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The most ancient fossil record contains fundamentally important information on
both the diversity and disparity of ancient life. Yet this ancient record is not that easy
to decode, due to difficulties mainly pertaining to the impact of the geological history.
Thus, the convergence of multiple lines of evidence is seen as necessary to build a
robust demonstration of the biogenicity of putative traces of life. Yet, we experimen-
tally show here that abiotic organic cell-like microstructures meeting all the criteria of
biogenicity may form in cherts under classical conditions of diagenesis. These organic
biomorphs produced from a mixture of RNA and quartz in water exposed to temper-
ature and pressure conditions (200 °C, ~15 bars) exhibit morphological, chemical and
isotopic signatures typical of organic microfossils. The results of this study exemplify
the pitfalls that Archean palaeontologists may encounter when searching for traces of
life in ancient rocks.
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We still do not know when, where and how life started to exist on
Earth. As the unique source of direct information about past life,
the ancient fossil record may provide answers. Yet, although the
ancient fossil record may contain fundamentally important ‘bio-
geochemical’ signals, its quality is far from perfect, making it not
that easy to decode (Brasier et al., 2006; Javaux, 2019). Archean
palaeontology only relies on degraded signals difficult to inter-
pret, as illustrated by the number of controversies having so
far hindered the search for the most ancient traces of life on
Earth (Schopf, 1975; Javaux, 2019).

A main difficulty is the lack of a univocal criterion to rely on
when discussing the biogenicity of putative remains of life in
ancient rocks: neither the carbon isotopic compositions nor
the morphologies should be seen as unambiguous biosignatures
(Craig, 1954; Horita, 2005; Cosmidis and Templeton, 2016;
Garcia-Ruiz et al., 2020). In fact, mineral biomorphs may easily
be produced experimentally via self-assembly processes (Garcia-
Ruiz et al,, 2003) and may exhibit high levels of complexity
(Garcia-Ruiz et al., 2009; Noorduin et al., 2013; Rouillard et al.,
2018). Worse still, Cosmidis and Templeton (2016) recently
demonstrated that carbon-sulfur biomorphs could also be
produced.

Chemical information may help to identify remains of life
(Benzerara et al., 2006; Bernard et al., 2007; Alleon et al., 2018;
Loron et al., 2019), but abiotic processes may lead to the forma-
tion of disordered carbonaceous materials difficult to distinguish
from biogenic ones (Pasteris and Wopenka, 2003; De Gregorio
etal., 2011). Collectively, because none of the criteria commonly

used to discuss biogenicity are sufficient in themselves, many
authors have emphasised the need for gathering multiple lines
of evidence to demonstrate convincingly the biological origin of
any putative remain of life in ancient cherts (e.g., Westall, 2005;
Wacey, 2009; Bernard and Papineau, 2014; Javaux, 2019). Yet, as
illustrated by the present study, purely abiotic microstructures
may fulfill not only a couple but many (if not all) of the commonly
used criteria of biogenicity, i.e. morphological, chemical and iso-
topic criteria, even the most conservative ones (cf. below).

Here, we exposed RNA (i.e. the most emblematic organic
molecule of the prebiotic RNA World; Higgs and Lehman, 2015)
to thermal conditions typical of diagenesis (200 °C), in pure bi-
distilled water under an autogenic pressure of 15 bars, in the
presence of quartz (i.e. the main mineral of Archean cherts;
Perry and Lefticariu, 2007) and under an argon atmosphere
for 20 days. We conducted additional experiments under the
same conditions with RNA in the absence of quartz and with
quartz in the absence of RNA to serve as controls. The water
insoluble experimental residues were characterised using X-ray
diffraction (XRD), isotopic ratio mass spectrometry (IRMS),
solid-state 13C cross polarization magic-angle spinning nuclear
magnetic resonance (*C CP MAS NMR) and Fourier transform
infrared (FTIR) spectroscopies. Additional characterisation was
conducted using advanced microscopy and spectroscopy tools
including scanning electron microscopy (SEM) coupled with
energy dispersive X-ray spectroscopy (EDXS), scanning trans-
mission electron microscopy (STEM) and scanning transmission
X-ray microscopy (STXM) coupled with X-ray absorption near
edge structure (XANES) spectroscopy.
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Figure 1 XRD and FTIR results. (a) Powder XRD patterns of the experimental residue (a-quartz + RNA + H,0 at 200 °C, 15 bars, 20 days) and
of the a-quartz reference (intensity increased x3 from 30 to 70° 26). (b) ATR-FTIR spectra of the experimental residue (a-quartz + RNA + H,O

at 200 °C, 15 bars, 20 days) and of the a-quartz reference.

Quartz was relatively unaffected by the experimental con-
ditions. The main peaks of the XRD pattern of the experimental
residue are those of a-quartz (i.e. 4.47 A (100), 3.40 A (101) and
2.57 A (110); Fig. 1a). Likewise, the FTIR spectrum of the residue
exhibits absorption bands typical of a-quartz (Fig. 1b): Si-O-Si
and Si-O bending vibrations at 455 ecm™, 514 cm™' and
694 cm™, Si-O stretching vibrations at 775 and 794 cm~! and
Si-O-Si stretching vibrations at 1052 and 1160 cm™! (Fig. 1b;
Anbalagan et al., 2010). Nevertheless, SEM images reveal the
presence of dissolution pits at the surface of quartz grains, indi-
cating that a certain fraction of quartz dissolved during the
experiment (Fig. 2a).

Most importantly, SEM images show the presence, at the
surface of the quartz grains, of newly formed spheroidal carbo-
naceous microstructures (Fig. 2), resembling micro-organisms
such as Staphylococcus or Thermococcales (Fig. 2i,j). Arranged in
clusters, these spheroidal organic biomorphs exhibit a rather
restricted range of diameters of about ~0.5 to ~5 pm (p=2.03
pmy; Fig. 2¢). Most display a rough surface resembling the ultra-
structure of living cells, and many are connected together as if
they were microbes encompassing cell division (Fig. 2). These
spheroidal organic biomorphs exhibit N/C values of 0.1 (vs.
0.4 for RNA), §C values of —19.35+0.04 %o (vs. —22.62
0.04 %o for RNA) and 8N values of —9.95+0.09 %o (vs.
—12.11%0 £ 0.09 %o for RNA), i.e. values not that different from
those expected for organic microfossils (e.g., Craig, 1954; Mojzsis
et al., 1996; Horita, 2005).

While the NMR spectrum of RNA is dominated by the sig-
nals of ribose (between 60 and 105 ppm) and nucleobases
(between 140 and 170 ppm), the NMR spectrum of these sphe-
roidal organic biomorphs indicates the presence of aliphatic, aro-
matic and heterocyclic carbons (signals from 0 to 50 ppm, 100 to
130, and 130 to 150 ppm respectively) and amide and ketone
groups (features at ~170 and 200 ppm) (Fig. 3a; Jacquemot et al.,
2019). This is in line with the FTIR spectrum showing C-H bend-
ing vibrations at 1367 em~! aromatic C=C stretching vibrations
at 1442 cm~! and CH3/CHj, stretching vibrations from 2850 to
2980 cm™! (Fig. 3b). The additional features at 1594 cm™! and
1675 em™! highlight the presence of N-H bonds in amides or
amines, as well as C=N bounds in imines or C=0O bounds in
ketones (Fig. 3b; Li et al., 2014; Bernard et al., 2015).

In contrast to RNA which C-XANES spectrum exhibits a
number of well defined absorption features attributed to

&

nucleobases and ribose (Fig. 4; Viennet et al., 2019, 2020),
the spheroidal organic biomorphs display a XANES spectrum
with large features attributed to (hetero)quinones and olefinic
or aromatic carbons (284.8-285.5 eV), imines, nitriles, ketones
and/or phenols (286.4 eV) and amide groups (288.2 eV) (Fig. 4;
Le Guillou ef al., 2018), i.e. a spectrum not that different from
those expected for microfossils. The N-XANES spectrum con-
firms the presence of imine/nitrile (peaks at 398.3 and 399.4 eV)
and amide functions (feature at 401.5 eV) (Fig. 4; Alleon et al.,
2017). Control experiments revealed that the presence of quartz
has no influence on the properties of the produced spheroidal
organic biomorphs (Fig. S-1).

By analogy with the production of hydrothermal carbon
spheres (a.k.a. hydrochars), it can be assumed that the formation
of these spheroidal organic biomorphs resulted from a cascade of
reactions involving hydrolysis, dehydration, aromatisation and
condensation (LaMer, 1952; Sevilla and Fuertes, 2009a,b). The
entire process should not be seen as a suite of consecutive reac-
tions, but rather as a parallel network of different reaction paths
(Funke and Ziegler, 2010; Hu et al., 2010). The hydrolysis of RNA
likely produced organic acids having accelerated dehydration
and fragmentation processes (i.e. ring opening and bond break-
ing), forming soluble by-products such as furfural-like com-
pounds (Sevilla and Fuertes, 2009a,b). These by-products
likely underwent aromatisation and condensation (possibly via
intermolecular dehydration), leading to the production of aro-
matic clusters (Sevilla and Fuertes, 2009a,b). Burst nucleation
processes likely took place when the concentration of aromatic
clusters reached the critical supersaturation point, the nuclei
growing by diffusion to the surface of the chemical species
present in the solution, eventually forming the spheroidal
organic biomorphs (Sevilla and Fuertes, 2009a,b). According
to the LaMer model (LaMer, 1952), the structure of these sphe-
roidal organic biomorphs should be composed of an aromatic-
rich hydrophobic core and a hydrophilic surface containing a
larger concentration of reactive oxygen-rich functional groups,
as observed for hydrochars (Baccile et al., 2009; Sevilla and
Fuertes, 2009a,b; Higgins et al., 2020). Yet, spatially resolved
STXM investigations reveal that the spheroidal organic bio-
morphs produced here are quite homogeneous chemically, at
least at the submicrometre scale, with rather equivalent concen-
trations of aromatic, ketone and amide groups inside their core
and at their surface.
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Figure2 SEM investigations of the experimental residue (a-quartz + RNA + H,0 at 200 °C, 15 bars, 20 days). (a) EDX map of the residue and
(b) corresponding EDX spectra. Quartz appears in yellow and the spheroidal organic biomorphs appear in purple. (c) Bar chart showing the
size distribution of the spheroidal organic biomorphs produced during the experiments (FWHM: full width at half maximum). (e-h) SEM
images (secondary electrons) of the spheroidal organic biomorphs produced during the experiments. (f, g) SEM images (secondary electrons)
of Thermococcus prieurii cells (courtesy of Aurore Gorlas). Scale bars: (a) 10 pm, (d-j) 1 pm.
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Figure 3 Solid state '3C NMR and ATR-FTIR results. (a) Solid state '>C CP MAS NMR spectra of the experimental residue (x-quartz + RNA +
H,0 at 200 °C, 15 bars, 20 days) and of the RNA reference. Spectra are normalised to the quantity of carbon. (b) ATR-FTIR spectra of the
experimental residue (a-quartz + RNA + H,0 at 200 °C, 15 bars, 20 days) and of the RNA reference. Spectra are normalised to the total carbon
content. Note that the intensity of the signals were increased x3 for clarity from ~3035 to ~2775 cm~".

Collectively, in contrast to mobile hydrocarbon micro-
spheres that can be encountered in the geological record
(Wanger et al., 2012), the spheroidal organic biomorphs pro-
duced here exhibit all the morphological and geochemical
features typical of organic microfossils (size, morphology, ultra-
structure, chemistry, isotopic signatures). Worse still, it has been
shown that, if exposed to pressure and temperature conditions
typical of the geological history undergone by ancient cherts,
such spheroidal organic biomorphs may evolve into double shell
hollow spheres (Hu et al., 2010; Li et al., 2016). In other words,
because they meet all the criteria commonly used to discuss bio-
genicity, even the most conservative ones (Brasier et al., 2006),
the abiotic spheroidal organic biomorphs described here would
logically be recognised as truly biogenic organic microfossils if
they were found in ancient cherts.

The results of the present study exemplify the pitfalls that
Archean palaeontologists may encounter when searching for
traces of life in ancient rocks (e.g., Schopf, 1975; Javaux, 2019).
It is clear that if new strategies are not adopted, ambiguities
and controversies will persist. Advanced spatially resolved spec-
troscopy techniques may provide some clues regarding the
molecular structure of putative organic microfossils (e.g.,
Brasier et al., 2015; Alleon and Summons, 2019), but this is
not sufficient. Because unambiguously determining the exact
nature of putative organic microfossils requires information on
their original chemical nature, only laboratory experiments

may provide the necessary constraints to eventually decode
the most ancient fossil record (e.g., Javaux, 2019).
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Figure 4 STEM and STXM-XANES results. (a) Transmission electron microscopy image (STEM mode) of the FIB section extracted from
spheroidal organic biomorphs. Scale bar: 1um. (b) X-Ray absorption spectra of the organic biomorphs and of the RNA reference, with their
corresponding N/C values. (c) C- and N-XANES spectra of the organic biomorphs and of the RNA reference compared to spectra of organic
microfossils from Wasselonne (Bernard et al., 2009) and Strelley Pool (Alleon et al., 2018). All spectra are normalised to C and N quantities.
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Methods

Experimental procedure

Pure powder of yeast RNA and a-quartz (Sigma-Aldrich) were used for the present experiments. 100 mg of
RNA and 200 mg of a-quartz were mixed within 5 mL of pure bi-distilled water and introduced in a PTFE
reactor (Parr) filled by pure argon (> 99.99 %) in a glove box. These reactors were placed in a MEMMERT
UN30 oven at 200 °C for 20 days. The soluble fraction of the experimental residues was extracted by
centrifugation and the remaining solid fraction was then washed 3 times with pure bi-distilled water and dried
overnight in an oven at 50 °C before characterisation.

SEM, FIB & STEM

Scanning electron microscopy (SEM) investigations were performed on powders deposited on carbon tape
using a SEM-FEG ZEISS ULTRA 55 (IMPMC, Paris) equipped with a Bruker EDS QUANTAX detector
(Bruker Corporation, Houston, TX, USA). Images shown here (secondary electrons) were collected using an
acceleration voltage below 2 kV, thereby preventing irradiation damages. Electron dispersive X-ray
spectroscopy (EDXS) maps were collected on powders coated with 5 nm of platinum using an acceleration
voltage of 10 kV. Focused ion beam (FIB) foils were extracted from organic biomorphs never exposed to high
acceleration voltage using an FEI Strata DB 235 (IEMN, Lille, France). Milling at low gallium ion currents
allowed minimising common artefacts including local gallium implantation, mixing of components,
redeposition of the sputtered material on the sample surface and significant changes in the speciation of
carbon-based polymers (Bernard et al., 2009; Schiffoauer and Xiao, 2009). Transmission electron
microscopy in scanning mode (STEM) was performed on the FIB foils using a Thermofisher Titan Themis
300 microscope operated at 300 keV (CCM - Lille, France).
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Size distribution
The area of a thousand of biomorphs was measured on SEM images using the ImageJ elliptical selection tool.
The equivalent diameter of each biomorph was estimated such as d., = 2./ (4Area/m) (Rouillard et al., 2018).

EA-IRMS

Total carbon and nitrogen contents and C and N isotopic compositions were determined using a Flash 2000
Thermo CHNSO elemental analyser coupled to a Thermo Fisher DeltaV Advantage IRMA (MNHN SSMIM,
Paris). Experimental residues were primarily flash combusted at 1020 °C in the oxidation column of the EA
(chromium oxide, cobaltous oxide, quartz wool). Oxidation products were then carried by a stream of helium
(200 mL/min) through the reduction column (copper, quartz wool) at 650 °C and water was removed from the
resulting gases through a magnesium perchlorate filter. The CO2 and N were then separated in a
chromatographic column heated at 40 °C, passed through a thermal conductivity detector (1000 puV) where
elemental compositions were measured, and carried into the source of the IRMS where the isotope ratios were
measured. Alanine was used as standard for both elemental and isotopic analyses and for uncertainties.

XRD

X-Ray diffraction (XRD) patterns were acquired using a BRUKER D2 PHASER diffractometer (IMPMC,
Paris) operating at 30 kV and 10 mA with a Cu anode (Ko, at 1.54 A). Analyses were performed on finely
ground powders deposited on a silicium sample holder. The angular range in 20 was 5-70° with a step size of
0.03° and with a counting time of 3 s per step.

NMR & FTIR

Cross polarisation 3C nuclear magnetic resonance (NMR) experiments were performed with a magic-angle
spinning probe 1H/X at 14000 kHz using a BRUKER AVANCE Ill 500 MHz (IMPC, Paris) operating at
125.77 MHz. Chemical shifts were calibrated using the carboxyl signal of adamantane (38.52 ppm). NMR
data were acquired with a contact time of 1 ms and a recycle delay of 1.5 s. Note that this configuration only
provides qualitative information, especially as the possible presence of radical species may be responsible for
quenching of signals. Fourier-transform infrared (FTIR) spectra were recorded in the 400-4000 cm™ range
with a 4 cm™ resolution using a Nicolet 6700 FTIR spectrometer fitted with a KBr beamsplitter and a DTGS-
KBr detector. The powder spectra were obtained under ambient conditions by averaging 200 scans obtained
in attenuated total reflectance (ATR) geometry using a Specac Quest ATR device fitted with a diamond
internal reflection element.

STXM-based XANES

Scanning transmission X-ray microscopy (STXM) analyses were performed on FIB foils to document both
the carbon and nitrogen speciation of the biomorphs using the HERMES STXM beamline at the synchrotron
SOLEIL (Saint-Aubin, France - Belkhou et al., 2015; Swaraj et al., 2017). Energy calibration was done using
the well-resolved 3p Rydberg peak of gaseous CO, at 294.96 eV for the C K-edge, and using the 1s — n*
photoabsorption resonance of gaseous N2 at 400.8 eV for the N K-edge. X-ray absorption near edge structure
(XANES) hypercube data (stacks) were collected with a spatial resolution of 35 nm at energy increments of 1
eV over the 250-450 eV region and at energy increments of 0.1 eV over the carbon (270-340 eV) and the
nitrogen (390-450 eV) absorption ranges with a dwell time of less than 1 ms per pixel to prevent irradiation
damage (Wang et al., 2009). Stack alignments and extraction of XANES spectra were done using the aXis2000
software. Normalisation of data was done using the QUANTORXS freeware (Le Guillou et al., 2018).
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Supplementary Figure
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Figure S-1 Results of the quartz-free control experiment. (a) SEM image (secondary electrons) of the organic
biomorphs produced in the absence of quartz. Their '3C and 5'°N are indicated in yellow. Scale bar: 10 um.
(b) Bar chart showing the size distribution of the spheroidal organic biomorphs produced in the absence of
quartz (FWHM: full width at half maximum). (c) X-ray absorption spectrum of the spheroidal organic
biomorphs produced in the absence of quartz and their corresponding N/C value. (d) C- and N-XANES spectra
of the spheroidal organic biomorphs produced in the absence of quartz
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