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Abstract

We have analyzed ancient atmospheric gases trapped in fluid inclusions contained in minerals of Archean (3.3 Ga) to Pale-
ozoic (404 Ma) rocks in an attempt to document the evolution of the elemental composition and isotopic signature of the
atmosphere with time. Doing so, we aimed at understanding how physical and chemical processes acted over geological time
to shape the modern atmosphere.

Modern atmospheric xenon is enriched in heavy isotopes by 30-40%0 u~" relative to Solar or Chondritic xenon. Previous
studies demonstrated that, 3.3 Ga ago, atmospheric xenon was isotopically fractionated (enriched in the light isotopes) rela-
tive to the modern atmosphere, by 12.9 & 1.2 (16) %0 u™ !, whereas krypton was isotopically identical to modern atmospheric
Kr. Details about the specific and progressive isotopic fractionation of Xe during the Archean, originally proposed by Pujol
et al. (2011), are now well established by this work. Xe isotope fractionation has evolved from 21%o u™" at 3.5 Ga to 12.9%o
u~! at 3.3 Ga. The current dataset provides some evidence for stabilization of the Xe fractionation between 3.3 and 2.7 Ga.
However, further studies will be needed to confirm this observation. After 2.7 Ga, the composition kept evolving and reach
the modern-like atmospheric Xe composition at around 2.1 Ga ago.

Xenon may be the second atmospheric element, after sulfur, to show a secular isotope evolution during the Archean that
ended shortly after the Archean-Proterozoic transition. Fractionation of xenon indicates that xenon escaped from Earth,
probably as an ion, and that Xe escape stopped when the atmosphere became oxygen-rich. We speculate that the Xe escape
was enabled by a vigorous hydrogen escape on the early anoxic Earth. Organic hazes, scavenging isotopically heavy Xe, could
also have played a role in the evolution of atmospheric Xe.

For 3.3 Ga-old samples, Ar-N, correlations are consistent with a partial pressure of nitrogen (pN,) in the Archean atmo-
sphere similar to, or lower than, the modern one, thus requiring other processes than a high pN, to keep the Earth’s surface
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warm despite a fainter Sun. The nitrogen isotope composition of the atmosphere at 3.3 Ga was already modern-like, attesting

to inefficient nitrogen escape to space since that time.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The origin of the volatile elements in the Earth’s atmo-
sphere and mechanisms responsible for its subsequent evo-
lution remain poorly understood (Marty, 2012). The
elemental and isotopic composition of the Earth’s atmo-
sphere has been shaped by numerous events in the history
of our planet including contributions from diverse extrater-
restrial sources during the accretion, meteoritic and come-
tary impacts, mantle degassing, subduction with crustal
recycling of volatile-rich lithologies and atmospheric
escape. Despite the presence of a geological rock record, lit-
tle is known about the state of the atmosphere during the
Archean (4.0-2.5Ga), an epoch covering one third of
Earth’s history and during which early forms of life
emerged and evolved (Nisbet and Sleep, 2001). Some iso-
topic signatures in ancient sediments point to major differ-
ences in the composition of the atmosphere in the Archean
and early Paleoproterozoic eons. For example, sulfur iso-
topes measured in rocks older than =2.3 Ga carry a
mass-independent fractionation (MIF) signature originat-
ing from photochemical reactions involving UV photons
in a Oj-poor atmosphere (Farquhar and Wing, 2003;
Catling, 2014). Furthermore, an atmospheric composition
very different from the modern one seems to be required
to maintain a warm temperature (liquid water) at the
Earth’s surface despite a reduced solar luminosity in the
past (Schwarzschild, 1958), the so-called “faint young sun
paradox” (Ulrich, 1975).

Noble gases are chemically inert elements that are pow-
erful tracers of the formation and subsequent evolution of
the Earth’s atmosphere. Xenon (Xe), the heaviest stable
noble gas, has nine isotopes that present mass-dependent
isotope variations. Some Xe isotopes have also been con-
tributed by extinct (‘%°1, Ty = 15.7 Ma; 244py; Ty =82
Ma) and extant (**3U; T,/, = 4.47 Ga) radioactive nuclides.
Terrestrial atmospheric Xe has two unique features. First,
atmospheric Xe is depleted by a factor of 20 compared to
the Ar/Kr/Xe elemental pattern defined by chondrites
(e.g., Pepin (1991)). Second, atmospheric Xxenon is strongly
enriched in heavy relative to light isotopes with a mass-
dependent fractionation of 30—40%. u~' (computed from
light isotopes which are devoid of radioactive nuclide con-
tribution) compared to other known solar system compo-
nents such as AVCC-Xe (Average Carbonaceous
Chondrite Xe) or SW-Xe (Solar Wind Xe) (Ott, 2014).
These two features form the ‘“xenon paradox” (Ozima
and Podosek, 2002).

An additional striking feature of atmospheric Xe is that
it cannot be directly related to either chondritic Xe or solar
Xe. When corrected for mass-dependent isotope fractiona-
tion, the heavy Xe isotopes **Xe and '**Xe are depleted

relative to both Solar and Chondritic signatures (Pepin,
1991). This is a problematic issue since no known nuclear
process can selectively decrease the abundance of these iso-
topes in the atmosphere. Furthermore, spontaneous fission
of extinct **Pu (T, =82 Ma) and extant 238y (Typ =
4.47 Ga), which produce the heavy isotopes of Xe in the sil-
icate Earth, would have increased levels of '**Xe and *®Xe
in the atmosphere with time due to mantle and crustal
degassing, making the imbalance even more severe. An
alternative and mathematically-derived initial Xe compo-
nent, labeled U-Xe, has thus been defined in previous stud-
ies (Takaoka, 1972; Pepin, 1991) and is considered as the
starting isotopic composition for the Earth’s atmosphere.
Recent results obtained on 3.3 Ga-old samples from the
Barberton Greenstone Belt (South Africa) demonstrated
the existence of the U-Xe early in Earth’s history (Avice
et al., 2017). Finally, after decades of unsuccessful searching
for this component, recent measurements of the isotopic
composition of Xe in the coma of comet 67P/
Churyumov-Gerasimenko revealed that the progenitor of
atmospheric Xe, the U-Xe, reflects a mix between about
22% of cometary Xe (strongly depleted in '**Xe and
136X ¢) and 78% chondritic Xe (Marty et al., 2017).

Even assuming U-Xe as the starting isotopic composi-
tion for the atmosphere, solving the xenon paradox calls
for complex models with episodes of mantle degassing
and early isotopic fractionation of atmospheric noble gases
driven by hydrodynamic escape of hydrogen (Pepin, 1991),
and/or late addition of cometary gases to a residual, frac-
tionated atmosphere (Dauphas, 2003). In these models,
Xe processing and fractionation occurred during the earli-
est stages of terrestrial accretion (see a review by
Dauphas and Morbidelli, 2014). Some recent studies call
these models into question and propose instead that the
depletion and isotopic fractionation of Xe took place pro-
gressively during geological eons. This model is based on
the analysis of xenon in ancient rocks (Srinivasan, 1976;
Pujol et al., 2009; Pujol et al., 2011; Avice et al., 2017;
Bekaert et al., 2018) or in ancient fluids (Holland et al.,
2013; Warr et al., 2018) that reveal a stable isotope compo-
sition of xenon intermediate between those of the potential
cosmochemical ancestors and of the modern atmosphere.
Pujol et al. (2011) proposed that the isotope fractionation
of atmospheric xenon was a long-term process that was still
active during the Archean eon. This fractionation has to be
specific to Xe, since other noble gases do not appear to have
been fractionated. Because xenon is the heaviest noble gas,
only non-thermal escape of this element would have been
possible, perhaps related to its specific electronic structure,
which makes it more prone to ionization by solar UV pho-
tons than other noble gases. These results have thus been
subsequently interpreted as an evidence for a continuous
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atmospheric escape of Xe during the Archean accompanied
by an instantaneous isotopic fractionation (Marrocchi et al.
2011; Kuga et al. 2015) when Xe is ionized in the presence
of organic molecules (Marty, 2012; Hébrard and Marty,
2014). Hébrard and Marty (2014) built a 1D photochemical
model of the Archean atmosphere proposing that the
enhanced EUV flux from the young Sun (Ribas et al.,
2005) ionized Xe atoms preferentially at altitudes between
90 and 110 km. This altitude range coincided with the max-
imum production of organic haze from photochemistry of
H, - CH,4 mixtures (two species often advocated to have
been present in the Archean atmosphere). Independently,
laboratory experiments involving Xe ions trapped in form-
ing organic matter (Frick et al., 1977; Marrocchi et al.,
2011; Kuga et al., 2015; Kuga et al., 2017) have shown a
Xe mass-dependent instantaneous fractionation factor (o)
of 10 & 4%o u™! in favor of the heavy isotopes. This o value
is within the range of those needed to yield an integrated
fractionation of 30-40%. u~! for a Xe depletion of a factor
of 20 in a leaking atmosphere, assuming a Rayleigh-type
distillation during escape (Marty, 2012). Therefore,
Hébrard and Marty (2014) concluded that xenon in the
Archean atmosphere was partly trapped and isotopically
fractionated in organic haze, while other Xe ions were
escaping to space. An alternative model is that mass frac-
tionation is generated directly by the hydrodynamic escape
of Xe ions (Zahnle, 2018).

Even if previous studies provided a framework for
understanding the xenon paradox described above, there
are still some unresolved issues. (i) The above view is based
on the analysis of a limited number of samples including:
two barite samples from the 3.5 Ga-old Dresser Formation,
Pilbara craton, Australia, (Srinivasan,1976; Pujol et al.,
2009); fluid inclusions in quartz, also from the Dresser For-
mation (Pujol et al., 2011)); and 3.3 Ga-old samples from
the Barberton Greenstone Belt, South Africa (Avice et al.,
2017). (ii) The atmospheric origin of trapped Xe in these
samples has been questioned by Pepin (2013) who suggested
that Xe trapped in these samples is a mixture between
modern-like atmospheric Xe and mantle Xe, although the
arguments on which this was based have been contested
by Pujol et al. (2013b). (iii) If the concept of Xe isotope
fractionation described above is correct, the physical pro-
cesses behind the escape of Xe atoms and/or ions are still
unknown and additional measurements are thus needed
to understand these phenomena. (iv) The similarity in iso-
topic composition of atmospheric Xe on Mars and on
Earth is a major issue for the “haze-Xe” model (Hébrard
and Marty, 2014), because there is no evidence for the exis-
tence of such haze production in the early Martian atmo-
sphere, although it cannot be excluded as the presence of
CH, in the modern Martian atmosphere has been reported
(Formisano et al., 2004)). (v) Finally, the exact timing and
mode of the evolution of the isotopic composition of atmo-
spheric Xe is ill-defined. Thus far, it is difficult to link this
evolution to other geochemical cycles, such as the progres-
sive oxidation of the atmosphere for example. In order to
document these issues, we present new high-precision anal-
yses of Xe contained in fluid inclusions in quartz of different
ages (3.3 Ga-404 Ma) and from different geological settings

(Table 1) and demonstrate an evolution of the isotopic
composition of atmospheric Xe during several billion years.
In addition, a comprehensive study of noble gases (Ne, Ar,
Kr, Xe) and nitrogen in 3.3 Ga-old samples from the Bar-
berton area also enables the isotopic composition of the
atmosphere at that time to be defined at high precision.

2. SAMPLES AND ANALYTICAL METHODS

Brief descriptions of the analyzed samples, their geolog-
ical age constraints and of the analytical methods are pre-
sented in this section.

2.1. Geological setting of the samples and age constraints

Samples analyzed in this study consist of high-purity
macro-crystalline quartz crystals containing numerous fluid
inclusions, except for samples of meta-carbonates from Isua
(Greenland) that consist of a mixture of carbonate and
quartz crystals. The high proportion of fluid inclusions
ensured that the quantities of gas released during crushing
experiments were sufficient to determine Xe isotopic ratios
at high precision and that impurities did not pollute the
Xe signal (for example by neutron capture on Ba or Te
nuclide producing Xe isotopes; Pujol et al., 2009). Localities
of the analyzed samples are summarized in Table 1.

Samples from the Barberton greenstone belt were recov-
ered from quartz veins cutting across cores recovered dur-
ing an ICDP drilling project (Arndt et al., 2012) and are
described in more details by Avice et al. (2017). Ar-Ar dat-
ing gave an age of 3.30 £ 0.05 (1o) Ga in agreement with
the age of the main deformation event “D,” defined for this
geological area that led to regional-scale fluid circulation
(de Ronde and Wit, 1994).

Samples from the Boongal and Maddina formations
(Fortescue Group, Hamersley Basin, Australia) are from
quartz precipitates in pillow-basalts. Comparable quartz
pods in the 3.49 Ga-old North Pole area had already been
considered as being derived from early hydrothermal circu-
lations after lava eruption (Foriel et al., 2004). Ar-Ar dating
did not constrain the age of these samples because of (i) too
low abundances of potassium and (ii) “°’Ar excess uncorre-
lated with the chlorine content as usually seen in other stud-
ies (Kendrick et al., 2001). A maximum age of 2.74 Ga is
thus inferred from U-Pb dating of the host rocks
(Trendall et al., 2004).

Supracrustal rocks from the Isua greenstone belt (West
Greenland) are thought to be up to 3.8 Ga-old (Nutman
and Friend, 2009). Samples analyzed in this study were col-
lected in the southern part of the belt and consisted of
quartz crystals mixed with carbonates probably of metaso-
matic origin (Rose et al., 1996). An Eoarchean age for the
quartz is thus doubtful and the widespread resetting event
at 2.3 +0.2 Ga identified by Sm-Nd dating on metamor-
phic garnets from the same area (Blichert-Toft and Frei,
2001) might be a more probable age for fluid trapping in
these samples (see Results and Implications sections for
details on the choice of the age).

Quartz samples from the Quetico Belt are from veins
cutting across meta-greywackes dated at ca. 2.7 Ga (Davis



Table 1

Locations, types and ages of samples analyzed in this study. The isotopic fractionations of Xe relative to modern air (6Xe,;;) and to U-Xe (6Xey._x.) are indicated together with Xe isotopes used to
compute these fractionation factors (see text). The corresponding remaining atmospheric fractionations and depletion factors for the Rayleigh’s distillation model (see text) are also indicated.
Results from previous studies are also listed (Srinivasan, 1976; Meshik et al., 2001; Pujol et al., 2009; Pujol et al., 2011; Holland et al., 2013; Pujol et al., 2013a.b). Errors at 1c.

Sample locality  Lithology Age + 0Xe.ir + MSWD  Xe isotopes (/'>°Xe) used to dXey.xe + Remaining =+ Depletion =+ Reference
(Ga) (%ou™ ) compute the fractionation (%o u™h fraction

Previous studies

North Pole Barite 3.48 0.09 21 3 n.d. 129,132,136 17 2 0.24 +0.05/ 4.2 +0.9/  Pujol et al.

(Australia) —0.04 —0.8  (2009)

North Pole Barite 3.5 n.d. 13.7 nd. n.d. 134,136 Srinivasan

(Australia) (1976)

North Pole Quartz 3.1 0.4 15 5 n.d. 128,129,132,134,136 Pujol et al.

(Australia) (2013)

North Pole Quartz 3.0 +0.2 10 5 n.d. 128,129,131 Pujol et al.

(Australia) (2011)

Timmins Fluid See - 3 1 0.067 124,126,128,130 - - Holland

(Canada) text et al. (2013)

Belorechenskoe  Barite 0.170 0.015 0.5 nd. n.d. 124,126,128,129 - - Meshik et al.

(Russia) (2001)

This study

Barberton Quartz 33 0.05 129 1.2 14 126,128,130,131 25 1 0.11 0.01 8.2 0.7 This

(South Africa) study

Fortescue - 2.7 nd. 13.0 1.2 09 126,128,130,131 25 1 0.11 0.01 8.2 0.7 -

(Australia)

Quetico Belt - 2.55 0.15 338 2.5 042 124,126,128,129,130,131 35 2 0.05 0.01 19 +4/ -

(Canada) -3

Vetreny Belt - 245 nd. 6.6 1.5 038 124,126,128,129,130,131 29.2 1.35 0.08 0.01 11 +1/ -

(Russia) -1

Isua - 23 0.3 5.8 1.5 03 124,126,128,129,130,131 30.5 1.4 0.07 0.01 13.2 +1.7/ -

(Greenland) -1.5

Carnaiba - 2.0 0.1 1.8 22 112 124,126,128,129,130,131 34 4 0.05 0.02 17 +7/ —

(Brasil) -5

Gaoua (Burkina — 2.10  0.07 26 2.1 094 124,126,128,129,131 36 2 0.05 0.01 21 +4/ -

Faso) -3

Caramal - 1.7 7 0.32 0.78 0.89 124-136 - — -

(Australia)

Avranches - 0.53 0.01 1.5 1.6 0.12 124-136 - - -

(France)

Rhynie - 0.404 0.001 0.1 1.9 0.28 124-136 - - -

(Scotland)
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et al., 1990). The true age of the veins is unknown, but it is
likely close to 2.65 Ga, the age of regional metamorphism
and the onset of late granitoid plutonism (Card, 1990).

The Vetreny Belt samples were collected from quartz-
epidote veins that dissect hydrothermally altered komatiitic
basalts. Based on field observations, the Vetreny Belt is
regarded as a rift that formed in a submarine environment
as part of a paleoproterozoic large igneous province on the
Baltic Shield (Kulikov et al., 2010). Ubiquitous quartz-
epidote veins represent hydrothermal fluid precipitates,
which formed during reaction between cooling basalts
and contemporaneous oceanic water (Zakharov and
Bindeman, 2015). These rocks have been dated using Sm-
Nd and Re-Os isochrons, bracketing the age of the komati-
itic basalts between 2.43 and 2.41 Ga (Puchtel et al., 2016;
Mezhelovskaya et al., 2016). Dacites that represent the ear-
liest rocks erupted in the Vetreny Belt rift gave a U-Pb zir-
con age of 2437 + 4 Ma (Puchtel et al., 1997), which can be
regarded as the maximum age of the Vetreny Belt rift.

Quartz samples located in veins from the Gaoua mine
district (Burkina Faso) are linked to the early stages of for-
mation of a porphyry deposit (Baratoux et al., 2015). Pyrite
present in the quartz-bearing veins yielded a Re-Os age of
2.10 £ 0.07 Ga (1o) (Le Mignot et al., 2014).

Samples from Carnaiba (Brazil) are quartz crystals from
emerald-hosting veins linked to the intrusion of leucogran-
ites in Proterozoic volcano-sedimentary sequences (Giuliani
et al., 1990). The age of the mineralization is bracketed
between 1.98 Ga and 1.93 Ga based on Ar-Ar dating of
associated phlogopites (Cheilletz et al., 1993).

Samples from Caramal (Australia) are from quartz brec-
cia zones located in the 1.8-1.7 Ga-old Kombolgie sand-
stones. Quartz is interpreted to have formed shortly after
the crystallization of associated illite, which was dated at
1.6-1.7 Ga using the Ar-Ar method (Kyser et al., 2000
and refs. therein).

The sample from Avranches (France) is from quartz
veins that cut across the western part of the Mancellian
batholith. This area underwent several orogenic episodes
but U-Pb dating on zircons reveals an age of 540 4 10
Ma (1o) for rocks from this region (Chantraine et al.,
1994 and refs. therein).

The sample from Rhynie (NE Scotland) is a cherty
(microcrystalline quartz) sample that has previously been
shown to contain trapped paleo-atmospheric argon (Rice
et al., 1995 and refs. therein) with a *“*Ar/*°Ar ratio of
289.5+ 0.4 (lo) (Stuart et al., 2016) and has an age of
403.9 £ 2.1 Ma (lo) as reported by Mark et al. (2011),
based on Ar-Ar plateau ages from K-feldspar-quartz veins.

Recent samples from Colombia (35 Ma; Giuliani et al.,
2000), La Gardette mine (18-19 Ma, Mt Blanc, courtesy
M. -C. Boiron) and from the Rhine Graben (ca. 30 Ma,
courtesy M. -C. Boiron) were used to check the extraction,
purification and measurement procedures.

2.2. Analytical methods
For Xe-Kr measurements (except for samples from the

Vetreny Belt), gases were extracted from fluid inclusions
contained in 2-3 mm-sized grains by crushing with a mod-

ified VAT® valve (Zimmermann, 2014). The bellow was
replaced by a cylinder that crushes grains (up to 1 g) placed
on a stainless steel disc, while the valve was progressively
closed. Online Ti-sponge getters ensured the removal of
reactive gases especially water, the major constituent of
the fluid inclusions. Xenon was condensed on the walls of
a glass tube immersed in liquid N, (77 K) for 20 min. Part
of the krypton also condensed on this tube. After closing
the valve between the glass tube and the purification line,
the remaining fraction in the line containing Ar and light
noble gases was pumped out for 10 min. While Xe and
Kr were trapped on the walls of the glass tube, the glass
tube also contained an appreciable Ar content in gaseous
form that could potentially interfere with isotopic measure-
ments. The Ar content was reduced by expanding the gas
into the extraction line under static vacuum, followed by
pumping after closing the valve to the glass finger. It was
necessary to repeat this procedure up to 10 times to
decrease the partial pressure of Ar (mainly “°Ar present in
fluid inclusions) before introducing the Xe-Kr gas fraction
in the mass spectrometer. The Xe isotopic analyses were
carried-out on a Thermofisher® Helix MC Plus noble gas
mass spectrometer operated in peak jumping mode for
abundances and Xe isotopic ratios measurements. The high
stability of the mass spectrometer ensured a very good
reproducibility of the standards measured during crushing
experiments and enabled high precision data from samples.
Xenon blanks were typically around 10~ mol of '**Xe and
thus had a negligible contribution (usually <1%) on the Xe
abundance measured during crushing (107'°~107"> mol
130Xe). Krypton blanks were also negligible. All isotopic
ratios presented in the Results section are corrected for
blank contribution and mass discrimination of the mass
spectrometer. A full propagation of the errors on the inter-
nal precision, the sensitivity of the mass spectrometer, the
reproducibility of the standards and the blank contribution
has been applied in order to take into account all potential
sources of variability (e.g. Bekaert et al., 2017). The mass
spectrometer sensitivity and mass discrimination were
determined with known amounts of atmospheric noble
gases following the same procedure as reported by Marty
and Zimmermann (1999) and using the atmospheric com-
positions of Kr and Xe of Basford et al. (1973). Recent
quartz samples (0-35 Ma) were analyzed using the same
analytical procedures to check that there was no isotopic
fractionation introduced by experimental artefacts. Except
for some fissiogenic '2!"13Xe excesses, isotopic spectra of
Xe released from recent quartz samples do not show any
resolvable isotopic fractionation relative to the isotopic
composition of the modern atmosphere with a maximum
isotopic fractionation of 1.4 + 1.6%. u™" (105).

Xenon and Kr from samples from the Vetreny belt (2.45
Ga) were extracted following a stepwise heating technique
in an all-metal induction furnace (Zimmermann et al.,
2017). Samples were dropped in a Ta crucible surrounded
by an inductive coil. Temperature steps were 800 °C and
1700 °C followed by a re-extraction at 1700 °C. Noble gases
were subsequently purified and analyzed following the
method described above. Experimental procedures for the
N,-Ar-Ne determinations on different splits of a sample
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from Barberton quartz (BMGA3-9) are given in the Supple-
mentary Material.

3. RESULTS

3.1. Xenon and the Isotopic Fractionation of Ancient
Atmospheres

Results for Xe isotopic ratios and abundances released
during each extraction step are presented in Table S1 (Sup-
plementary Material). The error-weighted mean for each
isotopic ratio and the corresponding Mean Standard
Weighted Deviation (MSWD) appear in bold. MSWD val-
ues are usually close to, or lower than 1, suggesting that
sometimes errors may have been overestimated. Mean val-
ues of *1713Xe/!3%Xe ratios were not computed for samples
presenting important fissiogenic excesses. Mean isotopic
ratios of Xe in Barberton quartz (Avice et al., 2017) are
reproduced in Table S1 (Supplementary Material).

Isotopic spectra normalized to the isotopic composition
of the modern atmosphere for xenon in Barberton, Fortes-
cue Group, Vetreny Belt, Isua and Gaoua samples are
shown in Fig. la-e. Isotopic spectra, without
13213650 /130X e ratios affected by fissiogenic excesses, for
Quetico Belt (2.7-2.65 Ga) and Carnaiba (2.1 Ga) samples
are displayed in Fig. S1 and S2 (Supplementary Material),
respectively.

For each spectrum in Fig. 1, light isotopes (!2*12°Xe)
released from fluid inclusions are enriched relative to the
isotopic composition of the modern atmosphere, except
for the Gaoua spectrum (2.1 Ga, Fig. le) where only some
128% e excess is definitely present and where '**Xe/!*°Xe and
126X /130X e ratios, although imprecise, are higher than the
atmospheric values. For Barberton (Fig. 1a) and Fortescue
Group (Fig. 1b) samples, heavy isotopes ('*1"'**Xe) are also
depleted relative to the isotopic composition of the modern
atmosphere. Isua (Fig. 1d) and Gaoua (Fig. le) samples
show "31"13%Xe excesses, which might be attributed to the
spontaneous fission of >**U although fission spectra are
not decisive (Fig. S3 & S4, respectively, in Supplementary
Information). Enrichment of light isotopes and depletion
of heavy isotopes are consistent with mass-dependent iso-
topic fractionation of the underlying original component
of the Earth’s atmosphere assumed to be U-Xe. The Xe
mass fractionation is recorded in quartz samples of different
ages, and is consistent with the findings of previous studies
of ancient atmosphere trapped in fluid inclusions in quartz
and barite samples (Pujol et al., 2009; Pujol et al., 2011;
Avice et al., 2017) and in carbon-rich material (Bekaert
et al., 2018). Deviations from this mass-dependent fraction-
ation (Fig. 1) are mainly due to fissiogenic excesses from the
spontaneous fission of *%U (in the case of *21%Xe) or to
ill-constrained spallation phenomena (see below). Results
presented here cannot be interpreted in terms of mixing
between an atmospheric and a mantle-derived component
(Pepin, 2013), due to the absence of a significant '?Xe
excess relative to the modern atmosphere (6.8% of radio-
genic '¥Xe* excess from the decay of extinct '*I in the
modern atmosphere) expected in mantle components
(Caffee et al., 1999). In fact, after correction for isotopic

fractionation relative to U-Xe, there is a '2*Xe* depletion
of 6.6 + 1.8 %o (1o) in Barberton quartz compared to the
radiogenic '?*Xe* excess in the modern atmosphere. This
observation demonstrates that Barberton samples are
records of an ancient atmosphere containing lower amounts
of radiogenic gases 3.3 Ga ago, which were subsequently
degassed from the mantle and accumulated in the atmo-
sphere (Avice et al., 2017). N,-Ne-Kr isotope systematics
of Barberton samples also argues against any significant
mantle influence on the composition of the trapped fluids
(see next section). The data presented here thus appears
to record the isotopic composition of xenon in
paleoatmospheres.

A depletion of '**Xe, relative to any plausible mass-
dependent fractionation determined using other light non-
radiogenic/fissiogenic isotopes (Table 1), is observed in
the case of Barberton (3.3 Ga) and Fortescue Group (2.7
Ga) samples. This depletion is unlikely to be due to an iso-
topic fractionation artefact during extraction, purification
and analysis of the gas as crushing experiments of more
recent quartz crystals (Tables S1) did not reproduce such
depletion and yielded present-day atmospheric '2*Xe/'*°Xe
ratios (e.g., results for samples from Avranches (500 Ma) in
Fig. S8 in Supplementary Material). These mono-isotopic
depletions for Barberton and Fortescue Group samples
are difficult to explain since there is no known source or
nuclear process capable of producing '**Xe in the Earth’s
interior (see Discussion in Avice et al., 2017). It is noted
that, in the case of Fortescue Group Xe for example, prop-
agation of mass fractionation computed with '**Xe toward
heavy isotopes (*1!13¢Xe) leads to '*!"13¢Xe excesses that
are not compatible with spontaneous fission of >**U or with
fission of **Pu (see the mismatch for '*?Xe in the fission
spectrum in Fig. S5 in Supplementary Material). This
observation argues in favor of an abnormally low '**Xe
of unknown origin, rather than overestimated '**Xe and
128X e excesses.

Values for the isotopic fractionation of Xe discussed in
the following text were computed using the Xe isotopes
listed in Table 1 and are expressed in delta notation relative
to the isotopic composition of modern atmospheric Xe. Iso-
topic fractionations were computed using non-radiogenic
isotopes only and then expanded to '*Xe in the case of
modern samples and to '*'Xe, an isotope for which poten-
tial contribution from the fission products is minimal. The
isotopic fractionation of Xe (8Xeu;) of 12.9 + 1.2%0 u™!
(1) measured in 3.3 Ga Barberton samples is more precise
and in agreement with previous data obtained for 3.0-3.1
Ga-old quartz from the Dresser Formation (Australia)
(Pujol et al., 2011; Pujol et al., 2013a,b). Interestingly, it
confirms that the isotopic fractionation of the atmosphere
3.3 Ga ago was lower than the value of 21 & 3% u~' mea-
sured in 3.5 Ga-old barite samples (Pujol et al., 2009) sug-
gesting that the isotopic composition of atmospheric Xe
has evolved over time. The quartz samples from the 2.7
Ga-old Fortescue Group yielded Xe results compatible with
an isotopic fractionation of 134 1%0 u~' (1) identical
within errors to the fractionation measured in Barberton
samples, including a contribution of *!"**Xe from the
spontaneous fission of >**U (see Fig. S5 in Supplementary
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Fig. 1. Isotopic spectra of Xe released from fluid inclusions in samples from (a) Barberton, (b) Fortescue Group, (c) Vetreny Belt, (d) Isua and
(e) Gaoua (see Table S1 in Supplementary Material). Note the differences in scale in b-c compared to d-e. Isotopic compositions are given
using the delta notation normalized to '*Xe and to the isotopic composition of the modern atmosphere (8Xeu; =0 %o):

“Xe /' xe)

' Xey, = 1000 x (W — 1). For each sub-panel, red lines were computed using only the Xe isotopes listed in Table 1. The purple

line in Fig. la corresponds to U-Xe (Pepin, 1991). Blue areas correspond to 1o error ranges. Errors are lo. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Material). Furthermore, Xe results for Fortescue Group
samples confirm that the only possible starting isotopic
composition for the Earth’s atmosphere is similar to the
U-Xe (see the three-isotope plot in Fig. S6 in Supplemen-

fission of 2*%U are

tary Material). Mass-dependent fractionation of this com-
ponent and addition of products from the spontaneous

the only means to reproduce the mea-

sured 3Xe/13%Xe ratio.
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Xenon in the quartz sample from Vetreny belt (Fig. 1(c))
is fractionated by 6.6 +1.5% u~! (Table 1). **Xe and
136X e excesses are consistent with production from sponta-
neous fission of 228U (Fig. S3).

Samples from Isua show an isotopic fractionation of 5.8
+1.5%0 u~! (Table 1, Fig. 1c) and some excesses of sponta-
neous fission isotopes from 2**U (Fig. S3). This isotopic
fractionation is lower than the fractionation recorded in
Barberton (3.3 Ga) and Fortescue Group (2.7 Ga) samples
(~13%0 u™1).

Samples from the Quetico Belt (2.7-2.65 Ga) display
small '®Xe excesses relative to the modern atmosphere
but uncertain ?*!2°Xe/!3Xe ratios prevent a precise deter-
mination of the possible isotopic fractionation (Fig. S1 in
Supplementary Material). The small '*Xe excess is not
due to double-beta decay of *Te (A =9 x 1072° a™!) since
concomitant double-beta decay of *°Te (A = 2.6 x 10722
a~") would have produced a significant '**Xe excess that
is not observed here (Pujol et al., 2009). Neutron capture
on ' followed by beta decay of 21 (**"I(n, v)'**1(B7))
would produce mono-isotopic '**Xe excesses (Srinivasan
et al., 1971). However, the abundance of iodine in Quetico
Belt samples is unknown so the contribution of '**Xe from
this source cannot be established. A minor isotopic frac-
tionation of 3.8 + 2.5%. u™! is still possible even if it only
relies on this '*®Xe excess of doubtful origin. Similarly,
the isotopic fractionation of 2.5+ 1.6%0 u~' recorded in
Gaoua =~2.1 Ga-old quartz samples (Table 1, Fig. 1(d)) is
mainly carried by the '*®Xe/'*°Xe ratio that is higher than
the modern one. Even though '**Xe/"**Xe and '*Xe/'*"Xe
ratios are imprecise, they are also compatible with an iso-
topic fractionation of this magnitude.

Carnaiba samples (2.0-1.9 Ga) do not present any
resolvable isotopic fractionation (1.8 +22% u~!) and
show a '?°Xe excess of unknown origin (Fig. S2 in Supple-
mentary Material). Cosmogenic production of '**Xe is pos-
sible, however this process would have produced
comparable '**Xe excesses (Pujol et al., 2009) that are not
observed. Samples from Caramal (1.7 Ga) (Fig. S7 in Sup-
plementary Material) contain a '2*Xe excess possibly attrib-
uted to neutron capture on I (similarly to Quetico Belt
samples). All other isotopes are compatible with a modern
air-like isotopic composition. The maximum isotopic frac-
tionation is 0.32 =+ 0.78%o u™! (Table 1). Xenon in the sam-
ple from Avranches (530 Ma) (Fig. S8 in Supplementary
Material) does not show any resolvable deviation relative
to the isotopic composition of the modern atmosphere.
The sample from Rhynie (404 Ma) (Fig. S9 in Supplemen-
tary Material) has a Xe isotopic composition slightly
enriched in light '**12°Xe isotopes but this composition
does not, within measurement precision, deviate from mod-
ern atmosphere. The maximum Xe isotope fractionations
and their associated errors for Caramal, Avranches and
Rhynie samples are listed in Table 1.

3.2. Neon, argon and krypton isotopes
The isotopic compositions of Kr in Barberton and

Vetreny belt samples are reported in Table S2 (Supplemen-
tary Material) and are displayed in Fig. 2 where the isotopic
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Fig. 2. Isotopic composition of Kr released from fluid inclusions in
Barberton (black circles) and Vetreny belt (open circles) quartz
samples (Table S2). Isotopic ratios are normalized to *Kr and to
the isotopic composition of the modern atmosphere and expressed
using the delta notation (in per mil):
OKrar = 1000 x (—(ﬁ/g ;52;;::7"

not show any deviation from the isotopic composition of the
atmosphere. Propagation for Kr of the isotopic fractionation
measured for Xe in Barberton (plain line) and Vetreny belt (dashed

line) quartz samples and following a mass fractionation law in m'?
is also shown. Error at 2c.

— 1). The isotopic compositions do

ratios are normalized to **Kr and expressed with the delta
notation relative to the isotopic composition of the modern
atmosphere. The isotopic composition of Kr in Barberton
and Vetreny belt quartz samples is identical to that of the
modern atmosphere. If the mass fractionation recorded
by Xe was extended to Kr assuming a fractionation law
proportional to the square root of the masses, the isotopic
fractionation of Kr should be 16.2%0 u™"' and 8.3%. u™! for
Barberton and Vetreny belt quartz samples, respectively
(Fig. 2). Therefore, the isotopic fractionation process
recorded by Xe is specific to this noble gas and does not
affect other noble gases. It also confirms the absence of
mantle-derived fluids since mantle-derived CO, well-gases
carry a Kr signature that is intermediate between air and
a Chondritic component (AVCC-Kr) (Holland et al., 2009).

Results for abundances and isotopic compositions of
nitrogen, argon and neon in fluid inclusions of sample
BMGA3-9 (Barberton) are listed in Table 2 and given in
the following text with 1o error ranges. “°Ar/*®Ar ratios
are elevated with a maximum value of 978 + 82 (crushing
step #5 for sample BMGA3-9B) and a reproducible mean
value of around 700, with also highly reproducible **Ar
contents of 1.16 x 107! mol g~!. This elevated “’Ar/**Ar
ratio relative to the modern atmospheric ratio of 298.56
(Lee et al., 2006) cannot be explained by addition of *°Ar
produced in-situ by the radioactive decay of “°K during
3.3 Ga, because the “°K contents are too low (see Discus-
sion in Avice et al. 2017). This demonstrates that fluids
trapped in these quartz samples do not correspond directly
to seawater equilibrated with the atmosphere. Assuming the
initial fluid was derived from seawater, its noble gas iso-
topic and elemental composition was modified during inter-
action with crustal rocks becoming enriched in radiogenic



Table 2

Results for the N»-Ar-Ne crushing experiments on two subsamples of Barberton (BMGA3-9 A & B). Bold values correspond to total gas released from fluid inclusions. Errors at lc.

Sample Crush %N, +/— 3N +/— 3°Ar +/— OArPAr /- BArSAr +/—  PNe +/— 2Ne/PNe +/— 2'Ne/*Ne +/—

mol g~ Yo mol g~ mol g~

BMGA3-9-A  #2' 1.139E-09  3.2E-11 8 3 235E-14 7E-16 722 56 0.187 0.019 1.24E-15 2E-17 10.05 0.11  0.031 0.003
#3 830E—-10 23E-11 3 3 1.82E-14  7E-16 604 62 0.197 0.025 8.7E-16  2E-17 9.75 0.22  0.040 0.007
#4 9.95E-10 2.8E-11 4 4 2.78E—-14  7TE—-16 609 41 0.188 0.016 1.09E-15 2E-17 945 0.16  0.028 0.003
#5 1.007E-09 28E—-11 -1 3 2.14E-14 7E-16 641 55 0.185 0.021 8.5E—-16 2E-17 9.73 0.23  0.024 0.003
#6 1.019E-09 2.8E-11 -6 3 1.34E—-14  7E—-16 840 111 0.187 0.033 42E-16 1E-17 9.66 0.30 0.033 0.006
#7 8.06E-10 22E-11 1 3 1.15E-14  8E-16 872 134 0.188 0.039 3.6E—16 1E-17 10.35 0.35 0.041 0.004

Total 5797E—09 6.6E—11 1 2 1.16E-13 2E-15 690 28 0.188 0.009 4.82E-15 4E-17 9.79 0.08 0.032 0.002

BMGA3-9-B  #1 1.444E—-09 4.0E—-11 -3 3 3.06E—14 4E—16 643 15 0.186 0.006 1.40E-15 2E-17 9.64 0.07 0.031 0.001
#2 6.27E-10 1.7E—-11 -3 4 2.02E-14  3E-16 525 20 0.191 0.009 4.6E—16 1E-17 10.09 022 0.023 0.016
#3 1.318E-09 3.7E-11 -4 3 1.97E—-14  3E-16 809 29 0.190 0.009 94E-16 1E-17 9.59 0.10  0.030 0.002
#4 9.80E—-10 2. 7E-11 2 3 1.68E—14  3E-16 769 32 0.191 0.011 5.8E-16 9E-18 9.54 0.14  0.033 0.002
#5 7.76E—-10  22E-11 -3 3 8.24E—15 3E—16 978 82 0.193 0.022 3.6E—-16 6E—-18 9.37 0.18 0.034 0.002
#6 5.73E-10 1.6E-11 3 3 1.12E-14  3E-16 663 43 0.190 0.016 1.0E-16 2E-18 9.54 0.17  0.035 0.006
#7 3.84E-10 1L.1E-11 -1 3 9.05E—15 3E-16 660 53 0.190 0.020 4.1E-17 1E-18 9.58 0.30  0.039 0.005

Total 6.103E—09 6.9E—-11 1 2 1.158E—13 9E—-16 696 12 0.190 0.004 3.89E-15 3E-17 9.64 0.05  0.030 0.002

Air® 0 298.56 0.188 9.8 0.029

* Analysis of the first cruch had to be aborted because of high water content.

2 Values are from Ozima and Podosek (2002) for noble gases and air is the reference for 8'°N so 8'°Ny;, = 0%o.
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40Ar, fissiogenic 13113%Xe, etc. It is likely that the isotopic
composition of non-radiogenic/fissiogenic isotopes of
xenon did not change since crustal noble gases are domi-
nated by the atmospheric component (Drescher et al.,
1998). Similarly to Kr, *®Ar/*®Ar ratios of 0.190 & 0.004
and 0.188 4+ 0.009 for samples BMGA3-9B and BMGA3-
9 A, respectively, do not show any resolvable deviation
from the isotopic composition of the modern atmosphere
(0.1885 4 0.0003; Lee et al. (2006)).

Ne/Ar ratios (0.03-0.04) in Barberton samples are inter-
mediate between seawater and air values (0.015 and 0.053,
respectively; Holland and Ballentine, 2006). This difference
may be explained by the mixing between air or seawater
and another crustal/hydrothermal component of unknown
elemental composition (Marty et al., in press). However, it
must be emphasized that several processes such as boiling
of water, salinity, separation of a gas phase in inclusions
are also known to fractionate elemental compositions of
noble gases (Ballentine et al., 2002). Noble gas elemental
ratios alone are thus inadequate tools here to decipher the
origin of gases trapped in these fluid inclusions.

Neon isotopic ratios are displayed in a three-isotope plot
in Fig. 3 where they are compared to the mantle component
(**Ne/**Ne = 12.7-13.4; Marty (2012), Péron et al. (2017),
Mukhopadhyay (2012)) and to the modern (Kennedy
et al., 1990) and Archean crustal mixing lines (Lippmann-
Pipke et al., 2011; Holland et al., 2013). Crushing steps
and bulk values are close to the atmospheric composition.
Some steps give 2’Ne/**Ne and 2'Ne/**Ne ratios that are
lower than the present-day atmosphere. This is considered
to result from under-correction of 2*Ne for **CO3 " inter-
ference (see Supplementary Material). Crushing step #7
for BMGA3-9 A has a high *’Ne/**Ne = 10.35 + 0.35, sug-
gestive of mantle-derived Ne. However, this represents only
7.5% of the total *Ne released from fluid inclusions during
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the crushing experiment and bulk neon isotopic ratios for
sample BMGA3-9 A (**Ne/*Ne =9.79 + 0.008,
2INe/*Ne = 0.032 + 0.002) are very close to atmospheric
values.

3.3. Nitrogen

Marty et al. (2013) previously demonstrated by using
N,-Ar isotope systematics on 3.5 Ga old quartz samples
from the Dresser Formation, Australia that, during this
time, the partial pressure of atmospheric nitrogen (pn2)
was comparable to modern atmosphere, and thus unlikely
to be 2-3 times higher as previously advocated to partially
solve the faint young Sun paradox (Goldblatt et al., 2009).
Here we used the same approach on results obtained on the
3.3 Ga old samples from Barberton, South Africa (Table 2).
“OAr/*Ar isotopic ratios versus No/>°Ar elemental ratios
are displayed in the argon-mixing diagram in Fig. 4(a).
Crushing steps define a linear correlation compatible with
a mixing between two end-members. The first end-
member has elevated N,/>°Ar and “°Ar/3%Ar ratios consis-
tent with a crustal/hydrothermal component (Marty
et al., 2013). The second end-member is considered to be
3.3 Ga-old atmosphere having a **Ar/*°Ar lower than mod-
ern air (<298.56) and a N2/36Ar ratio similar or even lower
than the modern atmosphere ((No/*®Ar),;, = 1.02-1.31 x
10* for ocean temperatures between 2°C and 70°C
(Marty et al. (2013) and refs. therein). In Fig. 4 (a), an
upper estimate of the N»/*°Ar value can be obtained from
the maximum feasible “°Ar/*®Ar ratio of the Barberton
atmosphere. The “*Ar/*°Ar value 3.3 Ga-ago is not well-
constrained, however atmospheric evolution models indi-
cate this ratio has increased over time, thus a maximum
value is given by the present day atmospheric value of
298.56. The maximum N,/*®Ar is therefore given by the
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Fig. 3. Three-isotope plot of Ne for crushing experiments on BMGA3-9 subsamples (green (A) and blue (B)) (see data in Table 2). Open
symbols correspond to crushing steps and filled symbols to total extractions. The blue range corresponds to possible mantle 2°Ne/>*Ne ratios
(12.5-13.7) (Yokochi and Marty, 2004). Modern crustal Ne mixing line corresponds to addition of crustal nucleogenic Ne (Kennedy et al.,
1990). The Archean mixing line and associated black-filled circles are from analyses by Lippmann-Pipke et al. (2011). Data obtained on
Precambrian fluids by Holland et al. (2013) are indicated with black-filled triangles. Grey range in (a) corresponds to the zoom in sub-panel
(b). Errors at lo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Nitrogen-Argon mixing diagrams. (a) Argon-mixing diagram for crushing experiments on BMGA3-9 sub-samples (see data in
Table 2). Crushing steps define a linear correlation (black line and 1o error range defined by dashed lines) between an atmospheric end-
member similar to the modern atmosphere, and a hydrothermal component. An atmospheric end-member with a maximum N,/>°Ar ratio of
6.6 x 10° is envisaged (see text). (b) Nitrogen isotopes mixing diagram. Empty symbols correspond to individual crushing steps and filled
symbols correspond to total gas (sum of all crushing steps). Data are compatible with a mixing between a modern-like component (air or
ASW) and a crustal/sedimentary-derived component. Green-filled circles correspond to data from Marty et al. (2013). Range for 8'°N in crust
or sediments are from Cartigny and Marty (2013) and refs. therein. Errors at 1. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

intersection of the lower limit 1 uncertainty on the linear
correlation shown in Fig. 4(a) with this “°Ar/*®Ar ratio,
yielding a value of 6.6 x 10°. This N,/*®Ar indicates that
the partial pressure of nitrogen in the 3.3 Ga-old atmo-
sphere was likely lower than the modern one (at a 1o level
of precision) and not compatible with a partial pressure 2-3
times the modern one at the 2o level of precision.
Nitrogen isotopic compositions are displayed in a
nitrogen-mixing diagram (8'°N vs. **Ar/N,) in Fig. 4b.
Nitrogen isotopic compositions are expressed using the
delta notation (8'°N) relative to the isotopic composition
of modern air (8"°N,;, =0 %o). Values for modern crust
and sediments (3%0 < 8'°N < 18%c) are from Cartigny
and Marty (2013) and refs. therein. Crushing steps and
total extractions are clustered on *°Ar/N, values of about
2 x 107° with a total 8'°N value of 1 & 2 %o (10). In agree-
ment with Marty et al. (2013) (green-filled circles in Fig. 4
(b)), our results are consistent with mixing between an
ancient atmospheric component with 8'°N ~ 0% and a
crustal/sedimentary end-member. Our results confirm that
the nitrogen isotope composition of the Earth’s atmosphere
has remained stable over at least the last 3.3 Ga. This has
implications for the presence of a substantial magnetic field
over this duration that was sufficiently strong to inhibit iso-
topic fractionation of atmospheric nitrogen through elec-
tron impacts, charge exchanges and photoionization
during atmospheric erosion (Lichtenegger et al., 2010).

4. DISCUSSION

The N,-Ar-Ne measurements demonstrate that fluids
trapped in the analyzed quartz samples are dominated by

dissolved (paleo)atmospheric noble gases, modified to some
extent by the interaction with surrounding crustal rocks.
Neon and Kr isotopic results do not show the contribution
of a mantle-derived component (Pujol et al., 2013a.b) as
was established by the absence of >’Xe excesses from the
decay of extinct '*°I (see previous section and discussion
in Avice et al. (2017)). Xenon is the only element showing
large isotope differences with respect to modern atmo-
spheric composition and the remaining discussion will be
devoted to this aspect.

4.1. Evolution of the isotopic composition of atmospheric
Xenon

Xenon results obtained in this study are summarized in
Fig. 5 and Table 1. Values of isotopic fractionation (6Xe,;,
in %0 u™") were computed for Xe released from fluid inclu-
sions in samples of different ages. Results from previous
studies (Srinivasan, 1976; Meshik et al., 2001; Pujol et al.,
2009; Pujol et al., 2011; Holland et al., 2013; Pujol et al.,
2013a; Avice et al., 2017; Bekaert et al., 2018) are also
shown. The results enable the isotopic evolution of atmo-
spheric Xe to be tracked with time. Interestingly, samples
from Barberton (South Africa) dated at 3.30 £ 0.05 Ga dis-
play a similar fractionation (12.9 + 1.2%0 u™') as samples
from the Fortescue Group (Australia) (13.0 + 1.2%0 u™})
that are younger than 2.74 Ga. This observation suggests
that the isotopic evolution of atmospheric Xe may have slo-
wed or stopped for over 500 Myrs. Alternatively, this
apparent plateau could also be caused by uncertainties in
the formation ages of the samples analyzed. A recent study
shows that Xe trapped in Archean kerogen from a 2.95 Ga-
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Fig. 5. Evolution of the isotopic fractionation of atmospheric Xe with time. The red-filled star represents the isotopic fractionation calculated
for light isotopes of U-Xe relative to the modern atmosphere (Ott, 2014). Black, grey-tone, white circles, the white star and the green range are
results from previous studies (see text and refs. therein). Color-filled circles are results from the present study (see Table 1). The point (white
star) from Bekaert et al. (2018) has been shifted from 3 Ga to 2.9 Ga for ease of visibility. Errors at 1c. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

old lithology is fractionated by 9.8 + 1.1%0 u~! (Bekaert
et al., 2018), lower than the two above values for 3.3 and
2.7 Ga. Future studies focusing on well-dated 3.3-2.7 Ga-
old samples will help establish whether the evolution of
the isotopic composition of atmospheric Xe remained con-
stant during this period of time. The isotopic fractionation
of 5.8 & 1.5%0 u™" recorded in the sample from Isua is inter-
mediate between the isotopic fractionation recorded at 2.7
Ga (~13%0 u™') and that at 2.1 Ga (=2.1%0 u™"). It is con-
sistent with the isotopic fractionation recorded by the 2.45
Ga-old Vetreny belt sample (6.5 & 1.5%0 u™'). In a model of
a progressive decrease of Xe isotopic fractionation with
time (see next section), this observation tends to indicate
that Isua metacarbonate samples are more likely ca. 2.3
Ga-old than >3.7 Ga old. The age of 2.3 Ga may corre-
spond to the resetting event recorded by Sm-Nd dating of
rocks from this area (Blichert-Toft and Frei, 2001). Isotopic
fractionation of atmospheric Xe may have reached its pre-
sent value between 2.1 Ga (8Xe,; = 2.1 + 1.6%0 u! for
samples from Gaoua) and 1.7 Ga (0.32 4 0.89%0 u~"! for
samples from Caramal). Because of the scarcity of well-
preserved rocks older than 3.5 Ga, there is, up to now, no
constraints on the earlier stages of isotopic evolution.
This evolution could result from escape of xenon to
space following a Rayleigh distillation type process
(Fig. 5) (Marty, 2012; Hébrard and Marty, 2014). During
this process, the progressive escape of Xe atoms from the
atmosphere to space is accompanied by an instantaneous
isotopic fractionation a (Pujol et al., 2011; Marty, 2012;
Hébrard and Marty, 2014). Such isotope fractionation
could occur during Xe ion trapping in forming organic haze

(Marrocchi et al., 2011; Hébrard and Marty, 2014; Kuga
et al., 2015) or directly during an escape mechanism
(Zahnle and Kasting, 1986). The Rayleigh distillation equa-
tion for Xe isotope fractionation is:

([Xe/l30Xe)l
(iXe/BOXe)

:f(130—i)o< (1)

initial 4.56 Ga ago

where f is the depletion factor of the reservoir (the atmo-
sphere), o is the instantaneous fractionation factor (u™'),
and ("Xe/'"*"Xe), and ("Xe/'"**Xe),,..u1 4.56 Gaago AT€ the isotopic
ratios of Xe normalized to '*°Xe for the atmosphere at age ¢
and for the initial composition, that is U-Xe, 4.56 Ga ago,
respectively.

Remarkably, the isotopic composition of Xe in the mod-
ern atmosphere together with its 23-fold depletion (f=
0.043) (Pepin, 1991) are compatible with a Rayleigh distil-
lation evolution with an instantaneous fractionation factor
o of 0.012 u" ie. 12%0 u~! (Fig. 6(a) and (b)). This value is
fully consistent with the range of isotopic fractionation (10
+4%0 u~') observed in laboratory experiments when ion-
ized Xe is trapped in organic matter (Marrocchi et al.,
2011; Kuga et al., 2015). It is notable that Eq. (1) assumes
a constant instantaneous fractionation factor, and this may
not be the case since the physico-chemical process(es)
behind selective atmospheric escape of Xe may have varied
over time (see next section). The instantaneous fractiona-
tion factor of 12%o u~' must thus be considered as an inte-
grated isotopic fractionation throughout the depletion
interval. Furthermore, this simple model makes the
assumption that the original Earth’s atmosphere contained
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Fig. 6. Remaining fractions for isotopic fractionations of Xe
measured in this study if the atmosphere evolved following a
Rayleigh distillation process (see Table 1). Dotted lines correspond
to the lo error on the fractionation measured for Barberton Xe
(Table 1). The result from a previous study (Pujol et al., 2011) is
shown for comparison (thick black dashed line). (For interpreta-
tion of the colours in this figure, the reader is referred to the web
version of this article.)

chondrite-like abundances of noble gases. However, a
cometary contribution for the Earth’s atmosphere during
late stages of planetary accretion is plausible (Marty
et al., 2017, 2016) and heavy noble gas elemental abun-
dances in this possible cometary contribution remain
unknown. By using the generalized notation dXey.xe,
which is the measured isotopic fractionation relative to
the U-Xe, the starting composition (Pepin, 1991), the
remaining fraction f can also be expressed as:

1
oXey_xe \”

/= (1 1000 ) @

Fig. 6(a) depicts the remaining fraction (f) of Xe in the
atmosphere versus the instantaneous fractionation factor
(o) for each set of samples analyzed in this study. The error
range at 1o is shown for Barberton. Remaining fractions
and depletion factors of the atmosphere for o= 12%0 u ™!
are listed in Table 1 with an error bar at 1o corresponding
to the propagation of the uncertainties on the isotopic frac-
tionation relative to the starting U-Xe composition. Xenon
in Barberton and Fortescue Group samples show identical
isotopic fractionations corresponding to a remaining frac-
tion (f value) of the original atmosphere of 11 + 1%. The
depletion factors computed for Xe in Quetico Belt, Isua,
Vetreny belt, Carnaiba, and Gaoua samples are indistin-
guishable within their errors (Table 1) and vary between
12 and 25.

The existence of an isotopic fractionation of Xe in the
atmosphere still present ca. 2 Ga ago has important impli-

cations for interactions between the Earth’s mantle and
the atmosphere. Parai and Mukhopadhyay (2015) noted
that the isotopic composition of mantle-derived gases can
only by explained by incorporating a non-fractionated
modern-like air component in the mantle. This suggests
that if fractionated ancient air had been initially subducted
early in the Earth’s mantle, it would had been re-degassed
in the atmosphere during mantle overturn (Coltice et al.,
2009). Parai and Mukhopadhyay (2015) considered only
the replacement of the atmospheric component by a frac-
tionated component similar to that measured by Pujol
et al. (2011). Thus, there remains a possibility for progres-
sive addition of subducted components having a Xe iso-
topic composition evolving towards the modern value.

4.2. Possibilities of escape and relation to the evolution of the
atmosphere

Results presented in this study call for a long-term
escape of Xe from the atmosphere to space. However, the
simple Rayleigh distillation model presented in the previous
section does not provide insight into the mechanism respon-
sible for Xe escape.

Early models of xenon-hydrogen escape that attempted
to solve the xenon paradox required a strong EUV flux
(e.g. Hunten et al. (1987)) indicating that such a process
was only possible early in Earth’s history (Zahnle and
Kasting, 1986). Furthermore, complex models of differen-
tial degassing and/or Xe retention in the silicate Earth were
necessary to selectively deplete and isotopically fractionate
Xe while not affecting Kr (Pepin, 1991). In a hydrodynamic
escape model, the escape flux of heavier species (i = Xe)
transported by escaping hydrogen is governed by Eq. (3):

b= (0 - TR @)

where ¢y, my and ¢;, m; are the escape fluxes (cm™2 s™})
and masses of hydrogen and of species i, respectively, g is
the acceleration due to the gravitational field (980.65 cm?
s’l), k is the Boltzmann constant, 7 is the temperature of
the exobase (in Kelvin), b(i, H) is the binary diffusion coef-
ficient (cm™! s7!) equal to 4.5 x 107 7%7! (Zahnle and
Kasting, 1986) in the case of neutral '**Xe escaping with
H, and f; is the mixing ratio of Xe divided by the mixing
ratio of hydrogen. The high value of b(i, H) and the high
mass of *°Xe lead to extreme ¢y values required for Xe
to escape. Zahnle (2015) concluded that Xe escape in its
neutral form was possible only in the first 100 Ma of
Earth’s history when the EUV flux from the young Sun
was sufficiently strong (>300 times the modern one) to drive
a significant hydrogen-driven escape of neutral Xe. How-
ever, our results demonstrate that, if this escape and frac-
tionation hypothesis applies, then a mechanism for Xe
escape which is still ongoing ca. 2.1 Ga ago, has yet to be
found.

Zahnle (2015, 2018) provided a theoretical framework
explaining the progressive escape of Xe from an
hydrogen-rich early atmosphere. In his model, Xe escapes
as an ion, because (i) Xe is relatively easily ionized due to
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enhanced EUV flux from the young Sun (Claire et al., 2012)
and (ii) Xe™ radiative recombination to neutral Xe is very
slow. When ionized, Xe' can interact with H' protons
via the strong Coulomb force. It effectively decreases the
binary diffusion coefficient b(Xe*, H") by several orders
of magnitude compared to the case of neutral Xe. Under
these conditions a hydrogen escape flux two or three orders
of magnitude smaller than in the neutral gas is sufficient for
Xe" ions to escape. As with the hydrodynamic escape of
neutrals, this escape mechanism is mass fractionating since
all isotopes are dragged by protons with the same force but
heavy isotopes are more gravitationally bound compared to
light ones. Hydrogen escape fluxes large enough to drive Xe
escape can occur from an early Earth atmosphere contain-
ing as little as 1% CH,4 or H,. Although this is a much
higher escape flux than today, it is well within the range
of CH,4 or H, mixing ratios expected for the Earth during
the Archean eon (e.g. Catling et al., 2001). The presence
of a strong magnetic field in the past (Tarduno et al.,
2014) might have also favored this escape. Indeed, Zahnle
(2015) advocated that Xe* ions would escape preferentially
from Earth’s magnetic poles where open magnetic lines can
channel the free escape of ions. However, most of the
parameters governing this coupled hydrogen/xenon escape
- the hydrogen mixing ratio in the atmosphere, temperature,
ionization fraction, magnetic field strength etc. - are still
poorly constrained.

Catling et al. (2001) and Zahnle et al. (2013) argued that
hydrogen escape is the main mechanism that drove the oxi-
dation of the Earth’s atmosphere. Even if oxygenic photo-
synthesis occurred prior to the great oxygenation event (e.g.
Planavsky et al. (2014)), in their scenario H, escape was
responsible for oxidizing the surface reservoirs until O,
became chemically stable in the atmosphere. If so, progres-
sive isotopic fractionation of Xe in the past may have
evolved in parallel with the progressive oxidation of surfi-
cial reservoirs of the Earth.

Fig. 7 depicts the evolution of the isotopic composition
of Xe determined in this study (cf. Fig. 5) compared to: (a)
the record of A**S in sedimentary rocks (compilation by
Johnston, 2011); (b) a recent model of the progressive oxy-
genation of the Earth’s atmosphere (Lyons et al., 2014)
and; (c) impact and super-plume events occurring over
Earth’s geological history (Abbott and Isley, 2002;
Reimold and Koeberl, 2014). Sulfur mass-independent iso-
topic fractionation (S-MIF) ceased sometime between 2.45
and 2.32 Ga, whereas the isotopic fractionation of Xe seems
to have continued to evolve until 2 Ga. Disappearance of S-
MIFs is usually linked to the very beginning of the oxy-
genation of the Earth’s atmosphere (Fig. 7(b)) because only
minute amounts of oxygen in the atmosphere (>107> pre-
sent atmospheric level;, Pavlov and Kasting (2002)) pre-
vented the preservation of a A*S record in sedimentary
rocks (Farquhar and Wing, 2003). Sulfur isotopes are thus
powerful tracers of the very beginning of the oxygenation.
Abundant O, can prevent Xe escape as an ion because
the charge exchange reaction between O, and Xe™ will neu-
tralize Xe ions (Anicich, 1993). If hydrogen escape was
driving xenon escape and isotopic fractionation as pro-
posed above, termination of the isotopic fractionation of
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Fig. 7. Evolution of the isotopic composition of xenon (in a, b & ¢)
compared to other isotopic signatures and significant events over
Earth’s geological history: (a) A%S measured in the geological
record (data are from Johnston, 2011). A mass-independent
fractionation signal is present prior to 2.45 Ga. (b) Evolution of
the oxygen level in the Earth’s atmosphere. Figure adapted from
Lyons et al. (2014). Blue arrows indicate times where there were
possible whiffs of oxygen present in the atmosphere (Anbar et al.,
2007). The blue range depicts the model of oxygenation presented
by Lyons et al. (2014). (c) Occurrences of spherule beds (compiled
by Reimold and Koeberl, 2014) indicative of major impacts
(vertical red lines) and time series of super-plume events compiled
by Abbott and Isley (2002). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)

Xe between 2.2 and 2.0 Ga Ga may signal a pronounced
decrease in hydrogen escape and the onset of moderate oxy-
gen levels (between 10~ and 1072 the present atmospheric
level, Fig. 7(b)). We highlight that these moderate oxygen
levels would also have prevented the development of
organic hazes that may be necessary to fractionate Xe iso-
topes (Hébrard and Marty, 2014). In this context, the
potential quiescent time between 3.3 Ga and 2.7 Ga for
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Xe isotopic fractionation (Fig. 5), which is also recorded by
sulfur isotopes (Fig. 7(a)), might be linked to “whiffs” of
oxygen (Fig. 7(b); Anbar et al., 2007)) causing brief stops
in the production of organic hazes and/or preventing the
penetration of UV photons in the atmosphere responsible
for ionization and escape of Xe and photolysis of sulfur.
To extend the comparison, the sharp drops in the isotopic
fractionation of atmospheric Xe between 3.5 and 3.3 Ga
and between 2.7 and 2.5 Ga are concomitant with the pres-
ence of massive S-MIF signatures in the sedimentary record
(and thus photolysis activity in the atmosphere) possibly
linked to enhanced flux of SO, to the atmosphere during
the subaerial emplacement of large igneous provinces
(Philippot et al., 2012; Havig et al., 2017).

4.3. Mars-Xe and alternative models for atmospheric
evolution

Although the progenitor of Martian atmospheric Xe is
probably Solar Xe (e.g. Conrad et al., 2016; Avice et al.,
2018) whereas for the Earth atmospheric Xe it is U-Xe
(Pepin, 1991), the isotopic fractionation patterns relative
to their respective progenitors for both planets are similar
(~30-40%o0 u~") even if the isotopic composition of Martian
atmospheric xenon evolved at a faster rate (Cassata, 2017).
An hydrogen-Xe* escape mechanism might have also been
operative on Mars since some H, may have been present in
its early atmosphere and later escaped through hydrody-
namic escape mechanisms (Ramirez, 2013).

However, it is unexpected to measure a comparable
value for the isotopic fractionation of modern atmospheric
Xe on both planets since parameters governing the escape
(hydrogen escape flux, EUV flux to ionize Xe, magnetic
field strength, initial abundances of Xe) were probably very
different due to the differences in distance to the Sun and to
the distinct geological histories of both planets. One may
thus expect to measure different isotopic fractionations of
Xe in the planetary atmospheres. The similarity for Xe in
the atmosphere of Mars and Earth raises an alternative
model for the evolution of atmospheric Xe isotopes related
to a progressive contribution of volatile-rich bodies to the
terrestrial atmospheres. In this model, both atmospheres
started with chondritic or solar Xe signatures. Volatile-
rich bodies might have carried a U-Xe component (Marty
et al., 2017) (or a solar component for Mars; Conrad
et al. (2016), Avice et al. (2018)) that was already isotopi-
cally fractionated to a similar extent than modern atmo-
spheric xenon, but involving a process that took place in
a different environment, e.g. in the solar nebula (Kuga
et al., 2015) or inside porous bodies (Ozima and
Nakazawa, 1980; Zahnle et al., 1993). Progressive contribu-
tion of these bodies to the atmosphere would have shifted
the isotopic fractionation from chondritic/solar to modern
values. In this case, the starting isotopic composition for
the Martian atmosphere might have been closer to solar
Xe than to U-Xe, as a solar-like component has been mea-
sured in the Martian meteorite Chassigny (Ott, 1988). If
this progressive contribution of fractionated Xe did occur,
then additions from major impact events, as inferred from
the presence of spherule beds (Reimold and Koeberl,

2014), potentially released fractionated U-Xe in the Earth’s
atmosphere, and mantle degassing episodes contributing
chondritic-derived Xe, are two important processes to
understand (Fig. 7(c)). Interestingly, important shifts in
the isotopic composition of atmospheric Xe seem to be tem-
porally correlated with major impact events present in the
3.5-3.3Ga and 2.7 to ca. 2 Ga intervals, for example
(Fig. 7(c)). However, the impact record is under-
constrained due to preservation issues and sampling bias.
Furthermore, such a model does not explain why Earth
and Mars atmospheres show similar depletions in Xe rela-
tive to Chondritic abundances. Concerning a possible link
between mantle activity and xenon isotope fractionation,
we note that there is no straightforward correlation
between the evolution of the isotopic composition of atmo-
spheric xenon and the occurrence of super-plume events
(Fig. 7(c), Abbott and Isley, 2002).

In this context, measuring the isotopic composition and
the abundance of Xe (and Kr) in the atmosphere of Venus
would be of great interest. A direct comparison with Earth
and Mars would help to further constrain what are the
physical processes causing progressive isotopic fractiona-
tion since the three planets present very different character-
istics (mass, distance from the Sun, degassing history,
atmospheric composition, magnetic field).

5. CONCLUSIONS

Results presented in this study confirm that the isotopic
composition of xenon in the Earth’s atmosphere is recorded
in fluid inclusions of ancient quartz samples.

The isotopic composition of xenon underwent a long-
term evolution from a primordial composition similar to
U-Xe, as shown by Barberton and Fortescue Group sam-
ples, towards the isotopic fractionation characteristic of
the modern atmosphere. The present-day isotopic composi-
tion was reached between 2.1 and 1.7 Ga. Such a long-term
evolution needs to be incorporated in models to account for
the xenon paradox (elemental depletion and isotopic frac-
tionation) and originally based on an early atmospheric
escape of Xe. An escape mechanism based on hydrogen
escape coupled with the ionization of Xe is proposed. Ter-
mination of the isotopic fractionation of Xe may coincide
with the end of the hydrogen escape which has previously
been suggested to explain the progressive oxygenation of
the Earth’s atmosphere (Zahnle et al., 2013). Atmospheric
Xe might thus be an indirect proxy of the oxidation of
the Earth atmosphere.

A modeling effort of coupled Xe™-H™ escape may pro-
vide important insights into the mechanism for long-term
escape and isotopic fractionation of Xe. In addition, mea-
suring the isotopic composition of Xe in Venus atmosphere
is essential as it would provide, in addition to Martian Xe, a
third element of comparison to understand what are the
processes and acting factors required to progressively frac-
tionate atmospheric Xe.
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