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ABSTRACT

Insoluble organic materials (kerogens) isolated from ancient sedimentary rocks provide unique insights into the evolution of early life. However, establishing whether
these kerogens are indeed syngenetic with the deposition of associated sedimentary host rocks, or contain contribution from episodes of secondary deposition, is not
straightforward. Novel geochemical criterions are therefore required to test the syngenetic origin of Archean organic materials. On the one hand, the occurrence of mass-
independent fractionation of sulphur isotopes (MIF-S) provides a tool to test the Archean origin of ancient sedimentary rocks. Determining the isotope composition of
sulphur within kerogens whilst limiting the contribution from associated minerals (e.g., nano-pyrites) is however challenging. On the other hand, the Xe isotope
composition of the Archean atmosphere has been shown to present enrichments in the light isotopes relative to its modern composition, together with a mono-isotopic
deficit in '*?Xe. Given that the isotopic composition of atmospheric Xe evolved through time by mass dependent fractionation (MDF) until ~2.5 to 2.0 Ga, the degree of
MDF of Xe isotopes trapped in kerogens could provide a time stamp for the last chemical equilibration between organic matter and the atmosphere. However, the extent
to which geological processes could affect the signature of Xe trapped in ancient kerogen remains unclear. In this contribution, we present new Ar, Kr and Xe isotopic
data for four kerogens isolated from 3.4 to 1.8 Gy-old cherts and confirm that Xe isotopes from the Archean atmosphere can be retained within kerogens. However, new
Xe-derived model ages are lower than expected from the ages of host rocks, indicating that initially trapped Xe components were at least partially lost and/or mixed
together with some Xe carried out by younger generations of organic materials, therefore complicating the Xe-based dating method. Whilst non-null A**S values and
129%e deficits relative to modern atmosphere constitute reliable imprints from the Archean atmosphere, using Xe isotopes to provide information on the syngenetic origin
of ancient organic matter appears to be a promising — but not unequivocal - tool that calls for further analytical development.

1. Introduction

Our understanding of the early Earth is limited by the scarcity of well-
preserved ancient samples because of metamorphism and alteration
(Kamber and Webb, 2001). The terrestrial rock record, which constitutes
the primary source of record of primitive life, only extends to 4.0 Ga
(Acasta gneisses; Bowring and Williams, 1999). Evidence for extensive
water-rock interaction from the high §'80 recorded in the Jack Hills zir-
cons can further extend the evidence for crust and oceans on Earth to
4.4 Ga (Peck et al., 2001; Wilde et al., 2001). Jack Hills zircons may as
well hold the oldest evidence (4.1 Gy-old) for biogenic organic carbon, as
indicated by negative 8'3Cppp anomalies measured from primary graphite
inclusions (Bell et al., 2015). Interpreted as witness for autotrophic me-
tabolisms such as photosynthesis, such light carbon isotope signatures
were also determined in 3.95 Ga (8'°C ~ —25.6%o; Tashiro et al., 2017)
and in 3.7 Ga (8"3Cppg ~ —19%o; Rosing, 1999) early Archean rocks.
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However, various abiotic processes might as well produce isotopically
light organic compounds during hydrocarbon formation by kinetically
controlled polymerization reactions, such as the Fischer-Tropsch reaction
or abiogenic CH, formation from HCO3;~ under hydrothermal conditions
(Lollar et al., 2002; Horita, 2005). Likewise, we note that the Insoluble
Organic Matter (IOM) in primitive carbonaceous meteorites is *>C-poor,
with 8'*Cppg ranging from = —34 to —8%o (Alexander et al., 2007), so
some of the light carbon isotope signatures in ancient rocks could as well
be inherited from extra-terrestrial precursors. This implies that the as-
sessment of biogenicity from isotopic measurements may require combi-
nation with additional analyses (e.g., morphology, population distribu-
tions, Raman spectroscopy, and/or elemental distributions) to be valuable
(Oehler and Cady, 2014). Whilst 3.8 Gyr-old banded iron formations in
Isua (Greenland) may be related to the microbial oxidation of ferrous iron
(Konhauser et al., 2002), positive identifications of microfossils do not
extend to more than 3.5 Ga (Walter et al., 1980; Allwood et al., 2006;
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Alleon et al., 2018). Older potential remnants of life (Mojzsis et al., 1996;
McKeegan et al., 2007) are still debated (van Zuilen et al., 2002; Lepland
et al.,, 2005). Ambiguities and controversies therefore persist regarding
both their biogenicity and syngenecity, with the potential for organic
matter (OM) from ancient biological sources to co-exist with organic
matter or reduced carbon produced by non-biologic processes, or post-
depositional organic contaminants (e.g., Marshall et al., 2012).

In order to unambiguously trace the evolution of early life on Earth,
it is essential to show that organic materials recovered from ancient
rocks, and often regarded as potential remnants of early life, are bio-
genic in origin, and syngenetic in age with their host rock. Biogenicity
might be inferred from morphological observations if an ancient or-
ganic structure resembles recent organic remnants that are now well
accepted to be of biological origin (Westall et al., 2001). However, non-
biological processes may also produce morphologies similar to biologic
structures and generate misinterpretation (e.g., Garcia-Ruiz et al., 2003;
Cosmidis and Templeton, 2016). Over the past decade, in-situ 2D and
3D techniques of spectroscopy, mass-spectrometry and microscopy
have been developed for evaluating organic matter characteristics at
the micrometer-to-sub-micrometer-scale (see Oehler and Cady (2014),
for a review). New protocols for sample collection and analysis as well
as novel insights into the importance of optimal depositional settings
and geologic histories for the preservation of syngenetic biomarkers
have therefore been achieved. However, the potential for secondary
deposition of OM, younger than the host rocks, precludes non-ambig-
uous determination of the age of bulk ancient organic materials.

Assessment of OM spatial relationships to surrounding minerals, veins,
and fractures provides information regarding the potential occurrence of
post depositional organic materials (Oehler and Cady, 2014). In particular,
for an ancient organic material to be considered syngenetic with its host
rock requires its compositional and structural features to be homogeneous,
and indicative of a level of maturity that is consistent with that of the host
rock. For instance, investigations about the elemental ratios (H/C and N/C
used as proxies for organic matter preservation; Delarue et al., 2018) and
spectroscopic features (Delarue et al., 2016) provide information on the
effect of thermal alteration and indirectly, of the syngenecity of organic
materials. The occurrence of mass-independent fractionation of sulphur
isotopes can also be used to confirm, to the first order, an Archean origin
of ancient sedimentary rocks and organic materials, without however
providing an accurate date of formation. Determining the S isotope com-
position of Archean kerogens is however challenging since it requires
contribution from S-bearing mineral phases (e.g., pyrites) to be eliminated
or at least corrected for (Bontognali et al., 2012). The origin of early Ar-
chean pyrite records is controversial, and whether they reflect microbial
activities or fractionations introduced later in the complex history of se-
dimentary rocks is unknown (e.g., Watanabe et al., 2009; Farquhar et al.,
2000). Wacey et al. (2011) notably identified that cellular microstructures
from the 3.4-billion-year-old Strelley Pool Formation (Western Australia)
were associated with micrometre-sized pyrite crystals interpreted as the
metabolic by-products of these cells in a multicomponent sulphur-based
bacterial ecosystem.

We recently showed that the isotopic composition of Xe trapped in
Archean kerogens could be used to provide model-ages for Archean or-
ganic materials (Bekaert et al., 2018). This Xe-based dating method relies
on the observation that the isotopic composition of Xe in the Archean
atmosphere has evolved through time by MDF (Pujol et al., 2011; Avice
et al., 2018) from a precursor comprising cometary and chondritic con-
tributions (referred to as U-Xe; Marty et al., 2017). Assuming that the
evolution of Xe isotopes in the terrestrial atmosphere was a global, con-
tinuous, and protracted process, Bekaert et al. (2018) utilized literature
data from quartz and barite fluid inclusions (ages and degrees of mass
dependent fractionation of trapped Xe) to compute a power law evolution
curve for the isotopic composition of atmospheric Xe. The analysis of Ar,
Kr and Xe isotopes in kerogen MGTKS3 isolated from the 3.0 Gyr-old
Farrel Quartzite (Pilbara Craton, Western Australia) revealed that the
trapped Xe component was mass-dependently fractionated in favour of the
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light isotopes relative to the modern day atmosphere composition, with a
mono-isotopic deficit in **°Xe, whereas lighter noble gases (Kr isotopes,
38Ar/3°Ar) had a modern atmosphere-like signature (Bekaert et al., 2018).
Such a mono-isotopic deficit in '?°Xe relative to the modern atmosphere
composition is symptomatic of the Archean atmosphere, reflecting the fact
that mantle degassing with high 12°Xe/'**Xe contributed *?°Xe (produced
by the decay of extinct *?°I) to the atmosphere through geological periods
of time (Avice et al., 2017). Thus, all observed features of Xe trapped in the
Farrel Quartzite kerogen correspond to known properties of the Archean
atmosphere, indicating that ancient atmospheric noble gases had been
efficiently trapped and preserved over geological timescales within this
sample (Bekaert et al., 2018). Reporting the degree of MDF of the trapped
Xe component relative to modern atmospheric composition on the power
law evolution curve of atmospheric Xe isotopic composition produced a
model age of 2.98 = 0.2 Gyr for the last chemical equilibration between
the kerogen and the atmosphere (Bekaert et al., 2018). These concurrent
ages of the host rock (3.0 Gyr) and of Xe trapped in kerogen constitute a
reliable proof of concept for the Xe-based dating method, and for its ability
to produce constraints on the syngenetic origin of ancient kerogens
(Bekaert et al., 2018).

The '*°Xe enrichment factor (f) relative to *°Ar in kerogen MGTKS3,
compared to the modern air composition [f = ([***Xe]/[*°Ar])sample/
([**°Xel/[*°Ar])arml, was high (f ~250), in line with the efficient pre-
servation of Xe relative to lighter noble gases (Bekaert et al., 2018). Strong
retention of Xe in natural organic materials can have multiple causes, in-
cluding the presence of labyrinth-with-constrictions (Torgersen et al.,
2004), single-walled nanotube structures (Simonyan et al., 2001), or the
presence of dangling functional groups (for example, —COOH) inside Xe
diffusion paths (Kuznetsova et al., 2000). Unusually high retention of heavy
noble gases in organic materials has even been experimentally documented
(Wacker et al., 1985). However, how geological processes, potentially in-
volving thermal processing and/or multicomponent mixing, could affect
the signature of Xe trapped in ancient organic materials, and potentially
hamper straightforward constraints to be set on their syngenecity and re-
lation to the host rock, remains to be explored. In this contribution, we
present new Ar, Kr and Xe isotopic data for four kerogens isolated from 3.4
to 1.8 Gy-old rocks to investigate the potential for the Xe-based dating
method to provide information on the post depositional history of ancient
organic matter. We also developed a sample preparation and analytical
procedure to analyse the S isotope composition of kerogens with limited
contribution from mineral S hosted by micro-pyrites. We tested this pro-
tocol on sample kerogen MGTKS3, which, from its Xe-based model age, had
been shown to be syngenetic in origin (Bekaert et al., 2018).

2. Materials and methods
2.1. Samples

All kerogens analyzed as part of the present study were isolated
from Archean to Proterozoic cherts (3.5 Ga to 1.88 Ga) and have been
described by Delarue et al. (2016). The host rocks underwent limited
metamorphism, ranging from prehnite-pumpellyite (<250°C) to
greenschist facies (maximum temperature peak metamorphism of
~350°C *= 50°C). The Gunflint chert (hereafter PPRG134, 1.88 Gyr)
was collected in the Gunflint Formation, at Port Arthur homocline
(Ontario, Canada), which consists in an alternation of banded iron
formations and cherts. Farrel Quartzite samples (MGTKS1 and
MGTKS1up, 3.0 Gyr) were collected from the Goldsworthy greenstone
belt in the Pilbara Craton (Western Australia). They originate from the
same geological formation as kerogen MGTKS3 analyzed by Bekaert
et al. (2018). MGTKS1up is a bedded black chert that contains micro-
fossils (Sugitani et al., 2007, 2009; House et al., 2013 and references
therein) and was most likely deposited in a shallow evaporitic basin
influenced by inputs of hydrothermal fluids (Sugahara et al., 2010). The
Middle Marker chert (hereafter 07SA22, 3472 + 5Myr; Armstrong
et al., 1990) corresponds to silicified detrital sediments from the
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Barberton greenstone belt (South Africa; Bourbin et al., 2012). The
Panorama chert (hereafter PAN1, 3458 + 1.9 Myr; Thorpe et al., 1992)
is a laminated black chert sampled in the Panorama greenstone belt
(Pilbara Craton, Western Australia), near the southern margin of the so-
called “Trendall Ridge” (Lepot et al., 2013). It belongs to a sedimentary
unit deposited in peritidal to inner platform environment (Sugitani
et al., 2013). The REE + Y compositions of laterally equivalent cherts
suggest precipitation from mixed marine-hydrothermal fluids (Allwood
et al., 2010).

2.2. Noble gas analysis

Argon, krypton and xenon were extracted from kerogens by stepwise
heating using a filament furnace and following the same extraction, pur-
ification and analysis procedure as described by Bekaert et al. (2018). We
report here the general outlines of this method. Prior to loading the
samples, each basket was degassed 3 times at ~1600 °C for 10 min in order
to remove any adsorbed atmospheric noble gases. The samples were
wrapped in tantalum foil and loaded into alumina-coated tungsten eva-
poration baskets (Ted Pella, Inc®) before baking the entire furnace at >
150°C overnight under high vacuum. Kerogen aliquots, weighing be-
tween 2 and 14 mg, were heated separately over four temperature steps
(~200 °C, ~500 °C, ~800 °C and ~1200 °C, respectively) with Ar, Kr and
Xe isotopes systematically measured on the Helix MC Plus (Thermo
Fisher®) mass spectrometer. Gases released from the kerogens were first
passed through an in-line Ti and Ag getter at 650 °C to remove active gas
species. Krypton and xenon were then condensed on to a quartz tube at
liquid nitrogen temperature for 20 min. The quartz tube was then isolated,
and the remaining Ar in the purification line was sequentially exposed to
two hot (550 °C; 10 min) and two cold (room temperature; 10 min) Ti
getters. Argon was then admitted to the mass spectrometer and measured
using peak jumping mode on faraday (*°Ar) and compact dynode multi-
plier (***®Ar) collectors. Krypton and xenon were then released from the
quartz cold finger and purified using the same procedure as Ar. Krypton
and xenon were measured using the compact dynode multiplier, with Xe
isotopes being measured first, followed by the measurement of Kr isotopes
on the same fraction of gas. Blanks were measured at the same tempera-
ture as the samples using a basket loaded with empty tantalum foil
packets. Aliquots of standards with atmospheric isotopic compositions
were analyzed each day and between each sample for subsequent spec-
trometer mass discrimination corrections. Errors provided for each iso-
topic ratio of individual measurements correspond to the quadratic sum of
the internal error (standard deviation oy, of the given isotopic ratio over
the ~20 cycles of sample analysis) and external reproducibility (standard
deviation oy of the given isotopic ratio over the series of standard ana-
lyses). For gas-rich samples (e.g., kerogen 07SA22), multiple analysis of
the gas released at a given temperature step allowed computing standard
errors (0/sqrt(n — 1), where n is the number of repeat analyses and o is
the standard deviation of the given isotopic ratio over the repeat analyses).
Total blanks over the full range of temperatures were 6 X 1076,
4 x 1078 and 3 x 10~ *®mol for °Ar, 3Kr and *°Xe, respectively, and
had atmospheric isotopic compositions. Whereas blank contributions were
potentially high for the 400 °C and 1100 °C temperature steps (from < 1%
up to 50%), blank contributions associated with the release of potential
trapped noble gas components at 600 °C and 800 °C were low, < 2%, so no
correction was applied. Blank contributions are reported in Table S1.
Isotopic fractionation of Xe relative to the modern atmosphere composi-
tion (which we note FXe) was computed by error-weighted correlations
following the same procedure as that of Avice et al. (2018), that is, by
using the stable, non-fissiogenic, nonradiogenic *2%?%13°Xe isotopes, in
addition to '*!Xe (only negligibly contributed by the fission of 2%U).

2.3. Sample preparation and S isotopic analysis

We analyzed three organic samples from very different geological
settings for their S isotope composition. The first sample is a S-rich
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organic matter from the bituminous laminites of Orbagnoux (France,
upper Kimmeridgian; Mongenot et al. 1997) for which we analyzed 3
aliquots labelled r-d1 (5.8 mg), r-d2 (5.5mg) and r-d3 (5.6 mg). These
aliquots were first processed in HCI for dissolving carbonates, centrifuged
and washed with MilliQ water before starting the common preparation
process. The second sample corresponds to 5.0mg of the Archean
Kerogen MGTKS3 isolated from a black chert layer of the 3.0-Gy-old
Farrel Quartzite (Pilbara Craton, Western Australia; Delarue et al. 2016;
Bekaert et al. 2018). The third sample is 5.6 mg of Insoluble Organic
Matter (IOM) from the meteorite GRO 95,502 (Grossman and Brearley,
2005).

The density of organic kerogens generally varies from 1.1 to 1.35 g/cm?,
whilst that of pyrite, and more generally sulphides, is 4.9 — 5.2 g/cm>.
Physical separation in sodium polytungstate heavy liquids (1.2 to 3.0 g/cm®
depending on the water to sodium polytungstate powder ratio) was there-
fore chosen to isolate kerogens from potential micro-pyrites and other sul-
fides grains. Kerogens were first placed in 14 ml plastic tubes together with
4-8 ml of sodium polytungstate. Mixtures were repeatedly agitated before
leaving them to settle for 48-72h. Floating kerogens (hereafter “light
fractions”) were then collected into clean tubes. A few hours later, the
powders sunk to the bottom of the plastic tubes (hereafter “heavy frac-
tions”) were also collected into clean tubes together with 1 to 4 ml of so-
dium polytungstate liquid. In order to reduce the mass fraction of Na in
these two separates, we sequentially diluted them with 4-12 ml of MilliQ
water, agitated the mixtures and centrifuged them for 5min at 4400 rota-
tions per min. The liquid phase was then removed, before adding another
4-12 ml of MilliQ water and repeating the process 5-15 times depending on
the sample. Residues were placed into Teflon vials and heated at 90 °C for
several hours in order to get rid of remaining water.

To extract sulfur from the light and heavy fractions of the kerogens,
each residue was first mixed with 0.5 ml of hydrogen peroxide and heated
in closed system for 48 h at 90 °C. Hydrogen peroxide was then evaporated
and aqua regia (1 ml) was added to each vial, before heating them in
closed system for 68 h at 150 °C. Aqua regia was then evaporated before
dissolving each sample in 1 ml of MilliQ water at room temperature.

We purified the samples before analysis. We ran the samples on
0.6 ml of anionic resin Biorad AG1X8 (Paris et al., 2014). Each column
with resin was rinsed with 10% V/V HNO3 (2 X 10CV), 33% V/V HCL
(2x10CV), 0.5N HCl (1 x 10CV) before loading a sample. After
loading, each column was washed 5 times with MilliQ water (5 x 5CV)
and eluted with 0.45M HNO3 (3 x 2CV). Aliquots were dried down on
hotplates with open lids (100 °C, 4 h) and diluted in 5% HNO3 and 2.5%
NaOH. The samples were then analyzed on the ThermoScientific Nep-
tune Plus MC-ICP-MS at the CRPG-CNRS using a standard-sample
bracketing method (Paris et al., 2013). Samples are run at high re-
solution using an Aridus-II desolvating membrane to decrease oxide and
hydride interferences. The plasma is run at 1000 W and data are ac-
quired as 1 block of 50 cycles of 4.194 s each. The sequence consists of
running as standard-sample-standard and measuring the instrumental
blank inbetween each of them. After acquisition, raw data are processed
offline using a Matlab script to identify and eliminate potential outliers
(defined at the 3-sigma limit) within the fifty cycles. The sequence
consists of running as standard-sample-standard and measuring the
instrumental background inbetween each solution. The bracketing
standard used here is a Na,SO, solution, itself calibrated against in-
ternational standard IAEA S1 and checked against IAEA S2 and S3.
After being processed on Matlab, data are corrected for instrumental
fractionation, drift and background following Paris et al. (2013) using
an excel spreadsheet. A®3S is calculated as §3S-0.515 * §°*S with
8™S =1n ([XXS/BZS]sample/[xxs/SZS]V-CDT)-

3. Results
Noble gas abundances and blank contributions are reported in Table

S1. Isotope ratios for Ar, Kr and Xe are reported in Tables S2-S4, re-
spectively. Sulphur isotopic ratios are reported in Table S5.
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3.1. Noble gas elemental ratios.

13%%e enrichment factors (f = ([**°Xel/[*°Ar])sampie/([**°Xel/
[*®ArDarm) relative to 3®Ar and to the composition of modern air are
reported in Table S1. The Gunflint kerogen (PPRG134, 1.88 Gyr), which
was analyzed twice, shows the lowest f values (3 and 5, respectively),
reflecting limited '3°Xe enrichment relative to **Ar and to the modern
day atmospheric composition. Older samples show higher f values
(fean1 ~ 197, fo75a22 ~ 194 and fygrksiup ~ 388) of the same order
previously found for sample MGTKS3 (fyigrkss ~ 250; Bekaert et al.,
2018). The f value for kerogen MGTKS1 is slightly higher
(fmgTks1 ~ 495). Kerogen PAN1 was reanalyzed, and we found a much
higher f value (fpanip ~ 669) potentially pointing towards a hetero-
geneous elemental distribution of noble gases in this sample.

Kerogen PPRG134 and 075A22 have the lowest (~4.10 > mol'**Xe/g)
and highest (~1.6.107"*mol'*°Xe/g) Xe concentrations, respectively, il-
lustrating the fact that Xe concentrations in Archean kerogens can vary over
orders of magnitude. The Kr/!**Xe of kerogens upon stepwise heating
(Fig. 1) are also variable and systematically lower than the air ratio. Taken
together, these results are in good agreement with heavier noble gases being
preferentially trapped/preserved compared to lighter ones, in line with Xe
enrichment factors observed in sedimentary rocks (Torgersen et al. 2004).

3.2. Argon isotope data

Argon isotopic data are reported in Table S2 and displayed on Fig. 2.
Radioactive decay of “°K via electron capture produces “°Ar. A high
“OAr/%6Ar can therefore be considered as an indicator of the sample being
ancient (i.e., enough time has elapsed to allow for the build-up of “°Ar)
and retentive for noble gases. In this framework, best samples for the Xe-
based dating method would be expected to have high *“°Ar/3®Ar. Sample
MGTKS3#2 (Bekaert et al., 2018), given here for comparison, shows
increasing *°Ar/*°Ar from 200 °C to 800 °C with a maximum “°Ar/>®Ar
reaching 2272.2 + 44.5 at 800°C. The “°Ar/*°Ar then decreases at
1200 °C towards an atmospheric-like value (“°Ar/3®Aramy = 298.6; Lee
et al., 2006). Among all samples analyzed in the present study, only
07SA22 and PAN1 reach such high “°Ar/%Ar ratios (7273.8 = 114.5 at
800 °C and 3392.5 = 21.6 at 500 °C, respectively). Kerogens MGTKS1
and MGTKS1up, although originating from the same geological forma-
tion as MGTKS3, exhibit maximum “°Ar/*°Ar of ~750. Kerogen
PPRG134 shows limited excess of radiogenic *°Ar, with all “°Ar/>°Ar
ratios being < 320. All *®Ar/3°Ar are within error of air composition
(Table S2), except for sample MGTKSlup, which exhibits increasing
38Ar/*°Ar with temperature (up to 0.2631 + 0.0117 at 1200 °C)

100 5 Air

105
@ MGTKS3
X
e 07SA22
N
3

14
0.1
T T T T T
200 400 600 800 1000 1200
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Fig. 1. #*Kr/"*°Xe in Archean kerogens as a function of temperature, consistent
with the preferential retention of heavier noble gases in kerogens. Air compo-
sition (®*Kr/*3°Xe = 183; Ozima and Podosek, 2002) is given for comparison.
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Fig. 2. *°Ar/3°Ar in Archean kerogens as a function of temperature. Among all
samples analyzed here, only 07SA22 and PAN1 reach *°Ar/°Ar values com-
parable to that of kerogen MGTKS3, indicating they potentially preserved an
ancient noble gas component. Kerogens MGTKS1 and MGTKS1up, although
originating from the same geological formation as MGTKS3, exhibit lower
“OAr/3%Ar (<750), suggesting their noble gas signature may have been dis-
rupted and, hence, they might be less suited than kerogen MGTKS3 for the Xe-
based dating tool.

probably related to the release of cosmogenic noble gases trapped in
residual mineral phases.

3.3. Krypton and xenon isotope data

Krypton and xenon isotopic compositions in kerogens are given
using the delta notations normalized to 3*Kr and '*°Xe, respectively,
and to the isotopic composition of the modern atmosphere (8'A,;
(sample) = ((A/N)sample/CA/N)air — 1)¥1000, where A =Kr or Xe,
N = %Kr or *°Xe, and 8'Xe,; (air) = 8'Kryy, (air) = 0%o). Degrees of
MDF (F, %o.u" ') of Kr and Xe isotopes released from the kerogens by
stepwise heating are shown in Fig. 3. Apparent negative degrees of MDF
for Kr at high temperature (e.g., MGTKS1up; Fig. 4) could be related to
the occurrence of isobaric interferences with hydrocarbons at masses 78
(CgHe) and 80 (CgHg) (Fig. 4). At high temperature, cracking of the
kerogen could indeed induce the production of gaseous hydrocarbons
that, if not entirely purified during gas preparation, interfere with Kr
light isotopes during analysis, therefore causing an overestimation of
the corresponding isotopic ratios. For this reason, degrees of MDF re-
ported Fig. 3 were computed using 32Kr/*Kr, 83Kr/3*Kr and %6Kr/®*Kr
only. In addition, note that blank contributions at these temperatures
are generally high (on the order of 50%; Table S1), supporting the idea
that these signatures do not correspond to Archean atmosphere. The Kr
isotopic data associated with the thermal cracking of Archean kerogens
(~400 °C) show no significant deviation from the modern atmospheric
composition, in line with previous measurements of Kr isotopes in Ar-
chean samples purported to have trapped ancient atmosphere (e.g.,
Pujol et al., 2011; Avice et al., 2017, 2018; Bekaert et al. 2018),
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Fig. 3. Degrees of mass fractionation F (%o.u” ') of Kr and Xe isotopes released from the kerogens by stepwise heating. Kr isotopic data for the Archean kerogens
analyzed in the present study are similar to the modern day atmosphere composition. Xenon isotopes extracted from the kerogens are generally modern-like, except

for samples PAN1 and 07SA22, which are discussed in the main text.

The Xe isotopic composition of the Gunflint kerogen PPRG134 and
kerogen MGTKSL for all heating extractions are indistinguishable from
the modern atmospheric composition (Fig. 5). The presence, or not, of
small isotopic deviations of Xe in kerogen MGTKSlup relative to the
modern atmospheric composition is not clear (Fig. 5), and could be re-
lated to the contribution of cosmogenic Xe as suggested by increasing
38Ar/36Ar with temperature (Table S2). Conversely, isotopic spectra of
Xe trapped in kerogen 07SA22 consistently exhibit excesses of the light
isotopes (***'?°Xe) together with depletions of heavy isotopes
(131-13%%e) relative to the modern atmosphere (Fig. 6). The trapped Xe
components extracted at 500°C and 800 °C are consistently mass-de-
pendently fractionated (FXegygpa2e = —4.2 + 0.65%o.u” ). The isotopic
spectrum of Xe released from kerogen PAN1 at 600 °C shows evidence for
the presence of a trapped Xe component that is also mass-dependently
fractionated (FXepan; = -10.0 % 4.2%o.u” '), together with a mono-
isotopic depletion of '?Xe with respect to the mass-dependent fractio-
nation trend (Fig. 7). Interestingly, Xe isotopes extracted at 600 °C from
another aliquot of that kerogen (PAN1b) do not show any deviation from
the present-day atmospheric composition, therefore pointing towards a
heterogeneous composition of Xe isotopes in kerogen PAN1, in addition
to the heterogeneous elemental distribution of noble gases in that sample
as reported here above (Fig. 7). At last, once corrected for mass depen-
dent fractionation relative to a starting composition similar to U-Xe, the
131-136xe excesses observed for kerogens 07SA22 and PAN1 are com-
patible with the presence of products of the spontaneous fission of 2%%U -

and not **Pu - as commonly observed for Archean sedimentary rocks
(Fig. 8; Avice et al., 2017; Bekaert et al., 2018).

3.4. Sulphur isotope data

The S isotopic signatures of light and heavy separates from kerogen
MGTKS3 are distinct from the modern atmosphere composition, with
positive anomalies in A%>S and §%*S (Fig. 9). Conversely, the Orbagnoux
and GRO 95502 kerogens display close to zero A*S values, with ne-
gative and positive §3*S values, respectively (Fig. 9). Slightly negative
84S for the Orbagnoux samples are in agreement with values attributed
to the microbial reduction of sulfates (Shen et al. 2009), and slightly
positive 8>S for the GRO 95502 IOM also fall within the range of
previously reported values for extraterrestrial materials (Gao and
Thiemens, 1993a,b).

4. Discussion
4.1. A Xe-based dating-tool for ancient organic matter.

An Archean atmospheric Xe signature associated with syngenetic
organic matter corresponds to excesses of the light isotopes (*2*'2°Xe)
together with depletions of heavy isotopes (*3171%¢Xe) relative to the
modern atmosphere, with a possible mono-depletion in '*°Xe (Avice
et al.,, 2017). The isotopic evolution of atmospheric Xe through
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Fig. 4. Kr isotopic spectrum of kerogen MGTKSlup at 800°C and 1100 °C,
normalized to air composition. Although the light isotopes (7®8°Kr/8*Kr) ap-
pear to be in excess relative to the atmospheric composition, #Kr/®*Kr present
no apparent deficits. At high temperature, cracking of the kerogen might induce
the production of gaseous hydrocarbons that, if not entirely purified during gas
preparation, could interfere with Kr light isotopes (e.g., benzene for 78Kr, C¢Hg
for 8%Kr) during analysis, therefore causing an overestimation of the corre-
sponding isotopic ratios. This could notably induce a potential bias in the de-
termination of Kr degree of MDF. For this reason, degrees of Kr MDF (Fig. 3)
were computed using 82Kr/®*Kr, 8Kr/%*Kr and ®°Kr/®*Kr only.

geological times recently attracted broad interest, notably for setting
time constraints on the history of surface volatile regassing into the
mantle (e.g., Parai and Mukhopadhyay, 2018; Péron and Moreira,
2018). Although the exact driving mechanism behind this isotopic
evolution remains debated (Hébrard and Marty, 2014; Zahnle et al.,
2019), the MDF of U-Xe towards modern atmospheric values could have
resulted from Xe ion-escape to space, a process that can also account for
the depletion of Xe in air relative to other noble gases (see Bekaert
et al., 2018 for more details). Although recently developed 1-D models
of hydrodynamic diffusion-limited hydrogen escape from highly-irra-
diated CO,-H,-H atmospheres (Zahnle et al., 2019) concluded for the
ion-escape model to provide the best explanation for Xe's protracted
fractionation, at least one additional feature (e.g., limiting escape to
narrow polar windows, or limiting Xe escape to brief episodes) is re-
quired to make the ion-escape model work over two billion years.
Further work is therefore needed to elucidate on the exact conditions
accounting for the progressive Xe MDF in the Archean atmosphere.
Uncertainties regarding the driving mechanism behind this isotopic
evolution do not however preclude the use of Xe isotopes as a paleo-
chronometer. New data from Avice et al. (2018) support the choice of
the power law evolution curve defined by Bekaert et al. (2018) as a
good proxy for Xe isotopic evolution in the Archean atmosphere
(Fig. 10), except for one data point (Fortescue Group, Hamersley Basin,
Australia; 2.7 Ga, reported in light grey Fig. 10). This data point leaves
the potential for the evolution of atmospheric Xe isotopes to have been
discontinuous, but further work is needed to confirm this possibility.
The Xe-based dating method for ancient organic matter also relies
on the potential for ancient organic materials to trap and preserve
significant amounts of Xe from the Archean atmosphere. The syngenetic
origin of organic material cracking below 350 °C is highly disputable
since it can originate from several post-deposition contaminations and/
or from residual bitumen (soluble fraction of organic matter) for which
syngenecity is still an open issue (French et al., 2015). Using Rock-Eval
Pyrolysis, thermal cracking of syngenetic Archean kerogens occurs at
between 450 and 586 °C (Spangenberg and Frimmel, 2001; Delarue
et al., 2018), as observed for kerogens MGTKS3 (Bekaert et al., 2018).
Noble gases released in the 400-600 °C range (i.e. at ~500 °C in the
present study) for these samples would therefore be closely related to
the cracking of a syngenetic and thermorecalcitrant component.
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Fig. 5. Xe isotopic spectra of the trapped noble gas component in kerogen
PPRG134 (a), MGTKS1 (b) and MGTKS1up (c), normalized to *°Xe and to the
modern atmosphere composition (Ozima and Podosek, 2002). Error bars are 10.
The degree of MDF of U-Xe relative to modern atmosphere is given as a red
dashed line for comparison. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

To date, the most recent identification of ancient atmosphere has
been proposed for mine fluids younger than 1.85 Ga (Warr et al., 2018).
The youngest sample analyzed as part of the present study (1.88 Gyr
old, kerogen PPRG134) has a Xe isotope composition that is indis-
tinguishable from that of the modern atmosphere, in agreement with
modern-like isotope compositions of the atmosphere being reached
~2Ga (Bekaert et al. 2018). Sample PPRG134 released only limited
amounts of Xe, implying that, if more material could be analyzed, a
sufficient level of precision could be reached, allowing potential de-
viations from the modern atmospheric composition to be detected. In
kerogen PPRG134, the low noble gas concentrations and very low **°Xe
enrichment factors relative to 3®Ar and to the composition of modern
air (Table S1) might however indicate that noble gases released from
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kerogen 07SA22, normalized to 3*Kr and '*°Xe, respectively, and to the modern
atmosphere composition (Ozima and Podosek, 2002). Error bars are 1o.

that sample correspond to adsorbed modern air (Wacker, 1989,
Marrocchi and Marty, 2013), with no evidence for the occurrence of an
ancient trapped Xe component.

Kerogens 07SA22 and PAN1 show evidence for ancient atmospheric
Xe components akin to the one observed in kerogen MGTKS3 (Bekaert
et al., 2018). However, as illustrated in Fig. 10, the degrees of MDF of
trapped Xe within kerogens 07SA22 (FXegysazz = —4.2 + 0.65%0.u” 1)
and PAN1 (FXepani = —10.0 * 4.2%o.u™ 1) produce model ages
(2.321519 and 2.997933 Gyr-old, respectively) that are lower than those of
the corresponding host rocks (3472 + 5Myr and 3458 = 1.9 Myr, re-
spectively; Armstrong et al., 1990; Thorpe et al., 1992) at the one sigma-
level. At the two-sigma level, model ages for kerogens 07SA22 and PAN1
are 232701 and 2.99793) Gyr-old, respectively. Given the large un-
certainty associated with the model age of kerogen PAN1, it potentially
overlaps with the actual age of the host rock at the two-sigma level,
although this clearly does not constitute a good match. For the rest of the
discussion, the model age for kerogen PAN1 is therefore considered to be
lower than that of its host rocks. Variable noble gas concentrations from
one kerogen to another possibly reflect differences in the depositional
environments of the host rocks, or variable efficiencies at trapping and/
or preserving noble gases within organic materials. The next sections
discuss the potential mechanisms accounting for lowering the degree of
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MDF of trapped Xe components during the post-depositional evolution of
organic matter, including mixing with a more recent Xe-bearing organic
generation and diffusive loss during thermal metamorphism or aqueous
alteration.

4.2. Multi-component mixing

The low porosity of cherts is commonly advocated for making the
syngenetic organic matter less prone to postdepositional contamination
(Derenne et al., 2008). However, Raman spectroscopic data collected
on the organic material present within the matrix of the Apex chert, one
of the most well studied Archean deposits (e.g., Schopf, 1993; De
Gregorio and Sharp, 2006), indicated the presence of two different
phases of carbonaceous materials deposited as separate phases in the
quartz matrix (Marshall et al., 2012). Hence, several generations of
organic materials, of variable ages, could potentially coexist within a
given kerogen. In this case, the final degree of MDF of the total trapped
Xe component can be formulated as:

n
OXery = Y f, * FXe, * [Xe];

i=1

where 6Xe,,, is the degree of MDF of the total trapped Xe component, n
is the number of coexisting generations of organic materials, f is the
mass fraction of organic generation i, and FXe; and [Xe]; are the degree
of MDF and concentration of Xe associated with organic generation i,
respectively. Accordingly, the weight a given generation of organic
materials (with a given FXe) will have on the Xe isotopic signature of
the total kerogen relies on both its mass fraction and Xe concentration.
This implies that a generation of organic materials contributing limit-
edly to the total mass of the sample could have a significant effect on
the final signature of the trapped Xe component if its Xe concentration
were high. Conversely, an organic component carrying negligible
amounts of Xe would have little influence on the final signature of the
trapped Xe component, even at high mass fraction. This points towards
a potential decoupling between the isotopic signature of the total Xe
trapped component and the mass fractions of organic generations
within a given kerogen. In addition, during isolation of organic mate-
rials from their host rocks, acid treatment with HF/HCI might induce
the formation of neo-formed minerals such as fluorides (Garcette-
Lepecq et al., 2000), which have to be removed before analysis of the
Xe isotopes. These minerals would likely carry noble gases with modern
atmosphere-like isotopic compositions, therefore inducing a potential

Fig. 7. Xe isotopic spectrum of the trapped noble
gas component in kerogen PAN1 normalized to
130%e and to the modern atmosphere composition
(Ozima and Podosek, 2002). The shaded area re-
presents the uncertainties associated with the de-
gree of MDF computed from the Xe isotopic spec-
trum of the kerogen PAN1. The Xe isotope spectrum
of PAN1bD is given for comparison. Error bars are 10.
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Fig. 8. Xenon fission spectra of kerogens 07SA22 (a) and PAN1 (b) corrected for mass dependent fractionation relative to a starting isotopic composition similar to U-
Xe. Both spectra are in better agreement with spontaneous fission from 2**U and not 2**Pu. Fission spectra are from Porcelli and Ballentine (2002).
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Fig. 9. Sulphur isotope composition of the S-rich organic matter from the bi-
tuminous laminites of Orbagnoux (France, upper Kimmeridgian; Mongenot
et al., 1997; 3 aliquots), the Archean Kerogen MGTKS3 isolated from a black
chert layer of the 3.0-Gy-old Farrel Quartzite (Pilbara Craton, Western Aus-
tralia; Delarue et al., 2016; Bekaert et al., 2018), and IOM from the meteorite
GRO 95,502 (Grossman and Brearley, 2005). The “light” and “heavy” fractions
refer to the residues after separation in heavy liquid.

bias in the determination of the degree of MDF of the Xe trapped
component if they were to still be present to some extent in the final
kerogen.

Whilst the occurrence of mass-dependently fractionated Xe confirms
the presence of Archean atmospheric Xe within the organic component
(provided that lighter noble gases — e.g., >®Ar/3°Ar, Kr isotopes - are not
fractionated), only a good match between the Xe-based age and that of the
host rock warrants the presence of a syngenetic organic component. If the
degree of Xe MDF is lower than expected from the age of the host rock, no
firm conclusion based on Xe isotopes solely can be drawn regarding the
presence/absence of a syngenetic component. Indeed, such a signature
could be accounted for by (i) mixing of a syngenetic component with a
younger generation of organic materials that lowers the degree of MDF of
the total Xe, or by (ii) the absence of a syngenetic component but occur-
rence of a unique generation of organic materials that is younger than the
host rock. In case of a post-depositional organic contribution, assessment
of organic matter spatial relationships to surrounding minerals, veins, and
fractures, as well as comparison between Raman spectra determined on
kerogens, on the mineral matrix, and on secondary hydrothermal veins
(e.g., Marshall et al, 2012; Bekaert et al. 2018) can provide information
regarding the multiplicity of organic sources.

The potential for multiple generations of CM to coexist in Archean
kerogens illustrates the difficulty of searching for signs of life in Archean
rocks. Rock-Eval pyrolysis of isolated OM from several Archean samples
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Fig. 10. MDF of atmospheric Xe with time relative to modern atmosphere
(FXe). The red curve corresponds to the power law evolution (y = 0.238*x>*1)
computed by Bekaert et al. (2018) from data reported in Avice et al. (2017). (a)
Novel data (Avice et al., 2018; reported at 20) support the use of this evolution
curve, with however one “anomalous” point at 2.7 Ga (Fortescue Group, Ha-
mersley Basin, Australia), reported here in light grey. (b) Two kerogens ana-
lyzed as part of this study (PAN1 and 07SA22) show the occurrence of ancient
atmospheric Xe. However, the corresponding ages derived from Xe evolution
curves (vertical shaded regions beneath the curve, with uncertainties at 10) are
systematically lower than ages of the respective host rocks (open circles). The
lowering of the MDF of the trapped Xe component relative to modern atmo-
sphere might be interpreted in terms of post-depositional history of the related
kerogens. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(Delarue et al., 2018) revealed the co-occurrence of various OM pools
characterized by different thermal stabilities. Seven out of ten isolated
Archean OM samples analyzed by Delarue et al. (2018) were char-
acterized by the release of hydrocarbons in a narrow pyrolysis tem-
perature range (576-586 °C) corresponding to the thermal cleavage of
kerogen-bound hydrocarbon. However, multiple generations of hydro-
carbons upon pyrolysis have also been observed in the MGTKS1up and
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MGTKS3 isolated OM (Delarue et al., 2018), pointing towards the ex-
istence of several distinct pools of OM generating hydrocarbons at high
pyrolysis temperature. The occurrence of distinct pools of OM does not
necessary indicate the presence of distinct generations and, in the case of
multiple generations of hydrocarbons, attributing a given Xe signature to
a particular generation of OM appears unrealistic. Measuring the Xe
isotopic composition of individual organic microstructures would require
a high sensitivity that cannot be achieved using conventional static mass
spectrometry. A promising avenue of investigation could be to couple in
situ laser ablation techniques with an ultrasensitive, resonance ionization
mass spectrometry (Gilmour and Turner, 1994).

4.3. Xenon mobility in organic materials

This section investigates the possibility for a syngenetic organic
component to have lost — at least part of — its initially trapped Xe.
Anomalous adsorption of heavy noble gases onto surface-associated de-
fects, including those of mineral phases, has been experimentally docu-
mented (e.g., Yang et al., 1982). The mechanisms accounting for efficient
trapping and preservation of atmospheric gases, especially Xe into or-
ganic materials, are not fully understood, but do not yield measurable
isotopic  fractionation without ionization (—0.18%o0 * 0.08%o;
Marrocchi and Marty, 2013). Elemental ratios and corresponding f fac-
tors indicate preferential incorporation and/or retention of Xe over
lighter noble gases into organic materials. The natural occurrence of
obstacles inside Xe's diffusion paths could delay/prevent its mobility
within the organic matrix constrictions, therefore causing its preferential
retention with respect to lighter noble gases (Kuznetsova et al., 2000). As
we find in the present study, Xe concentrations in kerogens is highly
variable, potentially reflecting differences in Xe concentrations within
the depositional environments of the host rocks, or variable efficiencies
at trapping and/or preserving noble gases over geological periods of
time. Note that trapping of Xe atoms in organics does not yield mea-
surable isotopic fractionation without ionization (Marrocchi and Marty,
2013). Under ionizing conditions, Xe trapping onto solids would favour
the heavy isotopes (Marrocchi and Marty, 2013; Kuga et al., 2015) and
not the light ones as observed here.

The very low diffusion coefficients for Xe resulting from its large
radius, the structural changes of organic matter during carbonization
(e.g. polyaromatic layer stacking), and the establishment of a closed
system during silicification, would contribute together to preserving Xe
in Archean kerogens over geological periods of time. One possibility is
that a critical temperature (activation energy) has to be reached to allow
Xe atoms to become mobile (e.g. if Xe is encapsulated in a cage-like
molecular structure that would only be damaged at a high enough
temperature). This has been studied in the framework of noble gas
trapping in/releasing from fullerenes (Cgo and larger), which present a
closed central cavity that is large enough to accommodate noble gas
atoms (including Xe; Saunders et al., 1996). Fullerenes are remarkably
stable since several C-C bonds must be broken for the noble gas atoms to
escape. Likewise, the loss of an initially trapped Xe component through
cracking of the kerogen would indicate that the structure of the organic
material has been modified, and that it is not retentive for Xe anymore.
In this framework, a scenario where a syngenetic organic component
would have lost its initially trapped Xe, which was then replaced by
younger atmospheric Xe incorporated into the organic materials at a time
corresponding to the Xe-based model age, would be unlikely.

Preferential loss of the lightest isotopes over to the heaviest ones
during partial loss of an initially trapped Xe component could cause
artificial decrease in the absolute degree of Xe MDF with respect to the
modern atmosphere composition, therefore yielding underestimated
Xe-based model ages. However, no sample has been found to exhibit a
positive degree of MDF relative to the modern atmosphere composition,
indicating that if this process was for instance the cause of null FXe in
MGTKS], increase in the degree of Xe MDF toward zero would have
been coincidentally stopped at modern atmospheric composition.
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Likewise, diffusive loss should necessarily affect all noble gases in such
a way that, if Xe isotopes were to have been fractionated during partial
loss, then Kr isotopes should also be fractionated to at least the same
extent, or more for a mass-dependent process, which is not observed.
This is also valid for potential mass fractionation effects during the
sample’s maturation and/or partial filling/emptying of the sample’s
porosity by secondary fluid circulations (Torgersen et al., 2004). In
addition, preferential loss of the lightest isotopes over to the heaviest
ones during partial loss should yield a Xe component released at high
temperature being enriched in the heaviest isotopes over to the lightest
ones, which is never observed. All kerogens investigated in the present
study show degrees of metamorphism that range from prehnite-pum-
pellyite to greenschist facies (Delarue et al., 2016), indicating the me-
tamorphism maximum temperature did not exceed ~350 °C. Although
samples were therefore held at 350 °C for potentially significant periods
of time, trapped Xe components expected to be released within the
400-600 °C temperature window could have been limitedly affected. At
last, kerogens MGTKS3 (Bekaert et al., 2018) and MGTKS1(up) origi-
nate from the same geological formation and were spatially separated
by only a few tens of centimetres in the stratigraphic column (Delarue
et al., 2016). One can therefore consider that they experienced similar
thermal histories. Yet, it appears that kerogen MGTKS3 efficiently
preserved its original trapped Xe component, whereas kerogen MGTKS1
and MGTKS1up lost their potential syngenetic Xe component.

Taken together, these considerations suggest that partial diffusive
loss of an initially trapped, syngenetic Xe component during thermal
metamorphism is unlikely to cause the observed lowering of Xe's degree
of MDF relative to the modern atmosphere composition. Based on our
noble gas data, we propose that mixing with younger generation(s) of
organic material, with or without loss of an initial, syngenetic compo-
nent, and/or contribution from neo-formed minerals alike to fluorides
carrying atmospheric noble gases, would be the two most likely pro-
cesses accounting for Xe-based model ages being lower than expected
from the ages of the host rocks. Differences in the Xe isotope compo-
sition of samples originating from the same stratigraphic column may
therefore arise from variable abilities at locally preserving closed sys-
tems and hampering mixing with more recent generations of organic
materials. More work is however needed to better understand the me-
chanisms controlling Xe incorporation and mobility within kerogens.

4.4. Archean kerogens and early life: dating tools

The occurrence of mass-independently fractionated sulphur isotopes
(MIF-S) can be used to confirm the Archean origin of ancient sedi-
mentary rocks and potentially organic materials (e.g., Farquhar et al.,
2000; Bontognali et al., 2012). The presence of MIF-S in sedimentary
rocks older than ~2.4 Gyr, and the absence of MIF-S in younger rocks,
has been considered the best evidence for a dramatic change from an
anoxic to oxic atmosphere around 2.4 Gyr ago (e.g., Farquhar et al.,
2000; Pavlov and Kasting, 2002). Reactions between reduced inorganic
S and organic compounds are thought to substantially enhance the
stabilization and burial of OM in anoxic environments (Boussafir et al.,
1995; Damsté and De Leeuw, 1990), but the sulfurization process is
poorly understood. Under certain conditions, S can be incorporated into
OM on a timescale of days (Raven et al., 2016). In addition, de-
termining the S isotope composition of Archean kerogens, excluding
significant contribution from associated S-bearing mineral phases, is
extremely challenging (Bontognali et al., 2012). Using our newly de-
veloped protocol to specifically separate by density kerogens (light
fraction) from S-bearing minerals (concentrated in the heavy fraction),
we find that, contrary to the extra-terrestrial IOM (GRO 95502) or the
modern kerogen Orbagnoux, archean kerogen MGTKS3 has a positive
MIF-S signature (A®*S = 2.84 + 0.20 and 1.74 = 0.31 for the heavy
and light fractions, respectively) therefore supporting its Archean origin
(> 2.4 Gyr). Although we cannot exclude that residual micro- to nano-
pyrites still contribute to the S isotope composition determined for the
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light fraction of the kerogen, this new data confirms that it is possible to
measure Xe with an Archean signature (Bekaert et al., 2018) in kero-
gens with Archean geochemical characteristics. Sulphur isotopes do not
however constitute a definitive tool for providing model ages of ar-
chean kerogen and testing their syngenetic origin.

Relative to cosmochemical precursors (solar or chondritic), atmo-
spheric xenon presents a mono-isotopic excess of >Xe produced by the
decay of extinct 1291 (Ozima and Podosek, 2002). This excess was
mainly acquired during the Earth's formation and early evolution
(Marty et al., 2017) but mantle degassing has also contributed '?°Xe to
the atmosphere through geological time, most likely in a relatively
short (=300 Myr) burst of mantle activity at the end of the Neo-Ar-
chean (Marty et al., in press). Trapped Archean atmospheric xenon
shows a mono-isotopic excess of 12°Xe that is slightly less pronounced
than in the present atmosphere (Avice et al., 2018; Marty et al., in
press). The presence of a mono-isotopic deficit in '2°Xe is therefore
symptomatic of the Archean atmosphere, prior to ~2.3 Ga (Marty et al.,
in press). The '?°Xe mono-isotopic deficit in kerogen PAN1 lends fur-
ther credence to the conclusion of an Archean organic matter compo-
nent being present in this sample. The absence of a '>°Xe mono-isotopic
deficit and occurrence of a MDF signature in kerogen 07SA22 might
indicate that influx of mantle-derived '?°Xe to the atmosphere was
completed prior to the cessation of MDF of Xe isotopes in the atmo-
sphere. According to the degree of MDF of Xe in 07SA22 relative to
modern atmosphere (—4.2 =+ 0.65%o.u™ 1), the last chemical equili-
bration of the kerogen with the atmosphere could have occurred
2.3 = 0.1 Ga. We speculate that the observation of a 12°Xe mono-iso-
topic deficit in ancient kerogens could also be used as A%3S values, to
infer the presence of a trapped Archean Xe component.

As illustrated in the present study, the Xe-based dating tool for
Archean kerogens requires conditions (kerogen homogeneity, unique-
ness of the organic source, efficient preservation and non-disruption of
the initially trapped Xe component) that may not be the rule in nature.
Kerogen PANT1 is an ideal target given that it underwent a mild-thermal
alteration in comparison to other studied Archean OM (Delarue et al.,
2016). The degree of MDF of Xe trapped in kerogen PAN1 suggests that
Archean organic materials at least 3.0 + 0.3 Gy-old are present in this
3.46 Gyr-old sample. However, the analysis of another aliquot from the
same sample (PAN1b) shows no evidence for the presence of an Ar-
chean Xe component, indicating that ancient Xe isotope signatures may
be heterogeneously distributed within the sample. Such heterogeneity
might be related to the handpicking aliquots for analysis, where more
neo-formed minerals could for instance settle at the bottom of the
sample holder and be concentrated when little material is left to be
analyzed. This could also be in line with observed molecular and
structural heterogeneities (Lepot et al., 2013) and heterogeneous ele-
mental distribution of noble gases in this sample. Interestingly, the
“OAr/3SAr of bitumen cracking below 200 °C in this kerogen are very
high (~2640; Fig. 1), indicating that thermolabile materials in PAN1
are probably ancient in line with Raman spectra determined on residual
bitumen droplets (Delarue et al., 2018). However, providing accurate
dating of these bituminous materials in PAN1 would require knowing
their mass fraction in the sample and K contents, which is not the case.

One way of potentially circumventing issues related to the occurrence
of multiple generations of OM within a given sample may be to separate
them based on their thermal sensitivities, as illustrated by Rock Eval
studies (Delarue et al., 2018). For instance, the Rock Eval signature of
kerogen MGTKS] is largely dominated by organic materials cracking
before 400 °C (Delarue et al., 2018). This suggests that this kerogen
manly comprises thermolabile components, in line with the high H/C
(Delarue et al., 2018) and absence of Archean Xe signature (this study) in
this sample. Yet, several studies have argued for the presence of synge-
netic organic matter in kerogen MGTKS1, notably in the form of mi-
crofossils (Sugitani et al., 2007, 2009; House et al., 2013). But since
cracking of kerogen MGTKS1 releases little amounts of hydrocarbons
(with respect to thermolabile organic matter, Delarue et al., 2018) and
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no syngenetic Xe component, the Xe-based dating method cannot be
applied. Other kerogens analyzed as part of the present study (especially
07SA22, MGTKS3 and MGTKS1up) show the release of hydrocarbons at
high pyrolysis temperatures (Delarue et al., 2018), in line with the po-
tential occurrence of ancient atmospheric Xe signatures. Whilst the
multimodal release of hydrocarbons (MGTKS3 and MGTKS1lup) could
point towards the existence of several distinct pools of OM generating
hydrocarbons at high pyrolysis temperature, the Gaussian shape of the
high-temperature hydrocarbon peak detected for kerogen 07SA22 sug-
gests a well-defined, unique generation of thermorecalcitrant organic
matter in this sample. This is in line with the very consistent isotope
composition of Xe extracted at 600 °C and 800 °C. In this case, Xe iso-
topes indicate that this component would not be syngenetic, but younger
(2.3 £ 0.1 Gyr old) than the host rock (~3.47 Gyr old). Assuming
kerogen 07SA22 contains a 3.47 Gyr old syngenetic component that was
mixed with more recent organic materials having similar Xe concentra-
tions but modern-like Xe isotopes would require that kerogen 07SA22
consists in 75 wt% syngenetic OM and 25 wt% modern OM. In future
work, combining Rock Eval and noble gas analyses appears a promising
avenue of investigation to ultimately differentiate noble gas signatures
carried out by different organic components in kerogens.

5. Concluding remarks

The analysis of organic materials recovered from Archean rocks has
the potential to elucidate on the origin of life and the timing of its
emergence. Ambiguities and controversies however persist regarding the
biogenetic and syngenetic origin of Archean organic materials. In parti-
cular, the potential for organic materials from ancient biological sources
to co-exist with organic matter or reduced carbon produced by non-
biologic processes, or post-depositional organic contaminants, suggests
possible decoupling between the age of ancient organic materials and
that of their host rock. Geochemical tools allowing the syngenetic origin
of ancient organic materials to be tested are scarce and subject to lim-
itations. The occurrence of non-null A®3S values and/or '**Xe deficits
relative to modern atmospheric composition constitute fingerprints of
the Archean atmosphere. Their detection in ancient kerogens can
therefore be used to validate their Archean origin. Determining the iso-
tope composition of S within kerogens whilst limiting the contribution
from associated minerals is however challenging. We recently proposed a
Xe-based dating tool to potentially provide independent model ages for
Archean kerogens (Bekaert et al., 2018). This method mainly relies on
the combined observations that (i) atmospheric Xe evolved through time
by MDFuntil ~2.5Ga (Avice et al., 2018) and (ii) ancient organic ma-
terials can preserve significant amounts of Xe trapped from the atmo-
sphere at the time of their formation. Here, we confirm that ancient at-
mospheric Xe can be preserved in Archean kerogens. However, we find
trapped Xe components with lower degrees of MDF than expected from
the ages of the respective host rocks, raising new questions regarding the
conditions allowing Xe to be efficiently trapped and preserved within
ancient organic materials. We suggest that partial diffusive loss of
trapped Xe is unlikely to cause such lowering of Xe degree of MDF
without affecting lighter noble gases, and that multiple component
mixing could more likely account for Xe-based model ages being lower
than expected from the ages of host rocks. In this case, deconvoluting Xe
signals from the different generations of organic matter appears ex-
tremely challenging, potentially calling for new analytical developments
coupling in situ laser ablation techniques with an ultrasensitive mass
spectrometry, and/or investigations of the thermal sensitivity of organic
materials through Rock Eval studies. Before being able to tackle the
question of ancient organic material syngenecity based on the Xe dating
tool, it appears that a better understanding of the mechanism(s)/condi-
tions accounting for noble gas incorporation/mobility in organic mate-
rials is needed. Moreover, these might vary depending on the geological
history of the samples (e.g., temperature, extent of hydrothermalism) as
well as the nature and molecular/structural composition of the organic
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materials. In other words, the degree of MDF of Xe isotopes constitutes a
promising — but not unequivocal — geochemical tool for providing model
ages for Archean kerogens.
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