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Abstract

Reconstructing the original biogeochemistry of organic microfossils requires
quantifying the extent of the chemical transformations they experienced during
burial and maturation processes. In the present study, fossilization experiments
have been performed using modern sporopollenin chosen as an analogue for the
resistant biocompounds possibly constituting the wall of many organic
microfossils. Sporopollenin powder has been processed thermally under argon
atmosphere at different temperatures (up to 1000 °C) for varying durations

(up to 900 min). Solid residues of each experiment have been characterized
using infrared, Raman and synchrotron-based XANES spectroscopies. Results
indicate that significant defunctionalisation and aromatization affect the
molecular structure of sporopollenin with increasing temperature. Two distinct
stages of evolution with temperature are observed: in a first stage, sporopollenin
experiences dehydrogenation and deoxygenation simultaneously (below 500 °C);
in a second stage (above 500 °C) an increasing concentration in aromatic groups
and a lateral growth of aromatic layers are observed. With increasing heating
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duration (up to 900 min) at a constant temperature (360 °C), oxygen is
progressively lost and conjugated carbon—carbon chains or domains grow
progressively, following a log-linear kinetic behavior. Based on the comparison
with natural spores fossilized within metasediments which experienced intense
metamorphism, we show that the present experimental simulations may not
perfectly mimic natural diagenesis and metamorphism. Yet, performing such
laboratory experiments provides key insights on the processes transforming

biogenic molecules into molecular fossils.

Keywords: Earth sciences, Organic geochemistry, Micro fossils, Preservation of

fossils, Biomolecules

1. Introduction

Inferring the original biochemical composition of fossils has been a long-standing
goal. A major difficulty resides in the poor quality of the biogeochemical signals
preserved in the fossil record: in addition to the impact of bio-alteration, the
increase of temperature and pressure associated with burial (a.k.a. diagenesis)
inevitably alters the original biochemical signatures of fossilized organic molecules
(e.g., Briggs, 2003; Briggs and Summons, 2014). The general paleobiological
perception has long been that burial-induced biomolecule degradation processes
are detrimental to the preservation of biomolecular signatures in ancient rocks.
Yet, a number of fossil occurrences has been reported in metamorphic rocks of
various ages and facies, including high-grade metamorphism: greenschist facies
conditions (e.g., Knoll and Ohta, 1988; Kidder and Awramik, 1990; Knoll, 1992;
Molyneux, 1998; Powell, 2003; Kempe et al., 2005; Butterfield et al., 2007),
amphibolite facies (e.g., Franz et al., 1991; Pestal et al., 1999; Hanel et al., 1999;
Squire et al., 2006; Zang, 2007; Schiffbauer et al., 2007), or blueschist facies
(e.g., Johnston et al., 1987; Bernard et al., 2007, 2010a; Galvez et al., 2012a,b).

Quantifying the extent of the transformations induced by burial processes
transforming biogenic molecules into molecular fossils requires experimental
simulations. A number of authors have attempted to experimentally mimic
fossilization processes (e.g., Briggs and Kear, 1993; Briggs, 1995; Grimes et al.,
2001; Brock et al., 2006; Gupta et al., 2006, 2007, 2009; Yin et al., 2007,
Sansom et al., 2010; Cunningham et al., 2012; Picard et al., 2015). Recently,
Ruhl et al. (2011),Schiffbauer et al. (2012), Watson et al. (2012), Fraser et al.
(2014) and Li et al. (2014) have exposed modern green alga (Botryococcus
braunii), fossilized acritarchs, clubmoss spores (Lycopodium clavatum) and
modern bacteria (Escherichia coli) to experimental conditions mimicking
diagenesis and documented the chemical changes of the organic compounds of
these objects using spectroscopy and spectrometry techniques. All these studies

have demonstrated that morphological and molecular biosignatures may be
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preserved in some contexts, at least partially. Yet, the molecular and structural
transformations of organics occurring during burial-induced diagenesis remain

poorly constrained.

Following these recent works, we report here results of thermal degradation
experiments performed on sporopollenin from Lycopodium clavatum spores to
simulate advanced diagenesis processes. The chemical evolution of sporopollenin
compounds during thermal treatments has already been the focus of a number of
studies (e.g., Sengupta, 1975, 1977; Rouxhet et al., 1979; Bestougeff et al., 1985;
Hayatsu et al., 1988; Ayache and Oberlin, 1990; Hemsley et al., 1996; Yule et al.,
2000; Watson et al., 2012; Fraser et al., 2014). Because of its intrinsic resistance
against chemical and biological agents, the exact molecular structure of
sporopollenin remains debated (Hemsley et al., 1993; de Leeuw et al., 20006;
Moore et al., 2006; Vandenbroucke and Largeau, 2007). Sporopollenin has been
proposed to be a biomacromolecule essentially composed of polyalkyls

(Guilford et al., 1988; Hayatsu et al., 1988), a mixture of aliphatic and aromatic
moieties (Wehling et al., 1989; Meychik et al., 2006) or predominantly aromatic
moieties (de Leeuw et al., 2006). Rather than a unique substance, sporopollenin
may encompass a variety of related biopolymers, containing varying amounts of
oxygen, in the form of ketone, hydroxyl, carboxylic, ester and ether groups

(de Leeuw et al., 2006; Bernard et al., 2009; Fraser et al., 2012). Noteworthy,
sporopollenin constitutes an important component of the selectively-preserved
sedimentary organic record (e.g., Tegelaar et al., 1989; Briggs, 1999 Derenne and
Largeau, 2001; de Leeuw et al., 2006; Vandenbroucke and Largeau, 2007;
Zonneveld et al., 2010) and can be chemically preserved, at least partially, in rocks
having experienced diagenetic conditions (e.g., Hemsley et al., 1996; Cody et al.,
1996; Bernard et al., 2009; Steemans et al., 2010; Fraser et al., 2012) and, in some

cases, intense metamorphic conditions (Bernard et al., 2007).

In the present study, sporopollenin has been exposed to thermal treatment in
open crucibles under argon atmosphere at different temperatures (up to 1000 °C)
for different durations (up to 900 min). The solid residues of all experiments
have been characterized using infrared, Raman and synchrotron-based X-ray
absorption near edge structure (XANES) spectroscopies. We interpret the
differences in the XANES spectra of experimentally thermally altered
sporopollenin collected at the C K-edge as resulting from molecular and
structural transformations. We then compare the C-XANES data collected on
these experimental samples with C-XANES data collected in sifu, at the
submicrometer scale, on natural fossilized spores using synchrotron-based
scanning transmission X-ray microscopy (STXM). Finally, we highlight the
importance of conducting such experiments for the search for ancient life in the
geological record.
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2. Material and methods
2.1. Material

Sporopollenin was purchased from Polyscience, Inc. As specified by the
manufacturer, this sporopollenin powder was separated from common clubmoss
(Lycopodium clavatum) microspores by successive treatments with solvents,
caustic (sodium hydroxide), and acids (acetic anhydride and sulphuric acid) to
remove the inner cellulose wall, i.e. the endospore. Lycopodium clavatum
sporopollenin has been classically used in a number of studies (Cody et al.,
1996; Hemsley et al., 1996; Yule et al., 2000; Watson et al., 2012; Fraser et al.,

2014) and can be seen as a generic analogue of sporopollenin compounds.

Experimental heat-treated sporopollenin residues are compared hereafter with
metamorphic sporopollenin composing the wall of organic fossils of lycophyte
megaspores preserved in 230-Myr-old (Triassic) metasedimentary carbonate
concretions from the Vanoise massif (Western Alps, France) that experienced
blueshist facies metamorphism (~360 °C, ~14kbars, i.e. a burial depth of about
40 km) during the Alpine orogeny (Bernard et al., 2007, 2010a).

2.2. Thermal treatment

A first set of 5 experiments has consisted in heating sporopollenin powder
samples at 250 °C, 360 °C, 500 °C, 750 °C and 1000 °C for 90 min in an inert
Argon atmosphere. To test the impact of the experiment duration, two additional
experiments have been performed at 360 °C for 9 and 900 min, respectively.
For all experiments, the increase of temperature followed a constant ramp of

5 °C.min"". The elemental composition of the solid residues for each
experiment has been estimated via thermal combustion analyses (Service Central
d’Analyse - CNRS) while chemical, structural and molecular signatures have

been investigated by infrared, Raman and XANES spectroscopies.

2.3. Infrared spectroscopy

Infrared spectroscopy data have been collected at IMPMC using a Nicolet FTIR
6700 spectrometer equipped with a globar source and a KBr beam splitter. The
absorption of the infrared beam by the samples has been measured from 400 to
4000 cm™! in the diffuse reflectance mode,with a spectral resolution of 2 cm™ !,
using a DLATGS pyroelectric detector. Additional conventional transmission

measurements performed on the same samples diluted in a KBr matrix have

provided similar spectra over the investigated range and have thus attested the

reliability of this diffuse reflectance configuration.
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2.4. Raman spectroscopy

Raman data have been obtained using a Renishaw INVIA microspectrometer
operating at IMPMC as described in Bernard et al. (2008). Spectra have been
measured from 500 to 3500 cm™" at constant room temperature using the

514.5 nm wavelength of a 100 mW Modulaser Argon laser (green laser) focused
on the sample through a Leica DMLM microscope with a 50X objective

(NA = 0.75). This configuration yields a horizontal resolution of ~1 pm for a
laser power delivered at the sample surface set at around 0.25 mW to prevent
irreversible thermal damage that could be due to laser-induced heating
(Beyssac et al., 2003a). Light is dispersed by a grating with 1800 lines/mm and
the signal was analyzed with a RENCAM CCD detector. Measurements have
been performed with a circularly polarized laser using a 1/4 wavelength plate

placed before the microscope in order to limit polarization effects.

2.5. XANES spectroscopy

Soft X-ray XANES spectroscopy coupled with scanning transmission X-ray
microscopy (STXM) is increasingly used to characterize natural kerogens and
detect the preservation of original biomolecules within fossilized organisms
(e.g., Boyce et al., 2002; Bernard et al., 2007, 2009, 2010a; Lepot et al., 2008
Lepot et al., 2011; Cody et al., 2011; Galvez et al., 2012a,b). Importantly,
radiation damage per unit of analytical information has been shown to be
typically 100-1000 times lower in STXM-based XANES spectroscopy compared
to TEM-based EELS (Rightor et al., 1997; Braun et al., 2005, 2009;

Hitchcock et al., 2008). XANES measurements have been carried out at the

C K-edge on the STXM Polymer beamline 5.3.2.2. (Kilcoyne et al., 2003) and
on the Molecular Environmental Science STXM beamline 11.0.2.2

(Bluhm et al., 2006) at the Advanced Light Source (Berkeley, USA). The
electron current in the storage ring is held constant in top-off mode at 500 mA
at a storage ring energy of 1.9 GeV. Energy calibration was accomplished using
the well-resolved 3p Rydberg peak at 294.96 eV of gaseous CO, for the

C K-edge. C-XANES data were collected following the procedures for X-ray
microscopy studies of radiation sensitive samples recommended by Wang et al.
(2009). Samples have been finely ground, suspended in water and deposited on
Si3N4 windows. C-XANES spectra have been measured over the 280 to 330 eV
energy range (C K-edge), using a step size of 0.3 eV between 280 and 283 eV,
0.1 eV between 283 and 295 eV and 0.3 eV between 295 and 330 eV, with a
theoretical energy resolution better than 100 meV. The collected C-XANES
spectra of heat-treated sporopollenin have been normalized to the total amount
of carbon (measured by the edge step between the pre-edge region

(270-280 eV) and the post-edge region (320-340 eV)) using the Athena
software package (Ravel and Newville, 2005).
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To facilitate the interpretation of the spectral evolution of sporopollenin with
increasing heating duration or temperature, C-XANES data have been
decomposed using an arctangent function to model the absorption edge and
Gaussian functions following the procedure described in Bernard et al. (2010b)
(Fig. 4). The center position, the amplitude and the width of the arctangent
function are fixed to 291.5, 1.0 and 0.4 eV, respectively. Although the natural
lineshape of a XANES peak is a Lorentzian function, Gaussian functions have
been used to take into account instrumental broadening effects (Braun et al.,
2006). Each Gaussian function had a fixed energy position and a constant width
(0.4 eV below 295 eV and 2 eV above). The broad peak at 285 eV has been
decomposed into four Gaussian functions, accounting for resonances by different
multiple carbon—carbon bond species as previously shown by Braun et al.
(2006) and Bernard et al. (2010b). Following Bernard et al. (2012) and

Le Guillou et al. (2013, 2014),), the parameter S, is defined as the contribution
of the areas under Gaussian functions accounting for the aromatic contribution
(peak at ~285 eV) relative to total carbon content and can thus be seen as a
parameter directly related to the aromaticity. A second parameter, So, is defined
as the sum of the areas of the Gaussian functions centered at 286.7, 287.2,
288.6 and 289.2 eV accounting, respectively, for the contribution of ketone,
phenol or alcohol, carboxylic and hydroxyl groups, relative to the total carbon
content. It should be kept in mind that these parameters do not correspond to
absolute concentrations, as (1) the oscillator strengths of the different electronic
transitions are different and not precisely known and as (2) some of the
Gaussians functions used for the present deconvolution of XANES signals do
not account for the absorption of given functional groups, but for broad spectral
features corresponding to highly delocalized excited states sometimes referred to
as Is—o* virtual state transitions or the overlapping contribution of Feshbach

resonances (Stohr, 1992).

3. Results
3.1. Elemental composition

Elemental compositions of solid residues are shown in a Van Krevelen diagram
(Fig. 1). The solid residues of the thermal degradation experiments performed in
the present study can be considered as a maturation series. Two stages of
evolution with increasing temperature can be distinguished: a first stage below
500 °C during which both O/C and H/C ratios decrease with increasing
temperature; and a second stage above 500 °C and up to 1000 °C during which
only the H/C ratios continue to decrease while O/C ratios remain constant

(Fig. 1). At 1000 °C, sporopollenin has likely already experienced the onset of
dry gas generation as indicated by the H/C and O/C ratios (Bernard et al.,

2010c). With increasing experimental durations at 360 °C, sporopollenin
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Fig. 1. Van Krevelen diagrams showing the evolution of H/C and O/C atomic ratios of organic
residues of sporopollenin heat-treated at different temperature for 90 min (top) and of organic

residues of sporopollenin heat-treated at 360 °C for different experimental durations (bottom).

residues follow a singular path in the Van Krevelen diagram: both H/C and O/C
ratios decrease with increasing time, H/C ratios decreasing first more rapidly
than O/C ratios as observed in short duration experiments and then less rapidly

as observed in longer duration experiments (Fig. 1).

3.2. Infrared spectroscopy

The evolution with increasing temperature of the infrared spectra of
sporopollenin evidences the chemical degradation of this biopolymer (Fig. 2).
Qualitatively, hydroxyl groups (OH vibration, ~3450 cm™") first disappear at
about 360 °C. Carbonyl groups (C = O vibration, ~ 1710 cm™") disappear at
500 °C. Aliphatic CH groups (~1350 cm™', 1450 cm™" and ~2900 cm™") are
still observed at 500 °C, although their absorption is low. Concomitantly with
this loss of oxygenated and hydrogenated aliphatic functions, aromatic groups
(~700 to 900 cm™" and ~3050 cm™") become predominant within residues of
sporopollenin heat-treated at 500 °C. At temperatures above 500 °C, the

residues reflect totally the beam, preventing collection of IR data.

3.3. Raman spectroscopy

The very high fluorescence overwhelming the Raman signal (using the

514.5 nm ArgonLaser) prevents collecting data on sporopollenin heat-treated at
temperatures lower than 500 °C. Above 500 °C, the evolution of the Raman
spectra of sporopollenin with increasing temperature shows the structural

evolution of this biopolymer (Fig. 2). The first-order region in the Raman
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Fig. 2. Infrared (top) and Raman (bottom) spectra of organic residues of sporopollenin heat-treated
up to 1000 °C for 90 min.

spectra of heat-treated sporopollenin displays defect bands D1, D3 and D4 at
~1350, 1500 and 1250 cm™", respectively, as well as a slightly asymmetric band
comprising the G and the D2 bands at ~1600 cm™'. With increasing
temperature, from 500 °C to 1000 °C, the G band becomes a bit more asymmetric
towards high wave-numbers and the intensity of the D1 band increases while the
intensities of the D3 and D4 bands slightly decrease. This evolution results in a
decrease of the overall area of the main defect band (D1) relatively to the G band.

Three Raman bands are observed in the second-order region as very broad

8 http://dx.doi.org/10.1016/j.heliyon.2015.00034
2405-8440/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.heliyon.2015.e00034

| Heliyon
Article No~e00034

features: the S1 band at ~2700 cm_l, the S2 band at ~2950 cm ™! and the S3 at
~3200 cm™". From 500 °C to 1000 °C, these bands do not significantly evolve.

3.4. XANES spectroscopy
3.4.1. C-XANES spectrum of sporopollenin

The C-XANES spectrum of sporopollenin indicates that this biopolymer is
mostly composed of: (1) aromatic carbon groups (the peak at 285.1 eV is
interpreted as 1s—p* transitions in aromatic or olefinic carbon (C=C); the
peak at 292.8 eV is indexed as 1s—oc* transitions in aromatic C—C) and (2)
oxygen-containing carbon functional groups (features at 286.7, 287.2, 288.6 and
289.2 eV) (Fig. 3). The 286.7 eV peak is assigned to 1s—m* transitions in
ketone (C=0) functional groups while the 288.6 eV peak is assigned to
Is—7* transitions in carboxylic functional groups (Cody et al., 1996). The
gentle absorption feature at 289.2 eV is interpreted as 1s—n* transitions in
hydroxyl groups (C—OH) while the barely distinguishable shoulder centered at
287.2 eV (Is—n* transitions) is indicative of phenol (Ar—OH) or alcohol
(C—OH) functional groups (Boyce et al., 2002; Bernard et al., 2009).

3.4.2. Temperature experiments

In contrast to infrared and Raman spectroscopies, C-XANES spectroscopy
allows following the chemical and structural evolution of sporopollenin over the
whole range of experimental temperatures of the present study, from room
temperature to 1000 °C (Fig. 3). With increasing temperature, the absorption
peaks corresponding to oxygen-containing functional groups progressively
decrease, alcohol and phenol groups being the first to disappear between 250
and 360 °C, followed by ketone groups at 500 °C, while some carboxylic
groups may remain in the structure up to 1000 °C (Fig. 3). In parallel, the
absorption feature centered at 285.1 eV, revealing the presence of aromatic or
olefinic groups, broadens and increases in intensity from room temperature up to
750 °C (Fig. 3). At 1000 °C, this absorption feature shifts from 285.1 to

285.4 eV, concomitantly with the appearance of an absorption peak at 292.8 eV
(corresponding to 1s—c* transitions of aromatic groups). No sharp 1s—c*
exciton at 291.7 eV, related to the presence of extensive planar domains of
highly conjugated aromatic layers (Ahuja et al., 1996; Bernard et al., 2010b),
can be observed in the XANES spectrum of sporopollenin heat-treated at

1000 °C.

3.4.3. Time experiments

At 360 °C, the duration of the experimental heating has a clear impact on the

molecular structure of sporopollenin (Fig. 3). The evolution of the C-XANES
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Sporopollenin
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Fig. 3. C-XANES of organic residues of sporopollenin heat-treated up to 1000 °C for 90 min (top)
and at 360 °C for different durations up to 900 min (bottom). The C-XANES spectrum of
metamorphic sporopollenin from Vanoise (Bernard et al., 2007) is shown for comparison. Peaks at
285.1 (and 285.3), 286.7, 287.2, 288.6 and 289.2 are attributed to electronic transitions of carbon
involved in aromatic or olefinic groups, ketonic or phenolic groups, phenolic groups, carboxylic

groups and hydroxylated groups, respectively.

spectra collected on solid residues with increasing experiment duration appears
qualitatively similar to the evolution with increasing temperature (Fig. 3). The
absorption peaks attributed to oxygen-containing C-functional groups
progressively decrease in intensity, while the absorption feature due to the
presence of aromatic or olefinic C-groups broadens and increases in intensity
(Fig. 3). Even for the longest experiment (900 min), no sharp 1s—c* exciton at
291.7 eV is observed.

10 http://dx.doi.org/10.1016/j.heliyon.2015.600034
2405-8440/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.heliyon.2015.e00034

| Heliyon
Article No~e00034

X-ray Absorption

280 285 290 295 300 305 310 _ Energy (V)

S 0 Oxygen Functions vs Temperature

& Heat-treated Sporopollenin
2.2 x x Vanoise Sporopollenin

L

0 200 400 Temperature (°C) 800 1000

S A Aromaticity vs Temperature
3.0
2.5
2.0

1.5

R*=0,9994

1.0
0 200 400 Temperature (°C) 800 1000

S 0 Oxygen Content vs Time

22 * x
R?=10,9848

)

0 100 Duration of pyrolysis at 360°C (in minutes) 900 ~1 Ma

2.5 Aromaticity vs Time x

R*=0,9978

1.4

1.2

1.0 It
0 100 Duration of pyrolysis at 360°C (in minutes) 900 " 1 Ma

11 http://dx.doi.org/10.1016/j.heliyon.2015.600034
2405-8440/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.heliyon.2015.e00034

| Heliyon
Article No~e00034

3.4.4. Evolution of S4 and S parameters with increasing
temperature and heating duration

As shown in Fig. 4, the S4 and S, parameters of experimentally heat-treated
sporopollenin evolve differently with increasing temperature. After a nonlinear
decrease from room temperature to 500 °C, the S, values reach a plateau and
remain constant between 500 and 1000 °C. This threshold value of 2 for the Sp
parameter corresponds to a negligible concentration in oxygen functions as
shown by bulk elemental analyses. In contrast, the S, values increase
continuously and linearly with temperature from room temperature to 1000 °C,
with a slope three times higher between 500 and 1000 °C than between room
temperature and 500 °C. With increasing heating duration, the S, values of
experimental sporopollenin increase while the S, values decrease. Both S, and

So values follow logarithmic laws with experimental durations (Fig. 4).

3.4.5. Comparison with natural samples

The C-XANES spectrum of metamorphic sporopollenin from Vanoise which
experienced a maximum temperature of 360 °C and a maximum pressure of
14 kbars for at least 1 Myr (Bernard et al., 2007) is shown in Fig. 3.
Noteworthy, this spectrum is very similar to the spectrum of sporollenin
experimentally heat-treated at 750 °C for 90 min in terms of peak positions,
widths and intensities, as illustrated by their S, and S, values (2.47 and 2.2. for
the Vanoise metamorphic sporopollenin versus 2.48 and 2.07 for sporopollenin
heat-treated at 750 °C for 90 min, respectively). In contrast, extrapolating the
logarithmic laws modeling the evolution of the S4 and S, values of
sporopollenin heat-treated at 360 °C with time for durations of 1 Myr leads to
S and Sy values of 3.29 and 1.37 (< 2), respectively, which do not match the

S4 and Sp values of metamorphic sporopollenin from Vanoise.

4. Discussion
4.1. Influence of temperature: oxygen loss and aromatization

The present study shows the main changes in the molecular structure of
sporopollenin with increasing thermal maturation: oxygen-containing functional
groups are progressively lost, while the relative abundance of aromatic
structures increases within the solid residue. These findings appear consistent
with the significant defunctionalisation evidenced by previous experimental
studies of thermal degradation of sporopollenin at relatively low temperatures

Fig. 4. Fitting procedure of the C-XANES spectra of organic residues of heat-treated sporopollenin
as detailed in the text (top) and (below) graphs showing the evolution of the S4 and S, parameters

with increasing temperature and with increasing experiment duration.
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(Rouxhet et al., 1979; Hemsley et al., 1996; Yule et al., 2000; Watson et al.,
2012; Fraser et al., 2014). Two different stages of evolution can be identified
from room temperature to 1000 °C. The data reported here indicate that during
thermal treatment below 500 °C, sporopollenin experiences carbonization
(Vandenbroucke and Largeau, 2007). The evolution of the O/C and H/C
atomic ratios below 500 °C suggests that the removal of a large proportion of
oxygenated functions likely occurred as a loss of CO,, mainly, and H,O
(Vandenbroucke and Largeau, 2007). Alcohol and phenol groups are the first
to disappear between 250 and 360 °C, followed by ketone groups at 500 °C.
Such loss of O-containing molecules yields a nearly pure and poorly ordered
carbon phase highly concentrated in hydrocarbon generating structures.
Interestingly, the rate of oxygen loss increases with increasing temperature,
while the rate of aromatic carbon enrichment is constant, suggesting
enrichment in polyalkyl carbons, consistent with observations reported by
Watson et al. (2012) and Fraser et al. (2014) on residues of sporopollenin

having experienced thermal treatments in closed systems and under vacuum.

Above 500 °C, the total oxygen content remains constant and negligible

(as indicated by bulk analyses and confirmed by the Sy values), while the Sx
values still increase linearly with temperature, even faster than below 500 °C.
The H/C atomic ratio of the residual kerogen decreases during this phase,
suggesting generation of hydrocarbons as C,Hj,,» molecules (Vandenbroucke
and Largeau, 2007). The net increase of S, values, the appearance of an
absorption peak at 292.8 eV and the concomitant shift of the aromatic peak
maximum absorption energy from 285.1 to 285.4 eV reflect an increasing
concentration in aromatic groups as well and a lateral growth of aromatic layers
(Bernard et al., 2010b). The formation of planar domains of highly conjugated
7 systems, which provide a particularly stable electronic configuration

(Cody et al., 2008), might indeed influence electron delocalization and thus the
appearance of an excitonic effect associated with the broad 1s—xn* absorption
feature at ~285 eV (Ahuja et al., 1996; Bernard et al., 2010b). However, no
sharp 1s—c* exciton at 291.7 eV can be observed in the XANES spectrum of
sporopollenin heat-treated at 1000 °C. The absence of such absorption feature is
not surprising as graphitizing carbons start to display it only after an
experimental heat treatment above 1600 °C (Bernard et al., 2010b) and suggests
that the aromatic cluster size of sporopollenin residue has not significantly
increased within the studied range of temperatures. This appears consistent with

the slight evolution of the Raman signal with increasing temperature.

4.2. Influence of experimental duration

The present study also provides some insights on the influence of heating duration

on organic molecule thermal alteration processes. It has been anticipated from
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carbonization /graphitization experiments that longer periods of heating would
likely result in increasingly ordered carbonaceous materials (e.g., Bestougeff et al.,
1985; Newell et al., 1996; Beyssac et al., 2003b; Cody et al., 2008; Zhao et al.,
2010; Schiffbauer et al., 2012). The C-XANES data of heat-treated sporopollenin
residues confirm that the level of carbonization increases with increasing duration
of thermal treatment at 360 °C: oxygen-containing functional groups are
progressively lost while the relative abundance of aromatic structures increases.
However, the fact that S, and S, values co-vary with time indicates that
pericondensation of aromatic rings remains incomplete even for the longest
experimental duration. The absence of a sharp 1s—c* exciton at 291.7 eV, related
to the presence of extensive planar domains of highly conjugated aromatic layers
(Ahuja et al., 1996; Cody et al., 2008; Bernard et al., 2010b), suggests that the
aromatic cluster size of sporopollenin residue has not significantly increased over
the studied range of experimental durations. In contrast to what occurs in natural
settings, at such a “low” temperature, sporopollenin appears to only experience the

first steps of carbonization.

Interestingly, in contrast to their evolution with temperature, S, and S, values
exhibit a log-linear relationship with thermal treatment duration. Such log-linear
evolution cannot be described using the algebraic expressions of functions of the
most common reaction mechanisms operating in solid-state reactions

(Aboulkas et al., 2010; Kebukawa et al., 2010). Similar log-linear behaviors have
been reported for parameters describing the evolution of maturation/degradation/
graphitization degree of carbonaceous materials as a function of experiment
durations (e.g., Newell et al., 1996; Beyssac et al., 2003b; Zhao et al., 2010;
Kebukawa et al., 2010; Schiffbauer et al., 2012). Of note, the increase of the exciton
intensity in XANES spectra of extraterrestrial insoluble organic matter experiencing
experimental graphitization under flash heating also exhibits a log-linear behavior
with time (Cody et al., 2008). The chemical and structural transformation of
organic macromolecules with increasing thermal treatment duration presumably
involves a highly cooperative, multi-step process, involving considerable bond
breaking, bond migration and bond rearrangement (e.g., Cody et al., 2008). As
oxygen is progressively lost and conjugated carbon—carbon chains or domains
progressively grow, more steps may become necessary with increasing time for
continued domain growth and oxygen loss, leading to the observed log-linear
kinetic behavior (Cody et al., 2008). This log-linear relationship likely evolves into
linear correlations for long durations as proposed by Beyssac et al. (2003b), which
may explain the apparent discrepancies between experimental and natural samples.

4.3. Discrepancies with natural samples

Extrapolating laboratory results to natural processes remains difficult

(e.g., Li et al., 2014). As geological time cannot be replicated in the laboratory,
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the question arises whether or not laboratory experiments such as the ones
performed in the present study really mimic processes taking place in natural
settings and provide a valuable insight into the fate of biological material during
burial and diagenesis. The chemical reactions that occur during organic
maturation are usually described by a nearly first order kinetic law, with a rate
constant related to temperature by the Arrhenius equation, whereby high
temperature and short duration experiments should produce results equivalent to
a low temperature and long duration experiment (e.g. Vandenbroucke and
Largeau, 2007). Thus, temperatures and heating rates considerably higher than
those encountered in nature have to be applied to the rock samples to
compensate for long geological time periods (e.g., Lewan et al., 1979;

Behar et al., 1997, 2010; Seewald et al., 1998).

Interestingly, when plotted in a Van Krevelen diagram, the solid residues of
heat-treated sporopollenin do not follow the mean evolution pathways of
kerogen type II but two different stages of evolution (Fig. 1). While the second
stage (above 500 °C) is only characterized by a decrease of H/C ratios (O/C
ratios remain constant), both O/C and H/C ratios of sporopollenin residues
decrease at the same time with increasing temperature during the first stage
(below 500 °C), indicating that dehydrogenation and deoxygenation occur
simultaneously. This result differs from what happens during natural
carbonization process, i.e. a decrease of O/C ratios followed by a decrease of
H/C ratios with increasing temperature (e.g., Vandenbroucke and Largeau,
2007). As suggested by Ayache and Oberlin (1990), dehydrogenation might
have been favored by the low heating rate and pressure at which the present

experiments were conducted.

Here, the Raman spectrum of sporopollenin experimentally heat-treated at

750 °C for 90 min appears similar to spectra of natural soots or charcoals, while
its C-XANES spectrum is similar to the one of Vanoise metamorphic
sporopollenin which has experienced 360 °C (Bernard et al., 2007, 2010a). In
addition, extrapolations of the logarithm laws of S, and Sy values at 360 °C for
long durations do not match the S4 and S, values of the metamorphic
sporopollenin from Vanoise. This inconsistency illustrates the difficulty to
properly simulate fossilization processes in the laboratory. Of note, thermal
degradation experiments do not simulate biodegradation processes that might
occur in natural settings. Some (or most) of the observed differences might thus
result from the early diagenetic biodegradation experienced by fossilized
sporopollenin compounds. Yet, sporopollenin compounds have been shown to be
highly resistant to biodegradation. Therefore, the discrepancies observed here
between experimental and natural samples might not be attributed to such
processes. In contrast, these discrepancies may reside in the fact that the present

experiments have been performed on pure sporopolleninin open crucibles under
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an inert gas flow at atmospheric pressure with a slow heating rate while Vanoise
sporopollenin has experienced 360 °C and 14kbars for ~1 Myr during the
Alpine orogeny (Bernard et al., 2007, 2010a). Indeed, pressure has been shown
to be a key factor in the rate at which the decomposition of kerogen proceeds
and may favor aromatization and the degree of saturation of the maturation
products (Ayache and Oberlin, 1990; Beyssac et al., 2003b; Vandenbroucke and
Largeau, 2007). Oxygen fugacity conditions may also impact the molecular
transformations of sporopollenin (Yule et al., 2000; Twiddle and Bunting, 2010;
Schiffbauer et al., 2012; Jardine et al., 2015). In addition, organic maturation
processes may also be strongly affected by the presence of water and minerals
in low-temperature systems (Huang, 1996; Seewald et al., 2000; Pan et al.,
2009; Lewan and Roy, 2011).

In any case, consistently with results by Bestougeff et al. (1985), Cody et al.
(1996), Yule et al. (2000), Watson et al. (2012) and Fraser et al. (2014), the
present study evidences that the thermal evolution of sporopollenin is not a
continuous, single phase process, and should instead be seen as the result of
different processes involving sequential dehydration and dehydrogenation
leading to a progressively aromatized bio/geopolymer. Thus, although the
evolution of sporopollenin documented here may not exactly reflect the
chemical changes that take place during diagenesis in natural settings, it
evidences that the thermal evolution of any organic macromolecule should not
be seen as a progressive modification of a single initial substance but as a

sequence of degradation and formation/condensation reactions.

4.4. Implications for the reconstruction of the original
biochemical composition of organic microfossils

Most of the witnesses of the first chapters of the history of life are unicellular
organic-walled microfossils which fall into the category of “acritarchs”

(e.g., Servais, 1996; Knoll, 2014). The term ‘acritarch’ was first introduced by
Evitt (1963) to describe “small microfossils of unknown and probably varied
biological affinities, consisting of a central cavity enclosed by a wall of single
or multiple layers and of chiefly organic composition”. Various biological
affinities and evolutionary patterns have been proposed for acritarchs. Hence,
among acritarchs have been described unicellular photosynthetic protists such as
spores, cysts of green algae or dinoflagellates, cyanobacterial envelopes,
heterotrophic protists, pellicles of euglenids or even egg-cases of copepod-like
crustaceans (e.g., Colbath and Grenfell, 1995; Servais, 1996; Arouri et al., 2000;
Butterfield, 2005; Marshall et al., 2005; Kempe et al., 2005; Javaux and
Marshal, 2006; Huntley et al., 2006; Knoll et al., 2006; Moczydtowska and
Willman, 2009; Sergeev, 2009; Taylor and Strother, 2009; Javaux et al., 2010;
Strother et al., 2011; Battison and Brasier, 2012; Knoll, 2014).
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The experiments reported in the present study have been performed on
sporopollenin compounds which do not embrace all the possible original
chemical compositions of organic-walled acritarchs. A number of extant
organic-walled microalgae and dinocysts have been shown to be composed of
highly resistant biomolecules that differ from sporopollenin compounds, such as
algaenans or dinosporins. Algaenan compounds have been described as highly
aliphatic unbranched (but crosslinked) carbon chains, while dinosporin
compounds can be seen as crosslinked carbohydrate-based polymers

(Kokinos et al., 1998; Versteegh and Blokker, 2004; de Leeuw et al., 2006;
Kodner et al., 2009; Versteegh et al., 2012). Similarly to sporopollenins, these
resistant macromolecules should not be seen as unique substances, but rather as
series of biomolecules. In any case, these compounds may behave differently
from sporopollenin during burial. Additional experiments should thus be
performed on such compounds to provide a more complete view of the
transformations having potentially been experienced by organic-walled acritarchs
during the geological history of their host rocks and hence eventually allow

reconstructing their original biochemical compositions.

5. Conclusion

The trends in chemical and structural changes of sporopollenin during thermal
degradation reported here can be seen as a new milestone towards a generalized
mechanistic model for the evolution of the spectroscopic signatures of natural
biogenic organic matter during burial and diagenetic processes, which appears as
a pre-requisite to properly reconstruct the original chemistry of fossils. Yet, the
present experimental simulations do not seem to perfectly mimic the processes
occurring in natural settings. In addition to investigating the impact of
biodegradation in the laboratory, future studies should focus on quantifying the
influence of key parameters such as oxygen fugacity conditions and the
geochemical nature of the fluid and the mineral matrix on the extent of
biomolecule degradation occuring during fossilization processes. Additional
experiments also need to be performed using different organic precursors in
order to more completely embrace the possible original compositions of organic

microfossils found in the geological record.
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