian ~635 Ma Araras Group in
Brazil®) are characterised by a series of 26-methylcholestane (26-mec, or ‘cryostane’) peaks
(Supplementary Figures 1c, 2c¢). The 26-methylated cholestanes elute significantly later than
the corresponding 24-methylated cholestane isomers (ergostanes), which are present in most
Phanerozoic oils and sedimentary rock extracts (Supplementary Figure 1e). In Chuar Group
extracts, the 26-mec series comprises four diasterane (re-arranged steranes that occur in the
majority of oils and bitumens as exemplified for ergostanes in the Phanerozoic North Sea
NSO-1 oil standard in Supplementary Figure 1e) and four regular sterane peaks. This pattern
is closely mirrored by extracts of laboratory desmosterol thermal maturation experiments
employing active carbon (Supplementary Figures 1b, 2d) or graphite (Supplementary Figure
1d) as reactive surfaces. The four main diasterane isomers as well as the regular aaaR 26-
mec isomer all formed during carbon-based pyrolysis. Under the mild pyrolytical conditions,
which we specifically chose to mimic diagenetic and early catagenetic reactions, only the
thermally less stable aaaR isomer formed amongst regular steranes (i.e. no epimerisation at
C-14, C-17 and C-20 occurred®4). In contrast to our short-term laboratory heating
experiments, during long-term maturation associated with geological burial (or during pyrolysis
experiments employing longer duration or higher temperatures), the thermally less stable
aaaR isomer can be expected to be transformed into an equilibration mixture containing all
four regular isomers?, as observed in the Neoproterozoic sediments. Our pyrolysis
experiments thus suggest that Tonian Cys sterane signatures may form via sedimentary
alteration of side-chain functionalised C,7 sterols.

As exemplified for desmosterol in Supplementary Figure 2, the pyrolysate signatures of side-
chain functionalised sterols not only closely match that of Chuar Group extracts in m/z
386>217 (i.e. Cys side-chain methylated steranes), but also in m/z 386>231 (i.e. Czs A-ring
methylated steranes) and m/z 372->217 chromatograms (i.e. C»; desmethylsteranes). This
similarity suggests that the geological alteration of regular C; steroids may explain many
steroidal characteristics of Tonian rock extracts without the requirement for specific biological
source input. Even the relative abundances of cholestanes, 26-methylcholestanes, the
different A-ring methylated cholestanes and the regular versus diasterane abundances are
remarkably similar (Supplementary Figure 2).
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Supplementary Figure 1. Comparison between 26-methylcholestanes in Neoproterozoic rocks and in
laboratory pyrolysates. Chromatograms (m/z 386->217) showing 26-methylcholestanes in a) a co-injection-
experiment of desmosterol pyrolysate (b) and Chuar Group bitumen (c), b) an active carbon-based desmosterol
pyrolysate (340°C, #5 in Supplementary Table 1), ¢) a Chuar Group extract (sample #L.38 in reference®), and d) a
graphite-based desmosterol pyrolysate (300°C, #8 in Supplementary Table 1). The elution pattern of 26-
methylcholestanes (a—d) is distinct from that of common Czs steranes (24-methylcholestanes) found in most
Phanerozoic rocks and oils, as exemplified by e) Phanerozoic oil NSO-1 reference standard®. Note that in contrast
to regular steranes, 24S and R isomers of rearranged 24-methylcholestanes (diaergostanes) can be partly
separated under common chromatographic conditions; therefore diaergostane peaks in (e) are split. The co-
injection experiment illustrates that not only the aaaR regular cryostane (26-mec) isomer, but also the four main
diasterane (re-arranged) isomers formed during pyrolysis. As typical for matured geological samples, the Chuar
Group sample (c) additionally contains the aaaS and afff R and S geological rearranged isomers that are low or
absent in the pyrolysates.
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Supplementary Figure 2. Comparison of Cz7 (a, b) and Czs (c—f) sterane signatures in Chuar Group rock
extract L.38 (a, ¢, ) and desmosterol pyrolysate (b, d, f; 340°C on active carbon, #6 in Supplementary Table
1). The comparison shows that Tonian-like signatures are produced in the carbon-surface-assisted pyrolysis of
desmosterol. The similarities include the dominance of regular and re-arranged (diasteranes) isomers of cholestane
in addition to lower relative concentrations of 2-, 3- and 26-methylcholestanes and roughly similar relative
abundances of dia- and regular steranes, and of cholestanes relative to the different methylated cholestanes. Key:
3-mec, 3-methylcholestane, 2-mec, 2-methylcholestane. At right, percent values represent a measure of signal
intensity relative to the Cz7 steranes in each sample (note that reported abundances were determined from
individual peak areas).



The elution pattern-based inference that the Cys alkylsteranes produced during pyrolysis
correspond to those found in Neoproterozoic rock extracts was confirmed by co-injecting
pyrolysates with rock extracts from the Tonian Chuar Group (Supplementary Figure 1a).
Additionally, the identity of the pyrolytic aaaR 26-mec isomer was confirmed by co-injection
with an authentic 26-mec standard’ (Supplementary Figure 3). Comparing the retention time
of tentatively identified aaaR isomers of higher homologs of the 26-alkylated series in Tonian
rock extracts to peaks in our pyrolysates, we were able to trace the 26-alkylsterane series in
pyrolysates at least to the three-carbon substituted Cso sterane tentatively identified as 26-n-
propylcholestane (26-proc; also see the discussion about identifying 26-proc in Zumberge et
al., 20192, and in the Supplementary Information of Brocks et al., 20178). Higher homologs
(particularly C4 and Cs alkylated) are also present, but structural identification becomes more
difficult (see Figure 2e).

m/z 3862217

Desmosterol pyrolysate (/)
Coinjected with aoaR 26-methylcholestane standard ( / ) |

aaaR

diasteranes

33.0 335 34.0 34.5 35.0 355 36.0
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Supplementary Figure 3. GC-MS co-injection experiment of a desmosterol pyrolysate and an authentic
standard of aaaR 26-mec (cryostane). Chromatogram (m/z 386> 217 transition) showing a desmosterol graphite
pyrolysate (340°C for 24 h; #4 in Supplementary Table 1), and co-injection with a 26-mec standard synthesised by
P. Adam and P. Schaeffer’.

In pyrolysates, as well as in rock extracts of the Chuar and Araras Groups, we also observed
an alkylated series, similar to the 26-alkylated series, for position C-3 of the steranes. For low
molecular weight homologs (C1—Cs alkylation), pyrolysate products match those found in
Neoproterozoic sediments (Supplementary Figure 2e,f for Ci-alkylated steranes) and
represent a continuous linear alkyl extension. However, the main peaks representing higher
molecular weight 3-alkylsteranes (substituted with four or more carbon units) in the pyrolysates
elute earlier than the n-alkyl homologs that are found in many rock extracts and oils®*! and
which were previously identified in Neoproterozoic Araras Group extracts by coelution
experiments with synthetic standards®. Thus while Ci.; alkylations represent methyl, ethyl and
n-propyl-steranes, the main higher alkylated homologs of pyrolysates do not represent linear
chain extensions. Based on their early elution positions®, they likely represent 3-
isoalkylsteranes that have previously been identified in a large variety of geological samples
(including Cambrian rock extracts from the Alum Shale and Inca Formation), and can be more
abundant than their n-alkyl homologs®°. Previous laboratory experiments with radical initiators



have demonstrated that when alkylation proceeds via radical chain reactions, large alkyl
homologs of up to eight carbon atoms can readily be fused with other hydrocarbons?2.

For higher molecular masses in the pyrolysates, the selected ion chromatograms of the M*>
m/z 217 series, which are typically dominated by regular (desmethyl) and side-chain-alkylated
steranes, show additional prominent peaks. Some of these peaks likely represent 3-
alkylsteranes as they are also visible in M*=> (217+x*14) chromatograms but with notably
higher intensities (x representing the number of carbon atoms attached to C-3). MRM
chromatograms of our authentic 3-n-propylcholestane standard confirmed that the elution of
3-alkylsteranes also results in the appearance of respective peaks in M*> m/z 217
chromatograms. As implied in the basic reaction scheme in Fig. 1f, 26- and 3-alkylsteranes
may form simultaneously.

2) Pyrolytic formation of 26-mes from Cyg sterols

Many rock extracts and oils of Ediacaran to Cambrian age contain elevated relative
abundances of the Cso sterane 26-methylstigmastane (26-mes), which was recently proposed
to represent another sponge-diagnostic biomarker®3. To test if side-chain functionalised Cag
sterols may also become alkylated at position 26 in laboratory maturation experiments, we
subjected different side-chain functionalised Cg sterols (stigmasterol, clerosterol, fucosterol)
to the same type of pyrolysis experiments that had resulted in the formation of 26-mec from
side-chain functionalised C;7 sterols.

Similar to the Cy 26-alkylsterane distributions in m/z 386>217 chromatograms
(Supplementary Figure 1b,d) arising from the pyrolysis of C,; sterols, the m/z 414->217
chromatograms (i.e. corresponding to Cso steranes) of Cye stigmasterol pyrolysates are
characterised by five very late eluting Cso sterane isomers comprising four diasteranes and
the aaoaoR isomer (Supplementary Figure 4a). The strong m/z 217 fragment indicates
methylation at the side-chain—not in the ring system—whereas the late elution position points
towards terminal methylation®®. In analogy to pyrolytic 26-methylcholestane (Czs 26-mec)
formation from desmosterol, it would thus appear that 26-methylstigmastane (Cso 26-mes) is
the main Cso sterane formed in our stigmasterol pyrolysis experiment.

The identity of the aaaR isomer of 26-mes was confirmed by co-injection experiments with
Ediacaran rock extracts (Supplementary Figure 5), and with a sponge hydropyrolysate of R.
distincta (Supplementary Figure 4) kindly provided by G. Love (UC Riverside), which was used
for the original identification of 26-mes in ancient rocks®. The sponge HyPy extract also
appeared to contain trace concentrations of the 26-mes diasterane re-arrangement products
(inset in Supplementary Figure 4; cf. Supplementary Figure 4 in3). These small peaks in the
R. distincta hydropyrolysate chromatogram elute in the same positions as the main peaks in
the m/z 414->217 trace of the stigmasterol pyrolysate (Supplementary Figure 4a), supporting
the identification of 26-mes diasteranes in the stigmasterol pyrolysate. Our pyrolysis
experiments thus suggest that 26-methylstigmastanes can form through abiogenic geological
alteration of regular side-chain functionalised sterols such as stigmasterol. Accordingly,
biogenic Cgso sterol precursors are not needed to explain the occurrence of Cso steranes in
Ediacaran and Cambrian aged rock extracts and oils (see also Bobrovskiy et al., this issue'4).
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Supplementary Figure 4. Comparison of elution patterns of Cz9 stigmastanes and Cszo steranes in a
stigmasterol pyrolysate. a) Chromatogram (m/z 414->217) highlighting the inferred isomers of Cszo 26-mes. Note
that the identity of the aaaR 26-mes peak was confirmed by co-elution experiments using rock extracts
(Supplementary Figure 5) and a sponge pyrolysate (grey shaded box and Supplementary Figure 5; Rhabdastrella
distincta sample provided by Prof. Gordon Love). b) Chromatogram (m/z 400->217) highlighting five main isomers
of stigmastane, comprising four diastigmastanes and aaaR stigmastane (#19 in Supplementary Table 4). At right,
percent values represent a measure of signal intensity relative to the Czg steranes (note that reported abundances
were determined from individual peak areas).
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Supplementary Figure 5. Elution range of aaaR 26-mes in a sponge HyPy extract, rock extract and
stigmasterol pyrolysate in m/z 414217 GC-MS chromatograms. Identity of the aaaR 26-mes isomer in a)
hydropyrolysate of the sponge Rhabdastrella distincta was determined by Zumberge et al.'3 (sample provided by
Prof. G. Love). b) A coelution experiment (upper trace) of a stigmasterol pyrolysate (lower trace in b, and c) with
the R. distincta pyrolysate (a) confirms the pyrolytic formation of 26-mes. ¢) The stigmasterol pyrolysate (#19 in
Supplementary Table 4) used in the co-elution experiment. The identity of 26-mes was additionally corroborated
by coelution experiments with d) extracts of the Usolye Formation, which contains all three putative sponge
steranes?®.



3) Abundances of methylsteranes in Neoproterozoic rocks and pyrolysates

3.1 26-methylcholestane abundances

Although our pyrolysis experiments can only simulate part of the diagenetic processes that
may result in elevated abundances of alkylated steroids in natural environments, we observed
notable alkylation yields of up to 2.0% at the C-26 position (Supplementary Table 1). The
proportion of 26-methylcholestane relative to cholestane obtained in our C»7 sterol pyrolysates
is thus comparable to that encountered in Neoproterozoic rock extracts (2-8% relative to
cholestane, average 4.8%, n = 10 reported by Zumberge et al., 2019, for rock extracts and
pyrolysates from the Chuar and Visingsd Group?; 3.0-7.7% in our analyses of rock extracts
from the Chuar and Araras groups, average 4.9% relative to cholestane [n = 13,
Supplementary Table 2]). This similarity suggests that abiogenic diagenetic alteration of
regular side-chain functionalised C,7 sterol precursors can account for the abundance of 26-
mec in Neoproterozoic sedimentary rocks.

While laboratory-controlled pyrolysis experiments generally simulate geological maturation
processes of organic matter quite well, a difference in yields is noticeable. The observed range
in alkylation yields between different pyrolysis experiments (<<0.1 to 2.5%; Supplementary
Table 1) suggests that small differences in experimental conditions can influence the alkylation
yields. In our experiments, alkylation took place in both untreated and siloxane-deactivated
glass tubes, indicating that glass surfaces do not play a significant role in the alkylation
processes. If anything, deactivation may increase alkylation yield (see Supplementary Table
1). While we have not yet identified which factors influence alkylation yields in experiments
with the same sterol precursors, our data clearly show that alkylation yields are higher for
sterols with additional functional groups (desmosterol, 25-hydroxycholesterol: average 3-
methylsterane yields of 1.85% relative to cholestane, n = 10) compared to cholestanol with
only a single functional group (average 0.13%, n = 4; Supplementary Table 1). While the
presence of a double bond at C-5 is likely to enhance the reactivity of the C-3 position, the
observation that alkylation yields are similar for alkylation at C-3 and C-26 in desmosterol
experiments (Supplementary Table 3) suggests that, when other reactive compounds are
lacking, alkyl donation through side-chain decomposition (in turn favoured by the presence of
functional groups in the side-chain) is a major factor for the alkylation of sterols under our
pyrolytic conditions. In view of previously inferred differences for the extent of methylation and
radical reactions during petroleum formation, the relatively large range in pyrolytic alkylation
yields suggests that in natural environments under particular diagenetic conditions, certain
factors such as the presence of radical initiators'>!® and/or effective alkyl donors might
significantly increase alkylation yields as previously inferred for sulphide-induced radical-chain
reactions as a control on petroleum formation rates in source rocks!® and intermolecular
methyl-transfer from poly-methylated polyaromatic hydrocarbons in natural samples!”*8,



Supplementary Table 1. Experimental conditions, 26-mec and 3-mec yields (as % of cholestane, aaaR
isomers only) for different Cz7 sterol in the pyrolysis experiments.

# Sterol Other Solid phase T (°C) Time (h)  Silanized 26-mec 3-mec
(% cholestane) (% cholestane)

1 25-hydroxycholesterol  n-Cis graphite 310 24 no 11 25

2 25-hydroxycholesterol graphite 300 24 no 0.3 1.5

3 25-hydroxycholesterol  clerosterol  graphite 300 24 no 1.8 2

4 desmosterol graphite 340 24 yes 1.5 25

5 desmosterol AC 340 24 no 0.8 2

6 desmosterol AC 340 24 no 0.5 1.5

7 desmosterol AC 300 24 no 1 1.8

8 desmosterol graphite 300 24 no 1 21

9 desmosterol graphite 300 24 yes 0.3 1.9

10  desmosterol AC 300 24 yes 2 0.8

" cholesterol n-Cq graphite 300 24 no << 0.1 0.8

12 cholestanol graphite 340 24 no 0 0.1

13  cholestanol AC 340 24 yes 0 0.1

14 cholestanol AC 310 24 no << 0.1 0.2

15  cholestanol AC 300 24 yes 0 0.2

16  cholest-2-ene AC 300 24 yes <<0.1 0.1

Key: AC, activated carbon; T., pyrolysis temperature; 26-mec, 26-methylcholestane; 3-mec, 3-methylcholestane;
n-Cis, n-pentadecane addition; n-Cs, n-hexane addition.

Supplementary Table 2. Comparison of 26-mec (aaaR) and 3-mec (aaaR) yields as percentage of
cholestane (aaaR) observed in the Neoproterozoic Araras and Chuar Group.

# 26-mec 3-mec 3-mec / 26- mec Formation / Member Group
(% cholestane) (% cholestane)

Te.S 22 3.45 22.46 6.51 Mirassol d’Oeste Fm. Araras Group
Te.S 30 3.14 20.11 6.40 Guia Fm. Araras Group
LvM-00347 4,72 18.30 3.88 Mirassol d'Oeste Fm. Araras Group
LvM-00350 4.21 18.34 4.36 Mirassol d'Oeste Fm. Araras Group
L.30 5.50 9.34 1.70 Walcott Member Chuar Group
L.31 6.43 14.06 219 Walcott Member Chuar Group
L.32 4.76 14.22 2.99 Walcott Member Chuar Group
L.33 2.98 13.59 4.56 Walcott Member Chuar Group
L.34 3.08 10.41 3.38 Walcott Member Chuar Group
L.39 7.65 13.67 1.79 Walcott Member Chuar Group
L.46 6.97 12.35 1.77 Walcott Member Chuar Group
L.47 5.55 16.55 2.98 Walcott Member Chuar Group
L.48 5.99 12.56 2.10 Walcott Member Chuar Group

3.2 Calculating pyrolytic alkylsterane vields

Due to common coelution of diasteranes with other compounds, the late eluting aooR sterane
isomer is usually the best resolved chromatographic peak in geological samples. Therefore,
methylcholestane/cholestane ratios in Supplementary Tables 1 and 2 are restricted to the
aaaR isomer. To test for potential differences in calculated alkylsterane/desmethylsterane
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ratios when only aaaR isomers are considered—versus when all main isomers are
considered—in Supplementary Table 3 we also calculated 26-mec and 3-mec yields as
percentage of cholestane when diasteranes are included (aaaR and aaaS/BaaR, and the four
main diasterane peaks shown in Supplementary Figure 2a, d, f). As we observed low 3-
methyldiasterane yields in most pyrolysates, we restricted the comparison to a limited number
of pyrolysates for which we were able to confidently identify all four 3-mec diasterane peaks
(Supplementary Figure 2f that exhibits a sample with some of the highest observed 3-
methyldiasterane yields).

Since 26-mec shows similar diasterane distributions as cholestane in the same experiments
(cf. Supplementary Figure 2b vs 2d), 26-mec yields (expressed as % of cholestane) are very
similar for either aaaR-only or diasterane-inclusive calculations. In contrast, due to the low
relative diasterane vyields for 3-mec in most pyrolysis experiments, 3-mec vyields are
significantly higher if only the aaaR is considered. In diasterane-inclusive calculations, 3-mec
yields are broadly comparable, yet slightly lower, compared to 26-mec yields (Supplementary
Table 3). The slightly lower 3-mec yields can be explained through the formation of other A-
ring methylated sterane isomers (dominantly 2-methyl), which in most pyrolysates
(Supplementary Figure 2f) and geological samples!! occur in lower concentrations than the 3-
methyl isomers.

Supplementary Table 3. Comparison of 26-mec and 3-mec yields as percentage of cholestane when
calculated for aaaR isomers only or when aaaS and the four main diasterane peaks are included in
calculations. Experiments are the same as in Supplementary Table 1. The diasterane isomers included in the
calculations are marked with filled circles in Supplementary Figure 2.

# Precursor sterol 26-mec 3-mec
(% cholestanes) (% cholestane) (% cholestanes) (% cholestane)
Incl. diasteranes Only aaaR Incl. diasteranes  Only aaaR

2 25-hydroxycholesterol 0.4 0.3 0.3 1.5

4 desmosterol 1.9 1.5 1.3 25

6 desmosterol 0.8 0.5 0.6 1.5

7 desmosterol 0.9 1 0.6 1.8

8 desmosterol 1 1 0.6 21

9 desmosterol 0.4 0.3 0.4 1.9

15 cholestanol 0 0 0.1 0.2

3.3 Abundance of 26-mes in Neoproterozoic rocks and pyrolysates

Pyrolysis yields of 26-mes in abundances comparable to those found in Ediacaran and
Cambrian aged rock extracts suggest that abiogenic geological alteration of regular Cyg sterols
may account for the geological occurrence of 26-mes. As with 26-mes normalised to
cholestane to gauge the degree of alkylation of C,7 sterol precursors, we consider the
normalisation of 26-mes to Cy Stigmastane suitable for the comparison between potential
alkylation yields in pyrolysates versus rock samples. Since 26-mes concentrations or the
abundance of 26-mes relative to Cyg Steranes have not yet been reported in the literature, we
calculated 26-mes as percentage of stigmastane for Neoproterozoic and Cambrian bitumens
and HyPy products from the data reported in Supplementary Tables 1 and 2 of Zumberge et
al. (2018)*2 (%C,s and %Cso steranes, 24-ipc ppm sats, 26-mes ppm sats, 24-ipc/24-npc and
26-mes/24-ipc ratios) as 0.3—4.2%, average 1.5%, n = 61.
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In our pyrolysis experiments with pure sterols, the proportion of pyrolytic 26-mes relative to
Cy9 stigmastane (0.1-0.8%, average 0.4% Supplementary Table 4) overlaps with those
typically encountered in Neoproterozoic-Cambrian rock samples. Thus, just as for 26-mec, the
pyrolysis experiments suggest that abiogenic geological alkylation may account for 26-mes in
ancient rocks.

Supplementary Table 4. Experimental conditions and 26-mes yields (as % of Cze stigmastane; calculated
for aaaR isomers) obtained during the pyrolysis of different Czg sterols. All experiments were carried out in
non-deactivated tubes at 300°C for 24 h, except for #17, which was run for 38 h at 300°C employing a deactivated
glass tube.

# sterol other solid phase 26-mes
(% stigmastane)
17 fucosterol graphite 0.8
18 fucosterol n-hexane graphite 0.4
19 stigmasterol n-hexane graphite 0.1
20 clerosterol activated carbon 0.3
3 clerosterol 25-hydroxycholesterol  graphite 0.3

4) Alkylation mechanisms and product distribution

While a detailed understanding of the precise mechanisms of the observed alkylation reactions
is beyond the scope of this study and not required to recognise diagenetic alkylation products
in the rock record, we consider radical and/or cationic reactions, mediated by solid carbon
surfaces®, as most plausible. In our pyrolysis experiments, the thermal cracking of
hydrocarbons in the presence of solid carbon surfaces is thought to trigger the formation of
reactive alkyl moieties of different chain lengths (up to Cs) deriving from cracking of the steroid
side-chain. This is corroborated by abundance minima of C, and C; alkylsteranes (not shown),
corresponding to the isoprenoidal branching points in the steroid side-chain of the educt.
Radical reactions are likely to result in the formation of radical and unsaturated alkyl moieties,
whereas acidic sites may also produce cationic alkyl intermediates®. The reactive alkyl
moieties generated by the carbon-catalysed cracking of the steroid side-chains are then
available for alkylation of other steroids. Both radical and cationic processes can be envisaged
to play a role in the alkyl transfer reactions occurring in both pyrolysates and geological
environments!’1%2t and to account for the generation of new C-C bonds involved in the
formation of 3- and 26-alkylsteranes.

In our pyrolysis experiments, where decomposing sterol molecules are probably the dominant
alkyl donors, thermochemical cracking of the sterol side-chain is likely to be the source of alkyl
moieties. Therefore, relatively large alkyl moieties (up to Cs) may be transferred, a process
that could explain relatively high concentrations of higher (> C-alkylated) homologs (cf. Fig.
2e). In geological transformations of natural organic matter, the intermolecular transfer of
reactive methyl groups from a variety of chemical compounds is thought to provide a reactive
‘methyl pool’ that can be accessed by every molecule in a sedimentary bitumen and crude
oil*®. Accordingly, depending on the exact composition of the organic material and the specific
diagenetic conditions, a large variety of potentially reactive alkyl moieties can be produced.

Despite wide differences in geographic location (Amazonia [present day Brazil] versus
Laurentia [present day USA]) and time of deposition (~740 versus 635 Ma), the Chuar and
Araras Group extracts yield intriguingly similar homolog distribution patterns for both 3- and
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26-alkylcholestanes (Fig. 2a—c). In both settings, the relative distribution of higher alkylated
homologs can be described by an exponential decrease (Fig. 2a, b). This distribution is
evocative of the sequential addition of methyl groups, but it also presents some analogies with
the commonly observed exponential decrease of n-alkanes with increasing carbon number in
rock extracts and oils of elevated maturity. The distribution could thus reflect extended n-alkyl
moieties that were added earlier in the burial history of the sedimentary rocks via diagenetic
processes and that were subsequently cracked by geothermal processes in a similar manner
to n-alkanes and other hydrocarbon chains. The distribution of the alkylated sterane
homologues in geological samples and pyrolysates could thus be controlled both by the nature
and size of the reactive alkyl moieties available for alkylation and by the progressive thermal
degradation of alkyl moieties.

5) Potential to differentiate biogenic from abiogenic origins of biomarkers

The observation that supposedly biologically-diagnostic hydrocarbon skeletons of specific
biomarkers, such as steranes, can be generated by geological alkylation may have far-
reaching implications for paleo-ecological interpretations and needs to be taken into
consideration in biomarker interpretations. However, the observation will not generally
challenge the biomarker concept as organic geochemists have long been aware that
diagenetic and catagenic processes affect the relative abundances and structures of
biomarkers. In the same way that biomarker proxies were developed to gauge the degree of
thermal alteration, it may be possible to develop proxies—such as the (2-methyl + 3-
methylsterane)/desmethylsterane ratio—to gauge the degree of diagenetic alkylation and use
this information to interpret other minor steranes. However, biogenic versus abiogenic sources
of minor alkylated steranes are unlikely to be resolved by relative compound abundances
alone. Rather, we need to look for distribution patterns such as the occurrence of extended
alkylated series, or for correlations between ambiguous steranes (e.g. 26-alkylsteranes) and
clearly diagenetic steranes (e.g. 3-alkylsteranes). We are confident that organic geochemists
will uncover criteria to differentiate between biogenic and abiogenic origins of such
biomarkers.
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