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As we look for traces of ancient life on Mars, we need to consider the impact of
ionizing radiation in the biosignature preservation process. Here, we irradiated two
organic rich terrestrial samples (Enspel and Messel shales) that have Martian analog
mineralogies, with simulated cosmic rays to a dose of 0.9 MGy, equivalent of
15 million years of radiation exposure on the Martian surface. We compared a range
of biosignatures before and after exposure, including total organic carbon, bulk
stable carbon isotope ratios, diagnostic lipid biomarkers (hopanes and steranes),
and Raman signatures akin to those collected by the Scanning Habitable
Environments with Raman and Luminescence for Organics and Chemicals
(SHERLOC) instrument on Perseverance. While we did not observe a significant
difference in total organic carbon, bulk stable carbon isotopes, or Raman G-band
signatures, we found that five lipid biomarkers decreased by a factor of two to three
in the Enspel shale. This degree of degradation exceeds current predictions by
existing models or experimental studies in organic rich samples and challenges our
current understanding of complex biosignatures under ionizing irradiation.
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Introduction

After decades of research and several robotic spacecraft, we know today that Mars was
habitable early in its history (Squyres and Kasting, 1994; Grotzinger et al., 2014). But 3.7 to
4.1 billion years ago, the red planet lost its magnetic field (Acuna et al., 1999; Mittelholz
et al., 2020). Without a protective magnetic field and with a thin atmosphere, solar
radiation and energetic particles were able to reach the surface, and the Martian surface
progressively turned into a freezing irradiated desert. However, there was a small window
of surface habitability, and an important challenge is to discover whether life evolved in
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that period of time and furthermore, if any trace of this evolution
remains that we could detect today.

To answer these questions, several robotic rovers have been
sent to the Mars, including NASA’s Curiosity and Perseverance
rover missions, which arrived in 2012 and 2021, and in the future,
ESA’s Rosalind Franklin rover mission will join them. Detecting
biosignatures, or traces of ancient life, is one of the main
objectives of Perseverance and Rosalind Franklin (Vago et al.,
2015; Farley et al, 2020). To target the best preserving
environments for ancient biosignatures, it is crucial to
understand the forces and processes that may affect the
preservation potential of biosignatures (in particular organic
biomarkers) and the capability of rover-based instrumentation
to detect them. As such, radiation effects that degrade organic
molecules at the planet’s surface are key to understanding
biosignature preservation and will serve to enable targeting
the that  best
biosignatures on Mars.

environments preserve possible ancient

Much of our understanding of biosignature degradation
on the planet’s surface derives from using the Earth as an
analog. Biosignature taphonomy on earth has been extensively
studied (e.g., Eigenbrode, 2008; Summons et al., 2008), but an
additional the of

biosignatures in the Martian environment exists: For

challenge to persistence ancient
billions of years, the Martian surface has been exposed to
high-energy radiation. The most abundant source of radiation
on Mars is Solar Energetic Particles (SEPs), absorbed in the
first few centimeters of the surface. SEPs can measure up to
10® eV, and are composed of protons, electrons, and heavier
2002). Galactic

Cosmic Rays (GCRs), however, are more powerful; they

nuclei (Horneck and Baumstark-Khan,
range to over 10*' eV (Simpson, 1983) and can penetrate
several meters into the subsurface (Dartnell et al., 2007).
GCRs are produced outside the Solar System and composed
primarily of protons and alpha particles, as well as some high-
energy nuclei. Reacting with the planet’s atmosphere and
regolith, GCRs produce secondary particles (neutrons,
pions, positrons, muons) that rapidly decay into mostly
gamma rays (Dartnell et al., 2007). For this reason, gamma
rays serve as a suitable analog for GCR exposure in the top few
centimeters to meters into the Martian subsurface.

Current technology allows drilling to relatively shallow
depths on Mars: 5cm for Curiosity (Okon, 2010), 7.6 cm for
Perseverance (Moeller et al., 2021), and up to 2m for the
developed Rosalind Franklin rover (Vago et al.,, 2015). While
Rosalind Franklin will uncover samples that have been more
shielded from GCRs than Curiosity and Perseverance, cosmic
rays may still impact the preservation of organic biosignatures
recovered at the depth this mission will drill. So far, no direct
evidence of biomolecules that are unambiguously diagnostic of
life have been detected at the Martian surface. While simple
abiogenic organics can survive across geological time on Mars
(Steele et al., 2012; Freissinet et al., 2015; Glavin et al., 2015;
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Eigenbrode et al., 2018; Steele et al., 2018; Freissinet et al., 2020;
Steele et al., 2022), it remains to be seen whether complex organic
molecules near the surface of the planet have a similar robustness.
Farley et al. (2014) showed that even if the sedimentary rocks in
Gale crater were deposited when the planet was habitable, 4.21 +
0.35 billion years ago (Sheepbed mudstone at Yellowknife Bay),
they have likely been exposed to cosmic rays for a much shorter
time: 78 + 30 million years (Myr). A later study (Martin et al,
2017) estimated that another sample in Gale crater (Mojave 2)
was exposed for a significantly longer time, 300 Myr to 1 Gyr
(billion years). These measurements give us crucial insight into
how much the surface was exposed to radiation over time.
However, they are not representative of the whole planet; as
some facies, such as those recently exposed by wind-blown scarp
retreat may have even shorter exposure times, while other facies
could have been exposed for several billion years. To help guide
sample selection, it is critically important to understand how
are degraded by GCRs
This is
important when considering the goals of Mars Sample Return,

diagnostic  biosignatures across

representative  geological timelines. particularly
which will enable the scientific community to study a limited but
important subset of Martian rocks and soils using sophisticated
laboratory instruments.

The goal of this study was to analyze the diagenesis of
diagnostic organic biosignatures in naturally occurring Mars
analog samples under a controlled cosmic ray exposure
regimen. We focused on GCRs, the dominant deleterious
form of radiation at the depths accessible to the rovers
utilizing current drilling and sampling instrumentation
(Pavlov et al, 2012). As gamma rays are major degradation
particles from GCRs, we used gamma rays as a GCR analog. This
study focuses on three classic types of biosignature analyses:
chemical and isotopic analyses, as well as spectral
characterization.

We focused on two primary samples for this study: the
Enspel (~23-28 Myr) and the Messel (~47 Myr) shale
(Robinson et al., 1989; Luiniger and Schwark, 2002). The
shales are natural lithified muds which contain significant
smectite clay minerals while also importantly containing the
naturally preserved lipid biomarkers that are the focus of this
work. Smectite clay minerals have also been found in significant
abundances (up to ~34 wt. %) in fine-grained lacustrine/fluvial
Martian sedimentary rocks such as the Sheepbed mudstone (e.g.,
Vaniman et al., 2014) and several sedimentary rocks in the Glen
Torridon clay-bearing unit (Bristow et al., 2021; Thorpe et al.,
2021) investigated by the Curiosity rover. Additionally, smectite
clay minerals and other phyllosilicates have been detected on
Mars both orbitally (Poulet et al., 2005; Ehlmann et al., 2011;
Fraeman et al., 2016) and in situ in Gale crater (e.g., Rampe et al.,
2020). X-Ray Diffraction (XRD) analyses of our samples indicate
that the Enspel Shale consists of the smectite clay mineral
montmorillonite, as well as illite, kaolinite, plagioclase and

quartz and the Messel Shale consists of montmorillonite, trace
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kaolinite, siderite, and quartz. The samples were both dominated
by smectite clay minerals. Clay minerals are preferred targets for
astrobiology (McMahon et al., 2018), and especially for Mars
Sample Return as they are a favorable environment for the
preservation of high concentrations of diverse biosignatures
over geological timescales (Summons et al.,, 2011).

The gamma ray radiation exposure utilized in this study
(0.9 MGy, mega gray) is equivalent to 15Myr of radiation
exposure at the Martian surface according to the model of
Pavlov et al. (2012). Though there are subtle differences
between artificial and natural irradiation such as the rate of
received dose, and potentially kinetic alterations and/or reactivity
levels, this method is commonly used to mimic GCRs (Kminek
and Bada 2006; Rojas Vivas et al., 2021; Pavlov et al., 2022).

We then compared three types of organic biosignatures in
our control samples and irradiated samples. Initially, we focused
on total organic carbon (TOC) and bulk stable carbon isotope
ratios. The TOC quantifies the organic content of the sample, and
the bulk stable carbon isotope ratio provides information about
potential biotic sources of carbon (Peters et al., 2005): as "*C is
assimilated faster than *C by enzymes, biotic carbon tends to
have a higher *C content, so a lower >C/"’C ratio value. We
hypothesize that the general destruction of organic matter into
volatile CO, or CH, would lead to a decrease of TOC after
irradiation. Even though gamma rays are not isotopically
selective in their interactions, we analyzed the samples to
determine if secondary oxidants could shift the isotopic ratio.

The chemical biosignatures we targeted are diagnostic lipid
biomarkers in the form of hopanes and steranes: some of the
most persistent components of cell membranes, and are specific
to and therefore diagnostic for prokaryotic and eukaryotic life
respectively (Brocks and Summons, 2003). While it may appear
unlikely to find such complex terrestrial molecular fossils on the
Martian surface, we use them here as a best-case scenario as one
of the most persistent diagnostic traces of terrestrial life, as a
terrestrial biochemistry-based analog for recalcitrant molecules
that perform a similar function within any putative Martian
organism. They are molecular fossils of the biochemical
precursor molecules hopanols and sterols (Eigenbrode, 2008).
During diagenesis, hopanols and sterols lose their functional
groups, whereas their diagnostic hydrocarbon skeleton can be
preserved over the geological timescale (Brocks and Summons,
2003). This hydrocarbon structure, if found on another planet, is
peculiar enough to be diagnostic of life, as there is no known
abiotic synthesis pathway. Our interest here was not to identify
the biotic sources of biomarkers (that has been well described in
the literature (Robinson et al., 1989; Liiniger and Schwark,
2002)), but to investigate how complex molecular signatures
change under cosmic ray exposure using these molecules as a
terrestrial analog to complex compounds in a putative Martian
organism.

The Enspel and Messel samples were also analyzed using
Raman spectroscopy, specifically targeting the spectral signature
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of the diagnostic G-band (its position and width). It is known
that factors such as sample maturity, thermal degradation,
starting composition, possible graphite domain size, lead to a
shift in the D (~1,350 and G
(~1,580-1,600 cm-1) Raman band parameters (Pasteris and
Wopenka, 2003). Within this study, we hypothesized that
these bands may change in characteristic ways following

characteristic cm-1)

gamma ray exposure. These analyses also serve as analogs for
current flight-like analyses such as the SHERLOC and Supercam
instruments aboard the Perseverance rover and could help the
rover team in selecting samples most likely to contain organic
signatures for eventual Earth return from Mars.

Materials and methods
Sample preparation and irradiation

All materials in contact with the samples were solvent
cleaned with methanol and dichloromethane (DCM), then
heated at 550°C overnight, to prevent laboratory organic
contamination. The samples were powdered and sieved
(400 um) to homogenize the indigenous organic matter. We
powdered our clay-dominant samples with a gentle non-
smearing motion to mitigate against introducing turbostatic
disorder. The mortar temperature was regularly checked with
a laser thermometer to ensure it did not increase above room
temperature.

We used ~1 MeV gamma rays from a®Co source at a rate of
8.15 Krad (Si)/min to simulate cosmic rays at the NASA Goddard
Space Flight Center (GSFC) Radiation Effects Facility (REF). The
samples received a total dose of 0.9 MGy with up to 10% variation
due to experimental set up. The samples were irradiated in flame-
sealed glass vials to avoid contamination from plastic caps. They
were sealed under vacuum (~30 mTorr) to remove all air from
the tube, as oxygen and water in the air might indeed increase the
destruction rate by creating reactive radicals (Dartnell, 2011;
Pavlov et al.,, 2022). Every sample was irradiated in triplicate for
extra security in the unlikely event of an accident during
exposure, such as tube breaking, and to take into account

in the samples.
in the REF have
confirmed that our samples stayed under 30°C during irradiation.

natural variation of organic material
Temperature monitoring experiments

XRD

Unirradiated samples were crushed and sieved to <53 pm,
and XRD patterns were acquired with a Bruker D8 Discover
diffractometer at NASA GSFC from random powder X-ray
diffraction analysis mounts, from 2-70°26, at 0.01%/step and at
least 2 s/step. These patterns enabled the bulk mineralogy of the
samples (minerals present and their abundances) to be
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determined. To obtain detailed knowledge of the clay
mineralogy, oriented mounts of the clay size fraction (<2 um)
were prepared for XRD analysis. Diffraction patterns were
acquired for air-dried and glycolated oriented mounts
allowing for a thorough assessment of clay mineral 00L peak

and discrimination between smectite and illite clay minerals.

Organic extraction, GC-MS, GC-FID and
statistical analyses

Solvent-soluble chemical biomarkers were solvent-extracted
by a MARS6 microwave digestion system using DCM:Methanol
9:1 for 15 min at 100°C. The solvent-powder mixture was then
filtered on an organically clean glass vacuum column using
solvent-cleaned 1.1 um glass filters. The solvent extract was
dried down under nitrogen using a Rapidvap evaporator.
Potential elemental sulfur was removed from the organic
extract by reacting with acid-activated copper overnight. The
apolar fraction was obtained by dissolving the dried extract in
10 ml hexane and filtering through an organic clean glass fiber
filter to remove any debris or particles. This study focused only
on the apolar fraction containing hydrocarbon lipids biomarkers.
identified with Gas
Chromatography—Mass Spectrometry (GC-MS) (Georgetown

Biomarkers were
University) and quantified with Gas Chromatography—Flame
Ionization Detector (GC-FID) (MIT) using the same injection
standard (deuterated 5-a Cholestane). The samples were injected
in splitless mode at 250°C, with Helium as carrier gas. We used a
DB-5MS column (60 m x 250 pm X 0.25 um) in the GC oven,
with a temperature held isothermally at 60 °C for 2 min, ramped
to 320°C at a rate of 3°C/min, and then held at this temperature
for 20 min. The transfer line and source temperatures were
respectively set at 300 and 250°C, and the electron energy at
70 eV. GC-MS analyses confirmed that our four types of blanks
had none or non-significant contamination: blanks of irradiation,
of extraction, of instruments, and of all three previous sources
cumulated. Xcalibur and ChemStation were used for,
respectively, identification and quantification of biomarkers.

To compare biomarkers concentrations before and after
irradiation, we used R to check the hypothesis of normality
and equality of variances, and then compared the data with a
Student t test. A p-value above 0.05 indicated no significant
difference in the concentration after irradiation.

EA-IRMS

Organic carbon and bulk stable isotopic composition were
determined by combustion in an elemental analyzer (Carlo Erba
NC 2500) interfaced through a ConfloIll to a Delta V Plus
Isotope Ratio Mass Spectrometer (IRMS) at the Earth and
Planets Laboratory at Carnegie (Foustoukos et al., 2021). Prior
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to the analyses, the samples were treated with 10% HCI solution
overnight to remove carbonates and then thoroughly rinsed with
millipure water to remove acid residue before being freeze dried
overnight. Replicate analyses were performed for each sample.
Acetanilide (CgHoNO) was analyzed at regular intervals to
monitor the accuracy of the measured isotopic ratios and
elemental compositions. Uncertainties reported correspond to
the 1s deviation between replicates analysis, and they are higher
than the precision with respect to standards. For bulk stable
carbon isotopes, the internal uncertainty was 0.2 for the first set
of replicates and 1.2 for second and third sets of replicates.

Raman spectroscopy

Raman analyses were conducted using a Witec a-300R
Scanning Raman spectrometer able to do confocal Raman
spectroscopic imaging. To aquire the spectra we used 438 nm
excitation laser and two different objective lenses; a x100 long
working distance (LWD) and a x20 LWD. Light from the sample
is fed after collection via fibre optic to a f/4 300 mm focal length
imaging spectrometer using a 600 lines/mm grating connected to
an Andor Peltier-cooled electron multiplying charge-coupled
device (EMCCD). Witec Project software was used to remove
cosmic rays, undertake background subtraction and to label and
deconvolve the G band peak parameters. Typically, small images
of areas of the sample in focus were conducted that were 218 x
136 um in size and containing 25,600 pixels using an integration
time of 3 seconds. These data were then screened for the presence
of D and G band peaks. At which point these peaks were isolated
for G and peak position and full width half max parameter
deconvolution. In some cases, single spectra were collected and
these typically used a 2 s integration time for 30 s.

Results

After exposing the samples to 0.9 MGy of gamma rays, we
found that the TOC, the bulk stable carbon isotope ratio and
Raman G-band didn’t change significantly (Figure 1, see
Supplementary Table SI for all results). We measured high
TOC values around 22 %wt and 30 %wt for Enspel and
Messel respectively, an isotope 6°C value of 27%o for both
samples, and a Raman G band centered between 1,582 cm™
and 1,588 cm L.

Concerning organic biomarker biosignatures, we identified
in both samples five hopanes (29norhop-17 (21)-ene, hop-17
(21)-ene, Cs, hopane, hop-21 (22)-ene, C;; hopane) and two
steranes (C,9 dimethyl cholestane, and Cj; sterane) with masses
ranging from 386 to 428 Da (identified with fractionation
patterns on mass spectra, structures in Supplementary Figures
S1, S2, masses in Supplementary Table S1). All identified
biomarkers were still detectable after irradiation, as seen on
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Changes of TOC, bulk stable carbon isotopes ratios and Raman G-band. (A) Enspel and Messel shales TOC before (blue) and after (orange) an
equivalent of 15 Myr of radiation exposure on Mars. (B) d*C isotope ratios in Enspel (squares) and in Messel (circles) before (blue) and after (orange)
irradiation. (C) Raman spectra of Enspel G band before (blue) and after (orange) irradiation. (D) Plot of G band parameters (center position vs. width)
for Enspel (squares) and Messel (Circles) before (blue) and after (orange) irradiation. Smaller error bars for irradiated Messel shale (orange) are
due to a smaller sample size during Raman data acquisition. For all figures, error bars take into account instrumental error and natural variation of

organic content in the samples.

the chromatograms of Figure 2. After quantification and
statistical comparison of the biomarkers, we didn’t observe
any significant decrease in the Messel shale (p value > 0.05)
(Supplementary Figure S3). In the Enspel shale, however, we
observed a significant decrease of all biomarkers (hopanes and
steranes) except hop-21-ene and Cso hopane by a factor of two to
three (Figure 2, lower panel).
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Discussion

Generally, we expected a decrease in TOC after a degradation
of the organic matter as molecules broke down and degassed as
carbon dioxide or methane (Rojas Vivas et al,, 2021). In our study,
however, the irradiation dose did not appear to be high enough to
register significant changes in TOC (Figure 1A). This could be
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explained by the significantly higher TOC compared to the natural
samples studied by Rojas Vivas et al. (2021). This would indicate
that the more organic matter the sample contains, the more
reduced conditions prevail, and therefore, a lower production of
oxidative radical under ionizing radiation. It should be noted,
however, that samples on Mars are known to have lower organic
concentrations than those tested here [around 10-12 ppm on Mars
and in Martian meteorites (Steele et al., 2016; Eigenbrode et al.,
2018)].

Frontiers in Astronomy and Space Sciences

For the bulk stable carbon isotope ratios, we didn’t expect
gamma radiation itself to cause a shift, but induced oxidizing
radicals could cause fractionation. The fact that we do not
observe any significant change in this ratio either could also
be explained by the large concentration of organic matter in our
samples (Figure 1B). High organic matter concentration would
limit the production of secondary oxidants under radiation,
which could further damage the organic matter
fractionate the stable carbon isotope ratio.

and
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Low surviving fraction for most our Enspel biomarkers
compared to three other studies. Three radiolysis constants from
three studies: k = 0.1 for pure amino acids in Pavlov et al., 2022
(grey), k = 0.3 for low TOC natural samples in Rojas Vivas

etal, 2021, and k = 0.6 from Kminek and Bada, 2006 projected to
higher masses (428 Da). The significantly decreasing 3 hopanes
and 2 steranes survived fractions are represented by dots at our
dose of 0.9 MGy.

As the Raman G-band position and width are impacted by
initial composition, thermal maturity, and possible graphitic
components (Pasteris and Wopenka, 2003), we initially
hypothesized that the
environment would impact the G band parameters. But as

irradiation or induced oxidative
mentioned above, the high concentration of organic matter
might help limit the amount of induced secondary oxidants,
and could explain why the G band parameters were not altered
significantly (Figures 1C,D).

Following the same logic, the absence of significant changes
in biomarkers concentrations that we measured in the Messel
shale was expected. However, the significant decrease of hopane
and sterane concentrations in reduced samples (i.e., organic rich)
after 0.9 MGy of gamma rays exposure under vacuum is
unexpected according to the current models and experimental
predictions of organic matter radiolysis. To illustrate this, we
compared our results to three other studies (Figure 3).

Organic matter destruction under radiation follows the
exponential decay equation:

N/No = e RP

N/No is the surviving fraction. No is the initial concentration
and N the concentration after irradiation. D is the irradiation
dose (MGy) and k is the radiolitic constant (MGy'). The
the
characterize the rate of the molecule destruction. A study by

radiolitic constant k is parameter compared to
Rojas Vivas et al. (2021) on low TOC samples measured a value
of k = 0.3 MGy (blue line on Figure 3). All of the biomarkers
studied have a lower survival fraction than they predict, which
indicates an overestimation of survivability of these molecules in

the Enspel sample used in our study. As the Rojas Vivas et al.
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(2021) studied radiation effects on low TOC samples, we also
compared our results to the k value found by Pavlov et al. (2022),
k=0.1 MGy, for pure amino acids, which were closer in TOC to
the more to organic-rich samples used in this study (gray line on
Figure 3). Once again, our biomarkers (except C30 hopane and hop-
21-ene) degraded faster than predicted. However, Pavlov et al.
concentrated their study on amino acids, which have a much
lower molecular mass than the hopanes and steranes we analyzed.
Kminek and Bada (2006) determined a linear correlation between the
mass of the molecule and its radiolytic constant. This correlation was
also estimated for amino acids with masses ranging from 50 to 150 Da.
Extrapolation of this constant to masses in the 300-500 Da range of
hopanes and steranes (Supplementary Figure S4), resulted in a k value
of k = 0.6 MGy for a mass of 428Da, the heaviest compound we
analyzed (yellow line on Figure 3). This final prediction, closer in mass
to the samples and organics we studied, represented the maximal
decrease we should observe according to theory. While most of the
biomarkers studied in the Enspel shale are close to the theoretical
expected decrease, the hop-17-21-ene and C31 hopanes are much
more degraded than expected from these studies with a survived
fraction of approximately 30%, a factor of two lower than predicted.

This difference between the experimental results on Enspel shale
biomarkers decrease and the three predictions from previous studies
may be explained by the use of natural samples in this study instead of
synthetic mixes (Kminek and Bada, 2006; Pavlov et al,, 2022), which
would introduce other confounding factors than previous
experiments and models. It could also be representative of larger
hydrocarbon biomarkers, compared to previously studied organic
molecules such as amino acids. As such this study represents an
important observation for the detection of biomarkers for terrestrial
life on Mars and as such helps to constrain diagnostic hydrocarbon
biomarkers preservation under GCRs.

The studied biomarkers decreased significantly only in the
Enspel shale and not in the Messel shale. This difference between our
samples could be explained by a different hydration state of the clay
minerals: ie, if the Enspel shale smectite had a higher initial
interlayer water content, it could have created more oxidizing
radicals under gamma ray exposure, creating a more destructive
environment for the biomarkers (Pavlov et al, 2022). This is
something we hope to test with future experiments. In addition,
mineralogical variation may play a role with some mineralogies
becoming more reactive under radiation exposure and creating
more oxidative radical damage to co-existing organic material
(Ertem et al, 2021). Even though the two samples appear
mineralogically very similar, mostly composed of smectite clays,
differences in minor mineral components may be leading to more
destructive conditions for the analyzed biosignatures. Another
possible explanation could be differing initial concentration of
organic matter between the two samples (Figure 1), with the
Messel shale having ~5%wt more TOC than the Enspel shale. As
discussed previously, a higher initial concentration of organic matter
makes the sample more reduced and less likely to create oxidative
radicals under ionizing radiation (Pavlov et al., 2022).
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Conclusion

After analyzing natural samples with Martian analog
mineralogies exposed to an equivalent of 15Myr of irradiation
on the Martian surface, we found that TOC, carbon isotopes and
some molecular biomarkers did not significantly change. This
validated some aspects of current models and experimental
predictions based on previous studies (Kminek and Bada,
2006; Rojas Vivas et al., 2021; Pavlov et al., 2022), that such
organic rich samples should not present any decrease in organic
molecule concentrations after 0.9 MGy.

However, in the Enspel shale, most of our chemical
biosignatures (29norhop-17-21-ene, hop-17-21-ene, C31 hopane,
C29 and C31 sterane) decreased by a factor of 2 to 3 after
exposure to gamma rays. This important and unexpected
biomarker decrease challenges our estimations of organic matter
degradation under ionizing radiation and could be explained by
the fact that we studied natural samples, where more parameters
can participate in organic destruction than in synthetic mixtures.
Additionally, hopanes and steranes biomarkers degradation under
gamma rays have never been studied before, and even though we
don’t expect these exact molecules on Mars, they represent a terrestrial
analog of complex and diagnostic chemical biosignatures. This
unforeseen biomarker concentration decrease could suggest that
such complex biosignatures are even less likely to be preserved on
the Martian surface than suggested by the current estimates (Kminek
and Bada, 2006; Rojas Vivas et al.,, 2021; Pavlov et al,, 2022), and at the
depths where the rover missions are currently looking for traces of
ancient life.

These results call for future work to better understand the fate
of diagnostic biosignatures under radiation in analog natural samples
and to explore the differences highlighted here between the 25 Ma
Enspel and 50 Ma Messel samples. A comparison of the
transformations that occur under radiation in a diversity of
mineralogies could determine if classically targeted parameters
(such as smectite-rich samples similar to the shales analyzed in
this  study)
preservation when exposed to GCRs.

are still relevant targets of high biosignature
In addition, higher
irradiation doses would help estimate the exposure time until
diagnostic hydrocarbon signatures could be fully erased from the
near surface rock record on Mars, as well as defining more precise
estimates of the radiolytic constant for a range of biomarkers in
natural samples.
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