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Il n’y a qu’un pas du plus sublime enthousiasme au ridicule, de méme que de la plus
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RESUME

L’un des enjeux majeurs de la géochimie est de contraindre 1’origine et 1’évolution des éléments volatils
terrestres (eau, azote et gaz rares (He, Ne, Ar, Kr, Xe)) (Marty, 2012). L’atmosphére moderne est is-
sue de l'intégration de nombreux phénomeénes tels que les contributions tardives de matiére extraterrestre
(météorites, cometes), le dégazage mantellique, le retour de gaz rares atmosphériques dans le manteau
par subduction de matériel crustal riche en éléments volatils, les fuites thermiques et non-thermiques de
I’atmosphére dans ’espace etc. Les gaz rares, chimiquement inertes, sont ici d’excellents traceurs perme-
ttant de remonter a l'origine de atmosphére et de suivre son évolution au cours du temps (Ozima and
Podosek, 2002). Les compositions isotopiques de 1'azote et de ’eau contenus dans I'atmosphére terrestre
sont trés proches de celles mesurées dans les méteorites primitives appelées les chondrites. L’origine des gaz
rares sur Terre est, elle, plus mystérieuse. Pour le manteau terrestre, une contribution de gaz d’originaire
solaire semble incontournable pour I'helium (He) et probable pour le néon (Ne) (Honda et al., 1987; Yokochi
and Marty, 2004). Les gaz rares plus lourds, 'argon (Ar) et le krypton (Kr) ont quant a eux une signature
isotopique probablement dérivée de celle des chondrites (Holland et al., 2009; Ballentine and Holland, 2008)
tandis que l'origine du xénon (Xe) mantellique reste inconnue a ce jour.

Le xénon (Xe), gaz rare stable le plus lourd, posséde 9 isotopes stables (124:126,128,129,130,131,132,134,136 ¥ o)
faisant de ce gaz rare un puissant traceur des phénomeénes de fractionnement isotopique dépendant de la
masse. Certains de ces isotopes ont également été produits par décroissance radioactive. Par exemple
une partie du ?9Xe sur Terre a été produit par décroissance radioactive du 12T (t; /2 = 15,7 Ma) éteint
aujourd’hui. Les isotopes 31:132:134:136 X6 ont, quant & eux, été produits en partie par fission spontanée de
244Pu (t1/ = 82 Ma) et de 28U (t1/5 = 4.45 Ga). Le xénon est donc également trés utile pour dater des
événements ayant eu lieu tout au long de I’histoire géologique de notre planéte grice & ces contributions
radioactives a court (*2°I), moyen (2**Pu) et long terme (?38U).

Le xénon atmosphérique terrestre présente des caractéristiques uniques par rapport aux autres com-
posantes du systéme solaire. Premiérement, il est appauvri d’un facteur 20 environ par rapport & ’abondance
attendue si celle-ci suivait le méme schéma d’appauvrissement que les chondrites par rapport & un gaz de
composition solaire. Il s’agit du probléme du "xénon manquant". De plus, le Xe atmosphérique est frac-

tionné isotopiquement (entre 30 et 40 %o.u~!, calculé pour les isotopes légers 1247130Xe)

par rapport aux
compositions isotopiques mesurées dans les chondrites ou dans le gaz solaire. Ces deux caractéristiques,
Pappauvrissement élémentaire et le fractionnement isotopique, forment le paradoxe du xénon (Ozima and

Podosek, 2002). Une autre caractéristique du xénon atmospherique est qu’il ne peut étre directement issu



du fractionnement isotopique d’une composante chondritique ou solaire. Une fois corrigée du fractionnement
isotopique, la composition de départ, nommée U-Xe (Pepin, 1991), présente un appauvrissement en 134Xe
et 136Xe. Le probléme ici est que cette composition isotopique de départ demeure énigmatique puisqu’elle

n’a jamais été mesurée dans aucun échantillon terrestre ou extraterrestre disponible.

Les modéles existant & ce jour pour expliquer le paradoxe du xénon font appel & des épisodes précoces de
fuite hydrodynamique des gaz rares atmosphériques pendant les cent premiers millions d’années de I’histoire
de la Terre (Pepin, 1991; Tolstikhin and O’Nions, 1994). Ces fuites sont suivies d’un dégazage mantellique de
Ne, Ar et Kr avec rétention préférentielle du xénon dans le manteau terrestre. D’autres modéles favorisent

une fuite similaire mais suivie cette fois ci d’'une contribution cométaire appauvrie en xénon (Dauphas, 2003).

Des études précédentes ont démontré que le xénon contenu dans les inclusions fluides d’échantillons
archéens présente une composition, pour les isotopes légers, intermédiaire entre les composantes primordiales
du systéme solaire (Soleil et chondrites) et ’atmosphére actuelle (e.g. Pujol et al. (2009, 2011); Holland et al.
(2013)). Ce résultat a été interprété comme étant le fruit d’une perte prolongée du xénon depuis ’atmosphére
vers Pespace, accompagnée d'un fractionnement isotopique (Marty, 2012; Hébrard and Marty, 2014). Une
telle perte, encore opérante a I’Archéen (3.5 - 2.9 Ga), permettrait d’expliquer le paradoxe du xénon et

réfuterait les modéles précédents proposant un fractionnement isotopique trés précoce du Xe.

Ces travaux de thése ont visé a caractériser précisément I’évolution du fractionnement isotopique du xénon
atmosphérique au cours des temps géologiques avec pour objectifs finaux de contraindre I'origine des éléments
volatils sur Terre et de suivre I’évolution des réservoirs terrestres superficiels (océan et atmospheére) depuis
I’Archéen jusqu’a aujourd’hui. Dans ce but, des échantillons d’ages variés, susceptibles d’avoir enregistré la
composition de ’atmosphére au cours du temps, ont été sélectionnés et analysés. Une réflexion sur l'origine
du Xe contenu dans des gaz d’origine magmatique a également été entreprise pour contraindre l'origine du

Xe dans le manteau et comprendre les intéractions manteau-atmosphére au cours du temps.

L’analyse précise de la composition isotopique du Xe contenu dans les gaz riches en COs émis dans
la région magmatique de I'Eifel (Allemagne) (voir Figure A(a)) a permis de déterminer quelle était la
composante primordiale du Xe dans le manteau terrestre. La corrélation définie par les échantillons
pointe vers une source chondritique (météroritique) pour le xénon contenu dans le manteau terrestre
(Figure A(b)). De plus, la déconvolution du spectre isotopique obtenu (Figure A(a)) permet d’estimer

les différentes contributions fissiogéniques (136Xep,, ¥°Xey) et radiogéniques (12Xes). Un rapport
136X€
Pu
136 X ¢ p, +136 Xeps

de VEifel par rapport a la contribution de I'uranium. Ceci indique que ce gaz est issu du manteau

entre 0.8 et 1.0 démontre la forte contribution de la fission du plutonium au Xe

inférieur et que celui-ci est resté isolé pendant les derniers 4.45 Ga. Une dichotomie entre le manteau
supérieur et le manteau inférieur s’est établie & cette époque. En effet, le manteau supérieur présente des

rapports I (réfractaire) / Pu (volatil) plus élevés que le manteau profond ce qui suggére une augmentation



de la contribution de corps riches en éléments volatils & ce réservoir au fur et & mesure de I’accrétion terrestre.

a 40 b sis
| 1 |
0.510 =l
30 1 Q * sw
0.505 ] U-Xe
1 1 AVCC
0.500—]
20— ]
—_ o ]
) 0.495—
R il o>< 5
~— C‘E |
g E 0.490—
10— ]
x & ] .
[[a] — 0.485 | Eifel
0 0.480 ] -0.475
1 0.475- L
10 04704 ———— B
1 a —— —r—
4 Ar 0.0235 0.0240
1 0.465 : | ‘ ‘ : |
0.025 0.030
I I T T T 1 T I
124 126 128 129 130 131 132 134 136 124%e/"%e

Figure A: Résultats d’analyse du xénon contenu dans les gaz riches en CO2 émis dans la région magmatique de I’Eifel
(Allemagne). (a) Spectre isotopique du Xe mesuré (points bleus) comparé & un mélange Air+chondritique (en vert) (b)
Diagramme & trois isotopes démontrant la corrélation établie par le Xe de I’Eifel entre ’atmosphére terrestre et les
composantes chondritiques (AVCC, Q). Une origine solaire (SW) ou similaire au U-Xe peut désormais étre exclue pour le

xénon mantellique.

Le échantillons archéens de la ceinture de roche verte de Barberton en Afrique du Sud (3.2 Ga) et du
bassin de Hamersley en Australie (2.7 Ga) contiennent du xénon présentant une composition isotopique
intermédiaire entre les composantes primordiales du systéme solaire et 'atmosphére moderne. Le fraction-
nement isotopique par rapport a ’atmosphére moderne est identique pour les deux ages avec des valeurs
aux alentours de 13 %o.u"!. La determination précise (au %o) de la composition isotopique du xénon con-
tenu dans les quartz de Barberton permet de calculer quelle était la composition isotopique de départ de
Patmospheére terrestre. Cette composition isotopique est similaire au U-Xe (cf. figure B).

Cette composante primordiale était jusqu’a présent théorique, calculée pour reproduire la composition
isotopique de ’atmosphére moderne aprés fractionnement isotopique dépendant de la masse, et n’avait
jamais été mesurée dans aucun échantillon terrestre ou extraterrestre. Ce résultat démontre 'existence
d’une dichotomie pour l'origine du xénon terrestre avec une composition de départ chondritique pour le
manteau et similaire au U-Xe pour I"atmospheére. Une telle composition isotopique de départ pour le xénon
atmosphérique, différente de la composition solaire, suggére une origine trés primitive. Les cométes sont
parmi les objets les plus primitifs du systéme solaire et pourraient avoir apporté cette composition isotopique
de départ a I'atmosphére terrestre et ainsi contribué au moins en partie au bilan des éléments volatils
terrestres et notamment & celui des gaz rares. Par exemple, si les cométes représentaient une fraction

significative (~10 %) de la matiére apportée lors des épisodes d’accrétion tardive, I’ensemble de 1’argon
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atmosphérique sur Terre pourrait étre d’origine cométaire (Marty et al., 2016). Malheureusement, méme si
cette estimation est robuste pour I’argon, le manque de mesures d’abondance de Xe et Kr dans les cométes ne

permet pas de trancher si ces gaz rares lourds peuvent également avoir été apportés par des corps cométaires.
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Figure B: Diagramme & trois isotopes du Xe démontrant que seul le U-Xe comme composition isotopique de départ peut
expliquer la composition isotopique du xénon mesuré dans les roches archéennes (Barberton, point noir). Les fléches rouges
symbolisent l’effet du fractionnement isotopique a partir du U-Xe (1) et de la contribution en 132Xe et 136Xe par la fission
spontanée du 238U (2).

Pour le xénon analysé dans les échantillons de Barberton, un excés de ?Xe d’environ 6 %, inférieur a
celui mesuré dans atmosphére actuelle (6.8 %) permet de calculer un taux de dégazage de 9 + 5 mol.a™!
pour le 129Xe issu de la décroissance radioactive de 2T dégazé par le manteau. Ce taux de dégazage est au
moins un ordre de grandeur au-dessus des taux de dégazage actuels calculés pour le gaz émis a I’aplomb des
rides médio-océaniques (0.45 mol.a~!) (Bianchi et al., 2010). Une telle différence pourrait s’expliquer par
un dégazage mantellique important de la Terre primitive, entretenu par la chaleur conséquente produite par
les radioactivités trés actives au début de I’histoire de la Terre (Korenaga, 2008).

Les compositions isotopiques de 'azote et de I'argon ont également été mesurées dans les échantillons
de Barberton (3.2 Ga). L’atmosphére a cette époque comportait une pression partielle d’azote similaire ou
inférieure a l'actuelle. L’azote ne pouvait donc contribuer a 'augmentation de 'effet de serre & cette époque
(Marty et al., 2013) comme cela avait été proposé dans des études précédentes (Goldblatt et al., 2009) pour
résoudre le paradoxe du soleil jeune. De plus, la composition isotopique de I'azote était similaire a ’actuelle
démontrant indirectement la présence d’'un champ magnétique suffisamment puissant pour empécher la
fuite de 1’azote dans I’espace et son fractionnement isotopique. Enfin, un rapport atmosphérique 4°Ar /36 Ar

d’environ 200 il y a 3.2 Ga est en accord avec les modéles d’extraction crustale intensive au cours de I’Archéen
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(Pujol et al., 2013b).

L’analyse isotopique a haute précision du xénon contenu dans des échantillons d’ages variés (de 3.2 Ga a
500 Ma) a permis de construire la courbe de I’évolution de la composition isotopique du xénon atmosphérique
au cours des temps géologiques (Figure C). La composition isotopique du xénon atmosphérique a 3.2 et
2.7 Ga est désormais connue avec une précision de I'ordre du pour mille. Le fractionnement isotopique du
xénon semble s’étre arrété pendant 400 Ma (entre 3.2 et 2.7 Ga) pour se terminer aux alentours de 2 Ga.

C’est 4 ce moment que la composition isotopique de I’atmosphére moderne s’est établie.

Etudes précédentes
* Solaire (SW-Xe) & U-Xe ® Pujol et al. (2009) Puijol et al. (2011)
40— ® Srinivasan (1976) O Meshik et al. (2001)
. ® Pujol et al. (2013) Holland et al. (2013)
i% Chondritique (AVCC-Xe)
i Cette étude
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— ? @ Quetico @ Carnaiba ® Rhynie
.:? f
9 T -
% | ho
& 20
x
o]
10
0 : : : |'| - : ed ©

Age (Ga)

Figure C: Evolution du fractionnement isotopique du xénon atmosphérique au cours du temps déterminé au cours de cette
étude. Les valeurs de la littérature sont indiquées par des cercles noirs & gris. La courbe bleue représente I’évolution possible
du fractionnement isotopique. Le fractionnement isotopique semble avoir marqué un arrét entre 3.2 et 2.7 Ga et s’étre terminé
aux alentours de 2 Ga. Le mode de passage d’une composition solaire, U-Xe ou chondritique & une composition fractionnée il

y a 3.5 Ga reste inconnu.

Ces résultats démontrent que le fractionnement isotopique du xénon atmosphérique a eu lieu pendant
plus de 2.5 Ga. Ce n’est donc pas un fractionnement élémentaire et isotopique établi pendant les cent
premiers millions d’années de la Terre comme proposé dans des études précédentes (Pepin, 1991; Tolstikhin
and O’Nions, 1994). Une analogie possible pour 1’évolution progressive de la composition isotopique du xénon
est une distillation de Rayleigh. Dans ce modéle le xénon fuit progressivement de ’atmosphére terrestre tout
en étant fractionné isotopiquement. Une contrainte importante de ce modéle est que les autres gaz rares, plus
légers, ne présentent pas de perte ni de fractionnement isotopique de cette ampleur. L’ ionisation du xénon
dans l'atmosphére par les rayons ultraviolets intenses du Soleil jeune (Claire et al., 2012) et 'intéraction

éventuelle de ces ions avec la matiére organique sont susceptibles d’induire un fractionnement isotopique
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instantané d’environ 1 %.u~! (Kuga et al., 2015; Marrocchi et al., 2011). Reste alors & trouver un processus
pour faire fuire le Xe. La fuite hydrodynamique des ions de Xe entrainés par les ions hydrogéne est une
possibilité de mécanisme sélectif pour la fuite du Xe (Zahnle, 2015). La présence d’un champ magnétique
comparable a l'actuel a ’Archéen, un flux UV intense et une ionisation préférentielle du xénon sont des
paramétres en faveur de ce modéle de fuite. Une modélisation précise de ce mécanisme de fuite est tout de
méme nécessaire pour évaluer sa capacité a faire fuire le xénon pendant plusieurs milliards d’années.

Le développement d’un modéle numérique de dégazage et de perte sélective du xénon selon une distillation
de Rayleigh permet également de corriger les intervalles de formation de l’atmosphére calculés dans des
travaux précédents (e.g. Porcelli and Ballentine (2002)). Ce modéle permet d’estimer les quantités de xénon
radiogénique et fissiogénique dans I’atmosphére avant la fuite préferentielle du xénon. Aprés correction,
I'intervalle de formation de 'atmosphére passe de 100 - 110 Ma a 40f§8 Ma aprés la formation du systéme
solaire et pourrait correspondre au dernier impact géant a l'origine de la formation de la Lune (Avice and
Marty, 2014). Les résultats obtenus dans une phase plus avancée de cette étude, tels que la dichotomie
manteau/atmosphére pour l'origine du xénon ou encore l'arrét du fractionnement isotopique du Xe et donc
de sa fuite pendant 400 Ma rendent nécessaire une révision de ce modéle méme si la correction de ces dges
pour la perte du xénon reste pertinente.

Les résultats obtenus dans cette étude permettent de construire un scénario cohérent pour l'origine et
I’évolution du xénon terrestre. La terre silicatée a incorporé du xénon chondritique au cours de son accrétion.
Méme si une partie de ce xénon primordial et du xénon radiogénique a ensuite été dégazé, la persistence
d’anomalies en '2?Xe; et en ¥Xep,, dans le manteau inférieur démontre un isolement précoce, il y a environ
4.45 Ga, de ce réservoir terrestre. Apreés cet isolement, un fractionnement chimique entre le manteau supérieur
et le manteau inférieur s’est établi avec une plus grande contribution au manteau supérieur de corps riches
en éléments volatils pendant les derniéres phases de I'accrétion terrestre. Le xénon atmosphérique présente
quant & lui une composition isotopique de départ différente de celle des météorites ou du gaz solaire. Cette
composition isotopique de départ, le U-Xe, pourrait avoir été apportée par des corps cométaires. Les cométes
présentent des rapports gaz rares vs. eau trés élevés. A tel point que 10 % de corps cométaires dans les
derniers épisodes d’accrétion sont suffisants pour expliquer tout le budget d’argon atmosphérique (Marty
et al., 2016). Des mesures supplémentaires de abondance en gaz rares et de la composition isotopique du
xénon des comeétes sont nécessaires pour trancher si un apport cométaire du xénon terrestre est réaliste.
Enfin, I’évolution de la composition isotopique du xénon atmosphérique au cours du temps implique une
fuite du xénon atmosphérique vers ’espace pendant plusieurs milliards d’années résolvant ainsi le paradoxe
du xénon. Le développement de modéles numériques de fuite de xénon et d’hydrogéne ionisés le long des
lignes ouvertes du champ magnétique terrestre est une nécessité pour déterminer si ce mécanisme est viable

pour expliquer la fuite sur le long terme du xénon atmosphérique.
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ABSTRACT

The origin of volatile elements on Earth remains poorly understood. The elemental and isotopic compo-
sition of the Earth’s atmosphere has been shaped by numerous events in the history of our planet such as
extraterrestrial chondritic or cometary contributions, mantle degassing, atmospheric escape etc., preventing
any straightforward identification of cosmochemical ancestors. Among the noble gases, xenon (Xe) in the
Earth’s atmosphere is even more enigmatic. It does not appear to be genetically derived from either the pro-
tosolar nebula, or from inner solar system bodies (meteorites). Furthermore, atmospheric Xe is elementally
depleted relative to other noble gases (Ne, Ar and Kr) when compared to their abundances in meteorites.
It is also strongly isotopically fractionated, enriched in heavy isotopes and depleted in light isotopes, com-
pared to other known solar system components. These two features form the "xenon paradox" (Ozima and
Podosek, 2002). For the Earth’s mantle, the starting isotopic composition of Xe remains unknown prevent-
ing a clear determination of mantle-atmosphere interactions with time. Recent studies of the atmosphere
trapped in ancient samples (e.g. Pujol et al. (2009, 2011)) already shed some light on the xenon paradox
by demonstrating that Xe in the Archean atmosphere had an isotopic composition intermediate between
the potential primordial components and the modern atmosphere. These preliminary results suggested a
long-term evolution of the isotopic composition of atmospheric Xe linked to unknown atmospheric escape
processes.

During this study, analyses of noble gases and nitrogen were performed on ancient quartz samples of
various ages (3.2 Ga to 500 Ma) in order to follow the evolution of the elemental and isotopic composition
of the Earth’s atmosphere with time. In particular, high-precision analysis of xenon isotopic ratios has been
developed in in an attempt to decipher the origin of atmospheric Xe, to document precisely the evolution of
its isotopic fractionation with time and to better understand the physico-chemical processes(s) behind this
evolution. Other noble gases (Ne, Ar, Kr) and nitrogen were also analyzed to characterize the elemental
and isotopic composition of the 3.2 Ga-old atmosphere. Finally, isotope systematics on Xe contained in
mantle-derived gases permitted to put constraints on the origin of Xe in the Earth’s mantle and to study
mantle-atmosphere interactions.

Results of this PhD work are presented in this manuscript composed of four main chapters plus one
additional chapter of Annexes containing co-authored papers.

The first chapter consists in a general introduction to this study. It starts with a brief description
of the history of Earth’s accretion and a review on the state of knowledge on the origins of terrestrial
volatile elements. Important atmospheric and geodynamical features of the early Earth are then introduced.
The second part of this Chapter is dedicated to an introduction to Xenology, the study of Xe, as isotope
systematics of this noble gas is the major tool used in this study. Recent advances on the study of Archean
Xe are then presented. The end of this chapter presents the main questions that guided this study.

The second chapter describes the geological settings of the samples analyzed in this study as well as
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the analytical methods and developments that were applied to measure the abundances and the isotopic
composition of noble gases and nitrogen contained in these samples.

The third chapter is composed of four papers presenting results and interpretations of this study and
organized following a logical order with respect to the Earth’s accretion and evolution.
The first paper, in revision in the Nature journal, presents the results of a collaboration with Dr. A.
Caracausi (INGV, Italy) and researchers from CRPG (Nancy, France). It deals with the origin of Xe in the
Earth’s mantle. It also put constraints on the time of closure of mantle reservoirs and on the nature of the
dichotomy between the upper and lower mantle reservoirs.
The second paper, in preparation for a submission, deals with the potential cometary origin of the
atmospheric Xe inferred from high-precision analysis of isotopic ratios of Xe in 3.2 Ga-old samples. Results
also permit to compute the degassing rate of the Earth during the last 3.2 Ga.
The third paper, in preparation for a submission, presents the evolution of the isotopic composition of
atmospheric Xe with time. High-precision data permit to better understand the processes behind this
progressive fractionation. It also constrains the elemental and isotopic composition of noble gases and
nitrogen in the 3.2 Ga-old atmosphere.
The fourth paper, published in Philosophical Transactions of the Royal Society A (Avice and Marty, 2014),
describes the results obtained from a numerical model that takes into account the selective escape and
isotopic fractionation of atmospheric Xe. Closure ages for the atmosphere can thus be corrected for this

long-term escape leading to new estimates of the age of the Moon-forming event.

The final chapter summarizes the main results obtained during this study. The potential cometary
contribution to the Earth’s atmosphere is then explored through description of the main results of a co-
authored publication (Marty et al., 2016). Finally, a scenario for the origin and evolution of Earth’s Xe is
proposed in an attempt to bring altogether results from recent studies and those obtained during this PhD

work.
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Chapter 1

Introduction

This first chapter presents the context of this study i.e. the current views and possibilities for the origins

and evolution of the Earth’s atmosphere. Another goal of this chapter is also to present the scientific

framework, specially regarding Xenology, necessary for understanding the present study and not always

detailed in papers presented in Chapter 3 (Results and Implications). The main questions that orientated

this study are presented at the end of this chapter.

Contents
1.1 Context of the study . . . . . . . . . . 17
1.1.1 Earth’s accretion and the potential origins of its volatile elements . . . . . . . .. 18
1.1.2  The early Earth: from the Hadean to the Archean . . . . ... .. ... ..... 28
1.2 Introduction to Xenology: principles and applications . . . . ... ... ... ... .... 32
1.2.1  Isotopic structure of Xenon and physico-chemical caracteristics . . . . .. .. .. 32
1.2.2  I-Pu-Xe systematics and the dating of reservoirs closure . . . . . ... ... ... 33
1.2.3 Relations between solar system components . . . . ... ... ... ... ... 35
1.2.4  Atmospheric Xenon: paradox, plausible explanations and implications . . . . . . 38
1.2.5  The case of Mars-Xe: a similar story? . . . . ... ... ... ... ........ 47
1.3 Questions and research opportunities . . . . . . .. .. .. ... L. 48

1.1 Context of the study

Searching for the origins of the Earth’s atmosphere and, particularly, atmospheric noble gases requires
to go back to the early chaotic times of the beginning of the Solar System when the terrestrial accretion
remained to be achieved and when the structure of our solar system was very different from its present
state. This section is divided in two parts. The first part deals with Earth’s formation and the potential
relationships between volatile elements on Earth and other major reservoirs of volatile elements in the solar
system (the Sun, chondrites, comets). The second part concerns the state of the Earth during the Hadean
and Archean epochs. It is focused on the features of the Archean (4.5 to 3.5 Ga) atmosphere since a major
part of this study was focused on studying ancient atmospheres trapped in Archean samples. It also presents

what is the current state of knowledge on the evolution of the atmosphere from the Archean to Present and,

particularly, on the progressive oxidation of superficial reservoirs with time.

17
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Fig. 1.1: Schematic view of the current structure of our Solar System with major reservoirs of volatile-rich bodies that
may have contributed to the budget of volatile elements on Earth. JFC is for "Jupiter Family Comets". Mercury,
Venus and Mars are not displayed here. Distances from the Sun are in astronomical units (AU). After Gounelle
(2011).

1.1.1 Earth’s accretion and the potential origins of its volatile elements

The current models for the Earth’s formation and the potential origins of volatile elements present on
our planet are described in this section. Before to detail the steps of Earth’s accretion starting from a disk
of dust, it is necessary to present briefly what is the modern structure of the Solar System i.e. to list what
are the objects which may have contributed to the budget of volatile elements on Earth and what are their
current locations. Major reservoirs of volatile elements in the Solar System are the Sun (99.8 % of the mass
of the Solar System), meteorites (some of them, the carbonaceous chondrites, are volatile-rich), and comets.
Comets are usually divided in two families: the long-period comets coming from the Oort cloud and the
Jupiter Family comets (JFC) stored in the Kuiper belt beyond the orbit of Neptune. Figure 1.1 depicts
the modern structure of the Solar System with its major reservoirs of volatile-rich bodies. The distinction,
originally based on astronomical features, between comets and some chondrites seems more and more tenuous

since recent studies revealed features that are shared by both types of objects (Gounelle, 2011).

Terrestrial accretion

It is beyond the scope of this study to present a detailed view of the mechanisms of terrestrial accretion
but some key steps and observations are presented in this section since the origins of volatile elements on
Earth are intimately linked to these mechanisms and to the composition of the building blocks of the Earth.
Details on the scenario of terrestrial planet formation are still debated, for example concerning ways to
accrete a low-mass Mars (Chambers, 2014). However there is a consensus (see a recent review by Dauphas

and Morbidelli (2014)) on three major steps during terrestrial accretion:

e collision and sticking of dust grains by electrostatic and magnetic forces until the formation of mm- to
cm-sized aggregates. Once formed these aggregates migrated and reached the median part of the disk

to form planetesimals;

e oligarchic growth of planetesimals into planetary embryos during which bigger embryos grow faster

than lighter ones;
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e collisions of planetary embryos ending with the formation of terrestrial planets.

Recently, Morbidelli et al. (2015) demonstrated that the accretion disk inside of Jupiter’s orbit remained dry
i.e. depleted in volatile elements (H, N, noble gases) during accretion episodes because Jupiter intercepted
ice-rich particles. In that case, Jupiter acted as a "fossilizing agent" for the snow line and prevented water
deposition in the inner parts of the disk. During all the three steps described above, the position of the
forming Earth was thus inside the limits defined by the fossilized snow line preventing the condensation of
volatile elements from the solar gas on the forming Earth (Pinti, 2005) or only in minor amounts (Marty,
2012).

Most of volatile elements on Earth were thus either already contained in planetary embryos that collided
when forming the proto-Earth (e.g. Theia the last embryo that contributed to the Earth and also the
Moon-forming impactor) or delivered to the Earth during late addition of volatile-rich material originating
from the outer regions of the Solar System. Scrutinizing the elemental and isotopic compositions of these
volatile elements in Earth’s modern and ancient atmosphere and in its silicate parts is a key to decipher

their potential origins (see next section).

Elemental and isotopic compositions of volatile elements on Earth

Isotopic compositions of volatile elements on Earth are great tools to estimate what could be the nature
of objects that brought volatile elements to the Earth. For example, hydrogen and nitrogen isotope ratios are
useful because of the wide range of isotopic compositions of known terrestrial and extraterrestrial materials.
Among meteorites, most of carbonaceous and enstatite chondrites have D/H and N /14N ratios that are
similar to the Earth’s atmosphere (Fig. 1.2) and have often been considered to be the carrier phases of these
volatile elements to the Earth (e.g. Marty (2012)).

For water and nitrogen, comets are poor candidates for supplying volatile elements to the Earth because
these objects usually present too high »N/!N and D/H ratios (Fig. 1.2). The recent measurement of
a D/H similar to the terrestrial value in comet 103P/Hartley2 (Hartogh et al., 2011) challenged these
conclusions. However, the 1N/MN ratio of 6.46 x 1072 (Meech et al., 2011) measured in the same comet
is much higher than the terrestrial value (3.68 x 1073) (Fig. 1.2) and prevents any major contribution
to the terrestrial budget of N (Hutsemékers et al., 2009) and H from this type of short-period comets.
Recent measurements of the isotopic composition of hydrogen in comet 67P/Churyumov-Gerasimenko
(labeled "67P/C-G" hereafter) by the Rosetta space probe gave a D/H value of (5.3 £ 0.7) x 10~* for
comet 67P/C-G confirming that terrestrial water cannot originate from these objects (Altwegg et al., 2015).
It is worth noting here that abundances of noble gases, especially Kr and Xe, relative to those of other
volatile elements (H, C, N) in comets are poorly known. This means that even if comets alone cannot have
contributed to a significant part of water (H) and nitrogen on Earth, a contribution from these objects to

the budget of terrestrial noble gases cannot be excluded based on these measurements.

If terrestrial hydrogen and nitrogen have isotopic compositions close to chondritic values, the origin of
terrestrial noble gases, in the atmosphere and in Earth’s mantle, remains debated. Some isotopic constraints
for each noble gas are listed below. The case of atmospheric xenon is detailed in section 1.2 of this first
chapter.

Helium: Honda et al. (1987) analyzed terrestrial diamonds and measured 3He/*He ratios close to the
solar value of 3.6x10~* (Ott, 2014) demonstrating that the lightest noble gas may have a solar origin in
the Earth’s mantle possibly from condensation of some nebular gas on the Earth during the early stages of
planetary accretion.

Neon: If helium in the Earth’s interior clearly carries a solar-like signature, mantle neon has still a debated
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Fig. 1.2: D/H and N/!N isotopic ratios of solar system reservoirs and objects. Meteorites are the best candi-
dates for supplying nitrogen and hydrogen (i.e. water (H20)) to the Earth as these objects have N and H isotopic
compositions similar to the Earth. Comets have too high 15N/14N and D/H ratios to be the unique sources of these
elements on Earth. Figure and references from Marty (2012) and from Altwegg et al. (2015) for the D/H ratio of
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origin. Pristine neon isotopic ratios in mantle-derived samples have been altered by air contamination and
by crustal production of 20:21:22Ne by diverse nucleogenic routes (Ballentine and Burnard, 2002). Figure 1.3
illustrates that the convective mantle (sampled by Mid Ocean Ridge Basalts, MORBs) and a more primitive
mantle (sampled by plume magmas and gases) have distinct Ne signatures (see review by White (2015)
and refs. therein). Ballentine et al. (2005) demonstrated that COs-rich crustal gases define a correlation
pointing toward a solar-wind implanted component (2°Ne/??Ne =~ 12.5) for the primitive end-member of the
air-MORB mixing line.

However, Yokochi and Marty (2004) and Honda et al. (1991) measured very high 2°Ne/?2Ne ratios up to
13.0 £ 0.2 close to the solar values (> 13.4) in plume-influenced rocks and in basalts, respectively. Recently,
Moreira and Charnoz (2015) demonstrated that implantation, coupled with sputtering, of solar Ne on dust
particles in the accretion disk leads to an enrichment in heavy isotopes because of higher penetration depths
for heavy isotopes due to higher kinetic energies. The 2°Ne/??Ne ratio, when a steady-state is reached,
attains a value of 12.7 compatible with the ratio measured in mantle-derived rocks (12.5 - 12.9). However,
the 12.7 value is lower than some values measured by Yokochi and Marty (2004) (up to 13.0 & 0.2). Moreira
and Charnoz (2015) advocated that such high values are possible if the steady-state during irradiation was
not achieved i.e. various isotopic ratios are reflecting various times of irradiation in the disk. However, if
this model is correct, the deep mantle would have a minimum value of 13 and lower values for the 2°Ne/??Ne
ratio would be due to air contamination since it is hard to imagine how the deep mantle source would have
remained heterogeneous for neon isotopic ratios. This model of implantation and sputtering producing a wide
range of 2°Ne/?2Ne values incorporated into the Earth’s mantle demonstrates that Ne isotopic systematics
alone cannot easily decipher between solar and solar-wind implanted (on meteorites) signatures.

Atmospheric Neon has a much lower 2°Ne/??Ne ratio of 9.77 (Ozima and Podosek, 2002) compared to
cosmochemical components (Solar/Chondritic) presented above. This feature is often considered as the result
of an isotopic fractionation during early hydrodynamic escape (e.g. Pepin (1991)). However, Marty (2012)
noticed that the isotopic 2°Ne/?2Ne and the elemental 36Ar/22Ne ratios best correspond to a mixing between
a solar and a "planetary" chondritic component (Fig. 1.4) rather than to kinetic fractionation induced by

hydrodynamic escape.
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Fig. 1.3: Three-isotope plot of Neon in mantle-derived rocks showing the MORB-Atmosphere correlation together
with Ne data for plume-derived samples. Only few values are higher than the Neon B components measured in
meteorites. Adapted from White (2015), see refs. therein.

These observations tend to show that neon isotopic systematics might not be the best tool to distinguish
between potential sources for the origins of noble gases on Earth since isotopic ratios may have been easily
modified by several processes: air contamination, crustal contributions, pre-irradiation of dusts in the disk
etc.

Argon: The isotopic composition of argon in Earth’s interior was a subject of debate for a long time
(recently reviewed by Moreira (2013)). Valbracht et al. (1997) claimed to have discovered sub-solar values
for the 38Ar /36 Ar ratio measured in rims of pillow basalts from Hawaii. However, Moreira (2013) considers
these results as doubtful because of difficulties met during gas purification. Subsequent studies (Kunz, 1999;
Raquin and Moreira, 2009; Holland and Ballentine, 2006) demonstrated that the 3®Ar /3% Ar ratio in Earth’s
interior is indistinguishable (Fig. 1.5) from the atmospheric value (0.188, Ozima and Podosek (2002)). Marty
(2012) argued that the 3®Ar/36Ar ratio of the Earth’s atmosphere (0.188) is in the range of chondritic values
(Ott, 2014) and different from the solar value (0.189, Heber et al. (2009)). However, Dauphas and Morbidelli
(2014) noticed that the atmospheric 33 Ar/3¢ Ar ratio is slightly isotopically fractionated relative to chondrites
(6 %o0.u~!) leaving space for some modifications of the original chondritic 3 Ar/36Ar ratio by early episodes
of hydrodynamic escape.

Krypton: Holland et al. (2009) analyzed mantle-derived COq-rich gases and demonstrated that krypton
in the Earth’s mantle has a Chondritic rather than Solar origin (Fig. 1.6). Despite high-precision analyses,
they could not distinguish between a Solar or Chondritic origin of Xe in the same samples. Chondritic Kr
and solar He, and perhaps Ne, in the Earth’s mantle mean that light and heavy noble gases in the silicate
Earth have been contributed by distinct cosmochemical sources.

Xenon: Xe is the rarest noble gas on Earth and is thus often found in minute quantities in mantle-derived
rocks. COs-rich gases (e.g. Caffee et al. (1999)) are in unlimited amount and are thus often the best available
samples because they provide sufficient Xe quantities to precisely study Xe isotope systematics. Furthermore,

xenon isotope systematics can provide several constraints such as estimate of amounts of air recycling in
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Fig. 1.6: Three-isotope plot of Kr isotopes analyzed in CO»-rich gases. The correlation points toward a chondritic
(Q-Kr or AVCC-Kr) rather than Solar ancestor for mantle Kr. Adapted from Holland et al. (2009).

the Earth’s mantle (Holland and Ballentine, 2006) as well as extent and timing of mantle degassing (see
Ballentine and Holland (2008) and refs. therein). However the cosmochemical origin, Solar or Chondritic,
of Xe in the silicate Earth remains uncertain (Holland et al., 2009) and is of major importance to constrain
degassing history and closure times of different reservoirs in the mantle (Parai and Mukhopadhyay, 2015).
The correlation between air and primordial components defined by mantle-derived gases analyzed so far

(124:128,130X6) is shown in Fig. 1.7. Analyses of mantle-derived Xe always reveal the

for light Xe isotopes
dominant presence of an atmospheric component (usually more than 90 % of the Xe signal). This atmospheric
component, due to air subduction or shallow-level air contamination, in the Earth’s mantle prevents the
determination of the primordial end-member: Chondritic or Solar? Some decisive samples showing lower
contribution from atmospheric-derived Xe and high-precision analyses are thus required to decipher between

these primordial components and to build a precise picture of the history of mantle degassing.

Dynamical and elemental constraints on the origin of volatile elements on Earth

N-body simulations are currently the best numerical tools to understand how the terrestrial planets
formed from a given starting distribution of planetesimals. State-of-the art numerical models comprise a
significant step that is the inward and outward migration of the giant planets Jupiter and Saturn: the
so-called "Grand Tack" event (Walsh et al., 2011). It caused a truncation of the disk of planetesimals
and embryos with all the mass in the terrestrial planet region concentrated between 0.7 and 1.0 AU. This
truncation around 1.0 AU appears necessary to form small Mars analogs. In this model the inward and
then outward migration of the giant planets has also severe implications on the distribution of planetesimals.
Figure 1.8 depicts the effect of this "Grand Tack" on planetesimals initially located between 0.3 and 3 AU
(red dots), between giant planets orbits (light blue dots) and in more external regions of the solar system
(dark blue dots). The inward migration of Jupiter scatters planetesimals originally inside the giant planets
orbits toward outer regions of the solar system. The outward migration of Jupiter, captured by Saturn,
repopulates the inner asteroid belt with these objects but also with objects that were originally beyond the
orbits of giant planets. At the end, the inner asteroid belt is mainly constituted by planetesimals originally
located inside giant planets orbits but it also contains some planetesimals originally formed in the outer
regions of the solar system (blue dots in the last panel in Fig. 1.8). These objects formed in cold regions of
the solar system and are thus potentially volatile-rich. Their presence in the inner asteroid belt at the end
of the Grand Tack and their later disturbance during the Late Heavy Bombardment (Gomes et al., 2005)
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are probably keys to bring volatile-rich bodies in the Earth’s originally dry area.

A volatile-rich contribution to the Earth during the late stages of terrestrial accretion and inferred from
modeling work is also proposed by geochemical studies (Marty, 2012; Halliday, 2013). For example, Marty
(2012) pointed out that a contribution of 1-3 % of volatile-rich material (carbonaceous chondrites) to an
originally dry proto-Earth well explains the abundances of terrestrial water, carbon and noble gases (except

for Xe, see section 1.2.4).

Volatile delivery versus atmospheric loss during impacts

Whatever the provenance of impactors that may have supplied volatile elements to the originally "dry"
proto-Earth, special attention must be paid to the mass balance of atmospheric escape versus volatile delivery
when objects were impacting the growing Earth. The simplest assumption that impacts were conservative
with no loss of volatile elements from the target or from the impactor during an impact event is probably
wrong when one considers the high energy delivered by giant impacts (Genda and Abe, 2005). There are
numerous parameters governing the amount of atmospheric escape during an impact such as the size of
impacting bodies, their velocity, atmospheric entry angles, the presence of an ocean on the proto-Earth etc.
Impacts do not always imply a total loss of atmospheric volatile elements. de Niem et al. (2012) already
demonstrated that accumulation of volatile elements probably dominates over atmospheric erosion during
a heavy bombardment. For example for a late heavy bombardment of 2 x 10%® g containing between 10
% and 90 % of comet-like objects, the initial pressure of the atmosphere would have been multiplied by
2.5 to 6 demonstrating that impacts can efficiently deliver volatile elements to the growing Earth (Fig.
1.9). Similarly, Schlichting et al. (2015) demonstrated that the Earth’s atmosphere reflects the equilibrium

between atmospheric erosion and volatile delivery from impactors.
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The potential contribution from comets to the budget of volatile elements on Earth during

final stages of Earth’s accretion

A potential contribution from comets to the budget of volatile elements and organics on terrestrial planets
and specially on Earth has often been advocated mainly based on elemental ratios of volatile elements in
the Earth’s atmosphere (Owen et al., 1992; Dauphas, 2003; Hartogh et al., 2011; Marty and Meibom, 2007).
However, knowing the isotopic composition of noble gases, and specially Xe, in comets is of primordial
importance here to precisely estimate their potential contribution to the budget of volatile elements on Earth.
Analyses of samples from comet 81P/Wild 2 returned by the Stardust NASA mission already revealed the
presence of chondritic gases ("Q" gases) in cometary grains sampled by the Stardust spacecraft (Marty et al.,
2008). However there is, up to now, no in-situ measurement of the isotopic composition of heavier noble
gases (Kr, Xe) in such objects.

Recently, Kramers et al. (2013) analyzed noble gases contained in an unusual diamond-rich pebble found
in SW Egypt and called "Hypatia". Among other results, Kramers et al. (2013) found that Ne, Kr and Xe
isotopic ratios were tending toward the G component. This component is believed to carry nucleosynthetic
anomalies and to be very primitive in the history of our solar system (Ott, 2014). The authors interpreted
the presence of this component as an evidence that Hypatia was originating from a cometary object that
exploded when penetrating in the Earth’s atmosphere, causing an outburst responsible for the formation of
the Libyan Desert Glass. However, this interpretation was subsequently criticized (Reimold and Koeberl,
2014). During this study, an international collaboration has been conducted in order to measure abundances
and isotopic compositions of nitrogen and noble gases in this unusual stone. Indeed, if Kramers et al. (2013)
were right, Hypatia was an unique opportunity to measure the isotopic composition of N and noble gases
(specially Xe) in cometary matter with very precise laboratory equipments. Results and interpretations
are presented and discussed in a recent publication (Avice et al. (2015), see Annexe 5.1 for the full edited
paper). Unfortunately, this study does not confirm the presence of the G component and thus does not
confirm the cometary nature of the parent body of Hypatia. However the presence of Q gases (see section
1.2.3), of 129Xe excess due to the decay of extinct 1?°T (Fig. 1.10a) and of a major component released at
high temperature with a §'5N value of -110 %o(Fig. 1.10b) make this extraterrestrial material unique among
other known groups of meteorites. Analyses of noble gases and nitrogen contained in a graphite nodule
from the Canyon Diablo iron meteorite are planned in the near future in order to make a comparison with
Hypatia. Furthermore this study demonstrates another time the ubiquitous presence of ) gases in primitive
and differentiated meteorites even if its origin remains unknown.

All results presented in this section call for a contribution of volatile-rich bodies to the budget of volatile

elements on Earth. However, the exact contribution of comets in this late addition remains unknown.
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1.1.2 The early Earth: from the Hadean to the Archean

The Hadean is the first geological age of our planet and covers 600 Ma, from ~4.5-4.6 to 4.0 Ga. It started
after the last giant impact, probably the Moon-forming event, whose precise age is still debated and that
probably melted a significant part of the Earth’s mantle. Most of the rocky remnants of the first 600 Ma of
our planet are zircon crystals contained in younger sedimentary rocks of the Jack Hills (Australia) geological
area. However, numerous studies permitted to put constraints on this epoch by applying diverse analytical
techniques to these crystals (Harrison, 2009). One major implication of these studies is that the oxygen
isotope systematics applied to these crystals demonstrates that the protolith of these grains contained '#O-
rich clay minerals formed by interaction with liquid water (Mojzsis et al., 2001). This observation and other
arguments reviewed by Harrison (2009) imply the presence of liquid water at the Earth’s surface around 4.3
Ga and that this water was already acting as a weathering agent. Another implication of the presence of
Jack Hills zircons is that they come from granites that constitute the upper crust. Measurements of initial
Y76 Hf/17THf ratios in these crystals are compatible with an early extraction of the continental crust during
the Hadean (e.g. Blichert-Toft and Albaréde (2008)). However, the crustal volumes at this time remain
debated (e.g. Kemp et al. (2015)).

The Hadean was also the time for large-scale differentiation of the Earth’s mantle. For example, Touboul
et al. (2012) measured W anomalies in Kostomushka komatiites signing the persistence, at least 2.8 Ga
ago, of a reservoir that isolated from the whole mantle during the first tens of Ma of Solar System history.
Anomalies are also found in Sm-Nd isotope systematics with a Sm/Nd fractionation occurring no later than
100 Ma after Solar System formation (Caro et al., 2003). Finally, noble gas studies of mantle-derived samples
demonstrated the existence of an undegassed reservoir in the mantle with high Xe/I, Ar/K and He/(U+Th)
ratios which has been isolated from whole mantle convection within the first 100 Ma of Solar System history
(e.g. Marty (1989); Mukhopadhyay (2012)).

Even if Jack Hills zircons sign the presence of water on the surface, only little is known on the composition
of the atmosphere during the Hadean and up to the early Archean. CO5 and N3 were probably dominating
the budget of atmospheric gases as CH, released from meteoritical impacts would have been dissipated by
photolysis within several tens of Ma (Kasting, 2014). The end of the Hadean (4.0 Ga) is often described as
the epoch when the Earth looked much as it is today. However, the next section will demonstrate that the

Earth had still very different geological and atmospheric features.

The Archean

The Archean spans a long period of 1.5 Ga of Earth’s history (4.0 Ga to 2.5 Ga). This epoch is funda-
mental in Earth’s geological history since life probably emerged at this epoch (Mojzsis et al., 1996). One
remarkable feature of the Earth system during the Archean is that the Earth’s mantle was probably hotter
than today. Several observations and considerations argue in favor of higher temperatures for the mantle in
the past. First, the whole budget of heat production was higher due to very active radioactivities, ongoing
core crystallization, residual heat released during accretion. For example, Korenaga (2008) computed an
internal heat flux up to 4 times higher than the modern one (around 10 TW) for the Earth 3.5 Ga ago. The
widespread presence of komatiites during the Archean is probably a direct evidence that the mantle was
hotter than today (Arndt and Nisbet, 2012). A somehow rough conclusion would be that, at this time, the
Earth was very active and that the mantle presented a high degassing rate of its volatile elements due to a
very active convection regime. However, this not clear how the high internal heat flux translated in terms

of tectonics mode and extent of mantle convection (Arndt and Nisbet, 2012).

The Archean atmosphere

Despite the fact that the Archean covers one third of our planet’s history, data about the composition
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of Earth’s atmosphere during this period are scarce due to the lack of an extended and well preserved
geological record. The transition between the Archean and the Proterozoic (2.5 Ga to 0.542 Ga) is marked
by an evolution of the atmosphere from an anoxic to an oxic state. In this section, key points on the Archean
atmosphere and on main causes and consequences of the oxygenation of this atmosphere are presented and
discussed in order to build a coherent framework for the interpretation of the results obtained during this

study.

A low oxygen level in the Archean atmosphere
There are several lines of evidence for low levels of 0 (< 107% PAL (Present Atmospheric Level)) in the
Archean atmosphere from 3.9 to 2.2 Ga (Holland, 2006). This subject has been recently critically reviewed

by Ohmoto et al. (2014) and some of the arguments for an Og-poor Archean atmosphere are listed below:

e Absence of red beds usually formed by oxidation by Os-rich water of Fe!! originally in biotites or

hornblendes;
e Presence of detrital grains of uraninite or pyrite very labile in Os-rich conditions;

e Presence of banded iron formations (BIFs) of Lake Superior type due to the abundance of Fe!! in deep

oceans;
e Absence of Mo enrichment and isotopic fractionation in black shales (Anbar et al., 2007);

Mass-independent fractionation (MIF) of sulfur isotopes recorded in Archean sediments (Fig. 1.11) are
one of the most clear evidence that oxygen atmospheric levels remained very low (< 107° PAL) during
the Archean (Farquhar and Wing, 2003). Photochemistry in the atmosphere under UV photons is the
only known process able to produce significant S-MIF during photolysis of SOy and SO (Farquhar et al.,
2001). Furthermore conservation of S-MIF signals is possible uniquely if products of UV-photolysis in
the atmosphere, that are carrying A33S with opposite signs, are separated in two categories: one with
polymerized elemental S and another with sulfates produced by oxidation of elemental sulfur by COs and
H30. These two products then rain out and remain segregated in the rock record. Even if the mechanisms
behind UV photolysis and conservation of the S-MIF signature in rocks are still not fully understood,
production of mass-independent isotopic fractionation signatures in the past required: i) the presence of
methane (CHy), the reducing agent responsible for formation of polymers of elemental S; ii) very low levels
of Oy to ensure the formation of both sulfates and elemental sulfur carrying different A33S signatures and
to prevent any absorption of shortwave photons by tropospheric ozone (O3 ); iii) a sufficient input of sulfur-

bearing species to the atmosphere by abiotic or biogenic processes (Catling (2014) and refs. therein).

The faint young Sun paradox: how to warm the early Earth?

One major motivation for determining the molecular composition of the Archean atmosphere is based on
one question: how to warm the early Earth sufficiently despite a faint young Sun? It has long been recognized
that the Sun’s luminosity is not constant and evolved from the Sun’s formation to Present. Models of stellar
evolution and measurements of solar analogs of different ages demonstrate that the solar energy input was
around 25 % lower than today during the Archean (Sagan and Chyba, 1997). In these conditions, a modern-
like composition for the Archean atmosphere would have led to a snowball Earth because modern abundances
of greenhouse warming gases would not have been sufficient to compensate such a lower luminosity. However,
there are several lines of evidence for the presence of liquid water at this time (Feulner, 2012; Mojzsis
et al., 2001). The composition of the Archean atmosphere was thus probably different from Present times.
Feulner (2012) reviewed ways to warm the early Earth with enhanced greenhouse warming driven by higher

atmospheric concentrations of NHz, CH4 and CO5 and pointed out the need for geochemical constraints on
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Fig. 1.11: Mass-independent fractionation of S (represented by A%3S) in the geological record versus age. Adapted
from Johnston (2011).

the abundances of these molecules in the ancient atmosphere. Goldblatt et al. (2009) proposed another way
to solve the faint young Sun paradox. Ny is not a greenhouse gas by itself but a higher partial pressure of
this gas in the past would have amplified the greenhouse impact of other gases by broadening absorption
lines. Doubling the partial pressure of nitrogen would thus have led to a global warming of 4.4 °C. However,
Marty et al. (2013) demonstrated by using Ar-Ny correlations on fluids contained in Archean samples that
the atmospheric end-member presented a modern-like Ny /26 Ar ratio corresponding to a modern-like partial
pressure of nitrogen (pyy,).

Studying fluids trapped in ancient samples has thus the potential to constrain the elemental composition

of the ancient atmosphere and to follow its evolution with time.

Evolution of the atmosphere: When did Os rise in the atmosphere?

One of the major question regarding the features of the surface environments of the early Earth and
thus the possibility for the emergence of aerobic life is when did O2 become a major gas in the Earth’s
atmosphere? The modern concentration of Os is 21% by volume whereas the partial pressure during the
major part of the Archean (3.5 - 2.45 Ga), inferred from S-MIF (see section 1.1.2) was probably lower than
1075 PAL (Present Atmospheric Level) (Farquhar and Wing, 2003). The transition from a past reducing
atmosphere to a modern-like O-rich environment is still ambiguous as a direct measurement of the pp, in
ancient rocks is impossible due to the high reactivity of Os. Estimations of the evolution of the quantity
of oxygen in the Earth’s atmosphere are thus based on direct geochemical proxies such as S, U, Mo. Even
if some debates remain on the ability of these tools to track the evolution of the Earth’s oxygenation (e.g.
Domagal-Goldman et al. (2008) for the interpretation of S isotopic data), a big picture is emerging (Fig.
1.12) (Lyons et al., 2015).

S-MIF recorded in Archean sediments is a strong indication that po, was very low at least until 3.0 Ga
ago. Between 3.0 and 2.5 Ga ago the decrease in the extent of the S-MIF argues in favour of a slightly
higher partial pressure (maybe 10~2 PAL, Farquhar and Wing (2003)) or to some episodes of so-called
"whiffs" of oxygen schematically represented by the blue arrows in Fig. 1.12 (Anbar et al., 2007). The
transition, between 2.5 and 2.0 Ga, to an oxygenated atmosphere (the so-called Great Oxidation Event)
is well documented even if the exact mechanisms and the actors of this major change are still debated.

Recently, Catling (2014) reviewed the source and sinks of oxygen for the early and modern Earth. The
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trend is only indicative. Modified after Zahnle et al. (2013).

author pointed out the major role played by hydrogen escape as an indirect source of oxygen through the

simplified equation 1.1:

2H50 — 4H(1 space) + O4 (1.1)

Even if this source of oxygen is limited today compared to other geological processes such as carbon or
pyrite burial, hydrogen escape was much more vigorous in the past particularly because of an enhanced EUV
flux from the young Sun (Claire et al., 2012). Zahnle et al. (2013) argued that past hydrogen escape was a
major actor of the progressive oxidation of the Earth’s surface (Fig. 1.13). In this model, onset of oxygenic
photosynthesis was not sufficient to switch from a reduced to an oxidized atmosphere because O5 produced
py photosynthesis was not stable in a reduced atmosphere. Hydrogen escape appears thus necessary to
make the transition from a reduced to a more oxidized atmosphere leaving abundances of Oy, produced by
photosynthesis, going up.

It must be noticed here that hydrogen escape to space is not the unique hypothesis for driving Earth’s
oxygenation. For example, Gaillard et al. (2011) and Ciborowski and Kerr (2016) proposed that peaks of
sub-aerial volcanism around 2.45 Ga released large amounts of sulphate to the oceans. Subsequent reduction
of this sulphate released significant amounts of oxygen ending up in the atmosphere and driving the Great
Oxidation Event.

All observations presented above suggest a very different state of the Archean FEarth compared to the
modern one. The major change in the Earth’s atmosphere happened at the end of the Archean at ca. 2.45

Ga when the Earth surface reservoirs became oxygenated.
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1.2 Introduction to Xenology: principles and applications

The physical and chemical features of xenon and its nine isotopes are described in this part. The
relationships between the xenon components in the solar system are also presented as well as key points on
I-Pu-Xe systematics. Finally, the two major issues regarding the origin and evolution of atmospheric xenon

are described as well as their potential ways of resolution.

1.2.1 Isotopic structure of Xenon and physico-chemical caracteristics

Xenon (Z=54) belongs to the family of elements "heavier than iron" and its isotopes (9) were thus
produced by particular nucleosynthetic processes occurring mainly during supernovae events (Heymann
and Dziczkaniec, 1979). The position of Xe in the chart of nuclides appears in Fig. 1.14. Three main
nucleosynthetic processes are involved in the production of xenon isotopes (Clayton and Ward, 1978) (Fig.
1.14):

e p-process: proton capture reaction, '?*Xe and '?Xe are the two rarest Xe isotopes and are only

produced by this process;

e s-process: slow-neutron capture process where the neutron capture rate is small compared to the beta
decay of the unstable nuclides (Schatz, 1986);

e r-process: rapid neutron capture process. 124126:128,130X¢ isotopes are not produced through this

process because they are shielded by the corresponding stable Te isotopes (Fig. 1.14).

Xenon isotopic compositions measured for components of the modern solar system are thus reflecting the
nucleosynthetic mix of p-, s- and r-processes present at the time of Solar System formation ca. 4.57 Ga ago
(Patterson, 1956). It is worth noting here that there are numerous different Xe components defined from
analyses of meteorites (Ott, 2014). Some of them, for example the G-Xe, present nucleosynthetic anomalies
(Lewis et al., 1994) demonstrating a certain level of heterogeneity in the nucleosynthetic mix of xenon in the
early Solar System.

Among other noble gases, Xe is not only contributed by various nucleosynthetic pathways but it also
presents unique physico-chemical features. First, its ionization potential (~ 12.13 V corresponding to ~
102.2 nm) is the lowest among noble gases and is also lower than the ionization potential of hydrogen (13.6
eV). Furthermore, xenon presents an extended photo-absorption cross section up to 150 nm in the VUV

spectrum region. Fig. 1.15 depicts the photo-ionization and photo-absorption of xenon for wavelengths
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are from Chan et al. (1992).

between 0 and 160 nm. The two features presented above make xenon prone to absorb photons and to be
ionized by these particles (Hébrard and Marty, 2014).

The electronic properties of Xe atoms make also this noble gas prone to react with other atoms and to
form stable compounds such as Xe oxides (Haner and Schrobilgen, 2015). Xenon could also enter in the

framework of rock-forming minerals such as perovskite (Britvin et al., 2015).

1.2.2 I-Pu-Xe systematics and the dating of reservoirs closure

In addition to nucleosynthetic processes, radioactive decay of extinct 2°T (37, t; /2=16 Ma) and spon-
taneous fissions of extinct 2*4Pu (t; /2=82 Ma) and extant 28U (t, /2=4.46 Ga) have produced several Xe

isotopes (129:131,132,134,136 o).

These different modes of decay and variable half-lives led to the building of
useful chronometers able to put constraints on the time of closure of reservoirs (atmosphere, mantle) during
the final stages Earth’s accretion (I-Xe) or later on (I-Pu-Xe). Theoretical principles on Xe chronology are
also described in the introduction of the paper presented in section 3.4 of Chapter 3 and in the paper dealing
with the origin of mantle Xe (section 3.1 of Chapter 3) but some of the key features are presented here as
well as recent studies shedding light on the early evolution of the terrestrial mantle and atmosphere.

1297 decays into 129Xe with a half-life of 15.7 Ma (Katcoff et al., 1951). Whatever their starting isotopic
compositions, both the atmosphere and the mantle contain '29Xe excesses attributed to the decay of extinct
1297 (Reynolds, 1960; Staudacher and Allegre, 1982). These observations demonstrate that the Earth formed
and differentiated while 12T decay was still ongoing i.e. during the first tens of million years after the solar
system formation.

Compared to the straightforward deduction of atmospheric and mantle 29Xe excesses from the decay of
extinct 12T (Caffee et al., 1999; Porcelli and Ballentine, 2002), deconvolution of 131~136Xe excesses coming
from spontaneous fissions of 238U or 244Pu in mantle-derived rock or in the atmosphere is sometimes difficult
due to the lack of knowledge on starting primordial compositions for the Earth’s mantle or the atmosphere
(see section 1.2.4). Furthermore, fission spectra of Xe isotopes produced by spontaneous fissions of 223U and
244Py are also very similar (Kunz et al., 1998) except for the 132Xe/136Xe ratio which is often discriminant
(Fig. 1.16). Parai and Mukhopadhyay (2015) recently used new analyses and literature data on mantle-
derived samples (MORB samples from the upper mantle or plume-derived samples from the lower mantle)
to run a numerical model which estimates the proportions of air, primordial, radiogenic and fissiogenic
components for each magmatic source. This model is able to compute 36Xep,, /13Xep, v (Fig. 1.17(a))
and 129Xe*/136Xep, (Fig. 1.17(b)) ratios for each possible primordial composition. The two major outcomes

of this study are:
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Fig. 1.16: Fission spectra for spontaneous fission of ?**U and ?**Pu normalized to 3°Xe. Data are from Ragettli
et al. (1994).

e Lower mantle (plume-influenced) samples have higher 36Xep,, /136Xep,, 7 ratios than samples derived
from upper-mantle sources demonstrating that the lower mantle is less degassed (more plutogenic) than

the upper-mantle;

e Samples from the upper mantle show higher 129Xe* /136Xep,, ratios than those from the lower mantle.
This is paradoxical since, in the case of a homogeneous initial 12°T/244Pu ratios in the silicate Earth,
this observation would require an earlier closure time for the upper mantle than for the lower mantle.
To circumvent this paradox, Marty (1989) and Mukhopadhyay (2012) suggested an inhomogeneous
accretion with a higher contribution of volatile-rich (and thus iodine-rich) bodies to the upper-mantle

during the final stages of terrestrial accretion.

Xenology applied to the Earth’s mantle or atmosphere requires thus the knowledge of the starting com-
position of xenon accreted on Earth in order to constrain the degassing history of our planet. Differences

between the possible cosmochemical ancestors of Earth’s xenon are presented in section 1.2.3.
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129X e* /136X e p,, ratios suggest a more important contribution of wet-rich (I-rich) bodies to the upper mantle. Figure
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1.2.3 Relations between solar system components

The study of xenon contained in a great variety of solar system materials and extracted by different
techniques (bulk heating, step-heating, crushing, chemical separation) led to the definition of an extended
menagerie of Xe components defined by different isotopic compositions, release temperatures etc. (Ott,
2014). Isotopic compositions of Xe components relevant to this study and discussed in this section are
listed in Table 1.1. The following sections are focused on the potential relationships between solar (SW-Xe),

meteoritic (Q-Xe) and atmospheric Xe.

Table 1.1: Isotopic composition of Xe (normalized to 13°Xe=1) for different solar system components. Error
at lo.

Component 124)(e 4 lZ()Xe 4 ]28)(e 4 129Xe 4 131)(e 4 ISZXe 4 ]34)(e + ]36)(e +
130)(e =1

Air* 0.0234 0.0001 0.0218 0.0002 0.4715 0.0014 6.496 0.019 5.213 0.017 6.607 0.010 2.563 0.009 2.176 0.006

Q-Xe" 0.0281 0.0003 0.0251 0.0002 0.5077 0.0031 6.436 0.034 5.056 0.022 6.177 0.023 2.335 0.016 1954 0.014

SW-Xe* 0.0298 0.0009 0.0252 0.0011 0.5103 0.0044 6.306 0.033 5.004 0.028 6.061 0.029 2.237 0.014 1.819 0.011

U-Xe! 0.0293 0.0001 0.0253 0.0001 0.5083 0.0006 6.286 0.006 4.996 0.006 6.047 0.006 2.126 0.004 1.657 0.003

NEA-Xe!  0.0234 0.0001 0.0218 0.0002 0.4715 0.0014 6.053 0.029 5.187 0.007 6.518 0.013 247 0.013 2.075 0.013
Mars-Xe®  0.0246 0.0013 0.0214 0.0013 0.4763 0.006 15.55 0.16 5.139 0.035 6.481 0.038 2.597 0.018 2.277 0.016

“Basford et al. (1973) “Pepin (1991)
"Busemann et al. (2000) “Swindle (2002)
‘Meshik et al. (2014)
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Fig. 1.18: Isotopic spectrum of Solar Wind Xe compared to the Earth’s atmosphere and expressed with the delta
notation (Eqn. 1.2). The new values by Meshik et al. (2014) are very similar to those from Wieler (2002) except for
134Xe and '3%Xe that are slightly enriched in the new isotopic composition.

Solar Xe

Because the Sun hosts the major part of the mass of the solar system (> 99 %), knowing the isotopic
composition of xenon of this major reservoir is a major question in Xenology. First results of the solar
composition were obtained by analyzing Al-foils exposed to the Solar Wind (SW) impacting the surface of
the Moon during Apollo missions as well as recovered lunar soil samples (see Wieler (2002) and refs. therein).
Even if these preliminary analyses were successful in defining SW-Xe (Fig. 1.18), the recent Genesis mission,
launched by NASA, collected the Solar Wind directly in space and provided similar but more precise data
(Meshik et al., 2014) (Fig. 1.18). For Genesis results, the isotopic composition of Xe is very similar to the
one determined previously excepted for a slight depletion on !34136Xe (cf. magnification in Fig.1.18). This
depletion may reflect the presence of some 34136 Xe excesses in lunar samples due to the spontaneous fission
of 24Pu (t1/o = 82 Ma) for example. Recently, Marti and Mathew (2015) defined a solar component labeled
"Sol-Xe" very similar to the SW-Xe defined by Meshik et al. (2014). In this study, we will adopt the values
defined by Meshik et al. (2014). It must be noted here that there is no certainty that the SW-Xe sampled by
the Genesis mission properly reflects the solar composition as the ejection of the Solar Wind from the Sun
may induced an isotopic fractionation of Xe such as the fractionation observed for He, Ne and Ar isotopes
(Heber et al., 2012). A correction based on fractionation factors computed for He is tentative. However,
there is no certainty on the linear behavior of the isotopic fractionation during ejection of the Solar Wind

from the outer layers of the Sun.

The enigmatic Q component

For Ar, Kr and Xe, one component is dominating the noble gas budget of primitive meteorites: the Q
component (Ott, 2014). Xenon in this Q component (Q-Xe) presents an isotopic composition very different
from the solar composition defined above except for 126Xe/!3%Xe and 128Xe/13%Xe ratios that are indistin-

guishable from SW-Xe. This isotopic composition is represented in Fig. 1.19 in delta notation relative to
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Fig. 1.19: Isotopic compositions of Q-Xe normalized to ***Xe and to the solar composition (SW-Xe) and expressed
with the delta notation. See Table 1.1 and refs. therein for the isotopic compositions of these components.

the isotopic composition of SW-Xe (Eqn. 1.2):

iXe
(0 Ja-xe
'Xe
(W)SW—Xe

' Xe = — 1] x 1000 (1.2)

Q-Xe presents a well-resolved 129Xe excess attributed to the decay of extinct 2T (t; s2 = 15.7 Ma). A

depletion in 1?4Xe and 1317136Xe excesses are obvious even if their origins remain debated (see next section).

The nature of phase Q is, up to now, only "operational" i.e. this component is isolated by chemical
treatment and its main chemical characteristics are: resistance to HF + HCI and degassing when oxidation
by HNO3 (Busemann et al., 2000). Because the residue obtained after these chemical treatments is enriched
in carbon, a carbonaceous nature for phase Q has often been advocated (Ott et al., 1981). However, one study
demonstrated that, sometimes, releases of carbon and of noble gases do not occur over the same temperature
range upon combustion (Verchovsky et al., 2012). In this study, carbon was released at 500°C whereas Xe
was released for temperatures higher than 1000°C. This observation leaves space for other carriers of phase
Q that are sulfides. Meteoritic sulfides are commonly found in meteorites and a preliminary study already

demonstrated the presence of Q gases in sulfides located around chondrules (Vogel et al., 2004).

During this study, the potential sulfurous nature of phase Q has been analytically and theoretically
explored. This work led to the publication of a paper in Geophysical Research Letters (Marrocchi et al.,
2015) (a complete edited version of the paper is placed in Annexe 5.2). In this study, experimental work
demonstrates that noble gases trapped within meteoritic sulfides have chemical and thermal behaviors similar
to Q gases. Furthermore, we demonstrate that the isotopic composition of Q-Xe can be reproduced by a
mass-dependent isotopic fractionation of SW-Xe together with the addition of '29Xe from the decay of
extinct 12°T with iodine abundances compatible with those reported for meteoritic sulfides (Fig. 1.20).
However, U contents required to explain '31~136Xe excesses reach 50 ppm. This value appears unusually
high compared to abundances of uranium measured in terrestrial sulfides (in the ppb range) but more
analyses of uranium abundances in extraterrestrial sulfides are required. Elemental and isotopic analyses of

noble gases in extraterrestrial sulfides are also required to decide whether or not sulfides are possible carriers



38 CHAPTER 1. INTRODUCTION

40 T T T T T T T T T T T T T T
i —o—Xe-Q

. L —e— Meshik et al. (2014)
0\8 o0l —o— This study J
: F
0]
o L
T
s o ]
> L
e
o L
E _20 L -
®© i
o
©

401 i

1 1 1 1 1 1 1
124 126 128 130 132 134 136
isotopic ratio (Xe/'*"Xe)

Fig. 1.20: Modeled isotopic composition of Q-Xe corrected for the radiogenic (0.21 ppm *2°T) and fissiogenic (9.63
ppm 238U) contributions. The model is compared to a recent model based on the mixing of fractionated SW-Xe with
HL-Xe and S-Xe (Meshik et al., 2014). Adapted from Marrocchi et al. (2015).

of the phase Q.

Relations between Solar Sytem Xe components

The "classical" view of the relationship between Q-Xe and SW-Xe is that Q-Xe originated from mass-
fractionation of SW-Xe accompanied by the addition of diverse nucleosynthetic anomalies (S-Xe, HL-Xe)
and /or products (131136Xe) of the spontaneous fission of 233U and ?**Pu and by the presence of '2?Xe excess
due to the decay of extinct 2°T (Ott, 2014; Marrocchi et al., 2015; Meshik et al., 2014; Crowther and Gilmour,
2013). However, when looking precisely to the isotopic structure of these two cosmochemical components
(Fig. 1.19) and thanks to the precise determination of the isotopic composition of SW-Xe (Meshik et al.,
2014), the difference between SW-Xe and Q-Xe on light isotopes is mainly due to the depletion of 24Xe for Q-
Xe relative to SW-Xe (Fig. 1.19). This observation means that the mass-dependent fractionation advocated
to explain the difference between Q-Xe and SW-Xe may not be so obvious even if such an enrichment in
heavy isotopes and depletion in light isotopes is now easily reproduced in laboratory experiments when Xe
ions are in contact with organic matter (Kuga et al., 2015; Marrocchi et al., 2011). If ionization and isotopic
fractionation in contact with organic matter are the correct processes transforming SW-Xe into Q-Xe with
a mass fractionation measured on ?*Xe, a way to produce '26Xe and ?®Xe excesses relative to the isotopic

fractionation remains to be found.

1.2.4 Atmospheric Xenon: paradox, plausible explanations and implications

Atmospheric xenon presents striking features. It is elementally depleted and isotopically fractionated
relative to potential cosmochemical ancestors. Furthermore, even after correction for this strong isotopic
fractionation of unknown origin, it does not seem to be directly related to the cosmochemical precursors
presented in the previous section. One major goal of this study was to understand these features that are

described in this section.
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Fig. 1.21: Illustration of the xenon paradox. (a) Abundance plot showing the abundances of noble gases (Ne, Ar,
Kr, Xe) on Earth and in chondrites normalized to the abundance of Silicium and to the solar composition (adapted
from Porcelli and Ballentine (2002)). (b) Isotopic compositions of xenon measured in meteorites and in the Earth’s
atmosphere normalized to the solar composition. Isotopic compositions are from Table 1.1. Atmospheric xenon is
enriched in heavy isotopes and depleted in light isotopes compared to chondritic or solar compositions.

The xenon paradox: elemental depletion and isotopic fractionation

Nobles gases on Earth and in chondritic meteorites are depleted relative to the solar composition (Fig.
1.21(a)) (Porcelli and Ballentine, 2002). For Ne, Ar and Kr the Earth follows globally the same depletion
pattern than chondrites but the case of xenon is different. Atmospheric xenon is depleted in the Earth’s
atmosphere by a factor of 20 compared to what one would expect if the Earth was following the same
depletion pattern than chondrites. This is the first feature of the xenon paradox, there is a "missing xenon"
on Earth (Krummenacher et al., 1962).

The second feature of the xenon paradox is displayed in Fig. 1.21(b). Atmospheric xenon is enriched
in heavy isotopes and depleted in light isotopes compared to both chondritic or solar compositions. The
corresponding isotopic fractionation reaches 30-40 %o.u~!. The depleted abundance together with the iso-
topic fractionation of atmospheric xenon are the two features of the so-called "xenon paradox". It must be
noticed here that, under the goal of parsimony, any explanation proposed for one of the two features must

also consider the other feature as the depletion and the isotopic fractionation might be closely related.

The need for U-Xe to build the atmosphere?

Atmospheric xenon presents another striking feature regarding its origin. Even if analyses of mantle-
derived samples demonstrated the existence of solar Ne (Honda et al., 1987) and chondritic heavy noble
gases (Holland et al., 2009) incorporated into the Earth’s mantle during accretion, atmospheric Xe cannot
be simply derived from these known cosmochemical components by mass-dependent isotopic fractionation.
Indeed, it has been recognized for several decades that solar (SW-Xe) and chondritic (Q-Xe or AVCC-Xe)
are far too enriched in heavy xenon isotopes (particularly **Xe and '4Xe) to match, after mass-dependent
isotopic fractionation, a potential non-radiogenic/fissiogenic primitive component (NEA-Xe, Table 1.1) for
the Earth’s atmosphere (Igarashi, 1995; Pepin, 1991). This feature is shown in Fig. 1.22 where the isotopic
composition of the modern atmosphere falls systematically at the left-side of the curves of the mass-dependent
isotopic fractionation of SW-Xe or Q-Xe. Because there is no known specific process able to remove only
136Xe from the atmosphere, the starting isotopic composition, after correction for isotopic fractionation,

must present a deficit in 13¢Xe relative to other potential primordial components (SW-Xe or Q-Xe).
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Fig. 1.22: Three-isotope plot showing the primordial components of the solar system Q-Xe, SW-Xe, U-Xe (isotopic
ratios and errors (20) are from table 1.1). Only the mass-dependent isotopic fractionation (see thick black arrow) of
U-Xe is able to lead to a non-radiogenic atmospheric xenon (NEA-Xe) that subsequently moves toward the modern
atmosphere with addition of 2**Pu-derived fissiogenic Xe (Pepin, 1991).

Several studies (Pepin, 1991; Takaoka, 1972) tried to address this fundamental problem by statistically
analyzing the interception in isotopic hyperplanes (7 dimensions) between the isotopic composition of xenon
in the atmosphere, in bulk chondrites and in the Sun. These theoretical studies determined an isotopic
composition labeled U-Xe (see Table 1.1) or Primitive Xe in the case of (Takaoka, 1972). "U" is here for
"Ur" meaning "Primitive" not "Uranium". This component, almost identical in both studies, was interpreted
as a possible primitive composition of Xe for the terrestrial atmosphere. The isotopic composition of the
U-Xe component (Fig. 1.23) is almost similar to SW-Xe except for the heavy isotopes 3*Xe and 13¢Xe that
are depleted by 5 and 9 % respectively (Table 1.1). This depletion, of unknown origin, is the key to explain
why U-Xe is a tentative primordial component for the Earth’s atmosphere. Indeed after mass-dependent
isotopic fractionation, 317 136Xe isotopes remain depleted relative to the modern atmosphere leaving space
for some addition by the spontaneous fission of 244Pu and/or 23%U. Recently, Meshik et al. (2015) proposed
that U-Xe is not a real existing component but rather than the starting isotopic composition for the Earth’s
atmosphere is a slightly mass-fractionated SW-Xe. This primitive composition has to have been subsequently
mass-fractionated to a higher level in order to match light isotopes of the modern atmosphere. The point
here would be that Xe produced from fission of 244Pu was depleted in 131 ~134Xe (and thus relatively enriched
in 136Xe) in the early atmosphere due to "chemical separation" of radioactive precursors in a similar manner
to what was measured in samples from the natural Oklo nuclear reactor (Meshik et al., 2000). A major
part of this early atmosphere would have been subsequently lost leaving a terrestrial fission Xe enriched
in 1317134Xe matching fission Xe for the modern atmosphere computed by Igarashi (1995). The potential
problem of this theory is that, whatever the nature of the fission component, the isotopic fractionation of
SW-Xe required to match the isotopic composition of light Xe isotopes (i.e. 1247128Xe/130Xe) still leads to
a 135Xe excess relative to the modern atmosphere (Fig. 1.22) and this observation is valid whatever the

yield of the fission component (enriched or depleted in *Xe) subsequently degassed by the mantle into the
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Fig. 1.23: Isotopic spectra of SW-Xe and U-Xe (before and after mass-dependent isotopic mass fractionation)
relative to the isotopic composition of atmospheric Xe. Error bars at 1o and are usually smaller than the symbols for
129-136% e This plot, adapted from Pepin and Porcelli (2002), demonstrates that only U-Xe is a potential primordial
component for the Earth’s atmosphere as fractionation of SW-Xe leads to **713Xe excesses. The situation is even
worse for Q-Xe that already carries '**1%6Xe excesses (Busemann et al., 2000).

atmosphere (Ballentine and Burnard, 2002).

Whatever its nature and mode of formation U-Xe seems necessary to build the terrestrial atmosphere
(Avice and Marty, 2014; Pepin, 1991) and despite an active search it has never been undoubtedly found in
any extraterrestrial material (Pepin, 1994). Only one step-heating experiment on the Tatahouine diogenite
probably coming from the upper crust of the Vesta asteroid leads to results with a xenon isotopically similar
to U-Xe for the 1000 and 1200°C steps (Michel and Eugster, 1994). However the isotopic composition is also
very similar to SW-Xe at the 20 level where only a slight '3Xe deficit might still be present.

Previous attempts to solve the Xe paradox

Dauphas and Morbidelli (2014) recently reviewed previous theoretical models that tempted to explain
the xenon paradox (elemental depletion and isotopic fractionation) by using a combination of hydrodynamic
escape episodes and storage of noble gases (and specially Xe) in the Earth’s mantle or early preferential
degassing of xenon (Pepin, 1991, 1997; Tolstikhin and O’Nions, 1994).

Pepin (1991) proposed a model to solve the xenon paradox. This model is described in Fig. 1.24 modified
after Dauphas and Morbidelli (2014). Abundances of noble gases are normalized to the solar composition
and expressed in log units. Numbers close to dots correspond to the fractionation factors (in permil per
atomic mass unit, %o.u~!) defined by Dauphas and Morbidelli (2014). For example, for xenon it corresponds
to
(128 X e/ X €);eservois

(128X e/139 X €)5o1ar
128 — 130

The first step of this model (Fig. 1.24 (a)) is the elemental and isotopic fractionation (red circles) of

(

— 1) x 1000
FXe =

atmospheric noble gases, originally having solar isotopic compositions (white circles), by giant impact-driven
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Fig. 1.24: Hydrodynamic escape and preferential Xe retention model for the origin of Earth’s noble gases proposed
by Pepin (1991). (a) Early hydrodynamic escape of all noble gases (b) Mantle degassing with preferential retention
of Xe in the Earth’s mantle (c) Last episode of EUV-driven escape to match the abundance and isotopic composition
of atmospheric Ne. See text for details on the steps. Figure adapted from Dauphas and Morbidelli (2014).
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hydrodynamic escape. Light noble gases are more depleted and isotopically fractionated than heavy ones
during this escape episode. The second step (b) is the subsequent degassing of solar Ne, Ar and Kr originally
stored in Earth’s mantle. This degassing replenished the atmosphere with solar Ne, Ar and Kr and thus
decreased their isotopic fractionations. During this degassing episode, Xe remained stored in the Earth’s
mantle. This preferential storage permitted the persistence of highly fractionated Xe in the atmosphere (37
%o.u1). A last EUV-driven hydrodynamic escape episode was necessary to fractionate Ne isotopes (c). The
major difficulty of this model is that xenon had to have been quantitatively retained in Earth’s mantle or
core during episodes of mantle degassing (b). Recently, Zhu et al. (2014) proposed that the inner and outer
parts of the Earth’s core may store significant amounts of Xe under the forms of stable XeNiz and XeFes.
These compounds appear to be stable at the temperatures and pressures met in the core. However, this
study is based on first-principles calculations and no experimental study has yet explored if Xe is effectively
trapped in such compounds. Storage of Xenon in the silicate Earth has also been advocated. Sanloup et al.
(2005) demonstrated that Xe can be stored in SiOs compounds under P-T conditions corresponding to the
lower continental crust. Even if the formation enthalpy is higher for XeOs than for SiO5 at room conditions.
The melting of Xe occurring at 5 GPa and 1500 K induces a larger Xe molar volume contributing to the
reduction of free enthalpy. In these conditions, substitution of Si by Xe in the crystal network becomes
possible. After a return to room temperatures and pressures, only 5 % of Xe (mainly in bubbles) remains in
the crystal. Contrary to that, other experimental studies demonstrate that Xe is one order of magnitude less
soluble than Ar in perovskite at 25 Gpa and 1600-1800°C (Shcheka and Keppler, 2012). These results raise
doubt on the possibility to quantitatively store Xe in the Earth’s mantle during early episodes of intensive

degassing.

Tolstikhin and O’Nions (1994) proposed a different model based on the low solubility of Xe in silicate
melts relative to other noble gases (e.g. Shcheka and Keppler (2012)). In this model, Xe was preferentially
lost from the magma ocean, for example in the aftermaths of the Moon-forming impact, and isotopically
fractionated by hydrodynamic escape. Remaining noble gases were then subsequently degassed and lost
to space. Preferential retention of He, Ne, Ar and Kr in perovskite crystallized from solidification of the
magma ocean argues in favor of this model (Shcheka and Keppler, 2012). However, the depletion and isotopic
fractionation of Xe must have happened very early in Earth’s history since after solidification of the magma
ocean, intensive mantle degassing induced by the onset of mantle convection would have replenished the

atmosphere in He, Ne and Ar.

Dauphas (2003) proposed an alternative model involving a cometary contribution to the Earth’s atmo-
sphere (Marty and Meibom, 2007). In this model, an initial atmosphere with a solar abundance pattern
(depleted by a factor of 103) and solar isotopic compositions was lost by hydrodynamic escape. A second
cometary contribution with no Ne and low Xe abundances, as measured in amorphous ices experiments
(Bar-Nun and Owen, 1998), replenished the atmosphere in Ar and Kr and modified their isotopic composi-
tions toward less fractionated values. In this model, atmospheric Xe was kept under-abundant and highly

fractionated.

It must be noticed here that all types of models presented above require an early hydrodynamic escape
and isotopic fractionation of the atmosphere and that these models rely on still poorly constrained parameters
(differential solubility of noble gases in the early magma ocean, extent of hydrodynamic escape, abundances
of Xe in cometary ices). One common outcome of these models is that the two features of atmospheric Xe
(depletion and the isotopic fractionation) would have been acquired early in Earth’s history i.e. during the

first hundreds of Ma after solar system formation.
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Archean Xe: the key to solve the xenon paradox?

The first discovery of past-atmospheric xenon isotopically fractionated happened during analyses of 3.5
Ga-old archean barite (BaSOy4) samples from North Pole (Australia). During total extraction experiments
at 1650°C, Srinivasan (1976) demonstrated the presence in these samples of a trapped mass-dependently
fractionated xenon mainly revealed by a depletion in '34136Xe isotopes relative to the modern atmosphere.
Excesses on light isotopes produced by this mass-dependent fractionation were masked by various excesses
due to neutron-capture and spallation effects. The extent for the mass fractionation can be estimated at
17%0.u!. A recent study analyzed similar barite samples from North Pole (Pujol et al., 2009). The isotopic
spectrum of xenon trapped in the barite crystal lattice and extracted at 1650°C from these samples carried

the signature of several isotopic effects:

e mass-dependent isotopic fractionation of 21 4= 3 %o.u™! originally interpreted as resulting from mutual
diffusion together with Rayleigh’s distillation during hydrothermal liquid-gas interactions when barites

formed;

o 30Xe excess due to the weak decay of '3°Ba that permitted to define the half-life of 3°Ba
(t1/2:6.1020a);

o 131-136Xe excesses due to the spontaneous fission of 223U that permitted to compute a formation age

of 3.5 Ga for these barite samples.

Meshik et al. (2001) analyzed recent barite samples (134 Ma) and demonstrated, after corrections for
decay of 139Ba, that xenon trapped in these samples had an isotopic composition similar to the modern
atmosphere. This study is thus confirming that there is no isotopic fractionation of Xe during barite forma-
tion. Studies described above demonstrate the great potential of barites for recording isotopic compositions
of Xe at the time of their formation. Furthermore, the presence of Xe isotopes produced by the spontaneous
fission of 238U ensures a direct dating of any mass fractionation of Xe isotopes detected in such samples.
However, the large quantities of sulfur released when heating barite samples is problematic as the required
purification is fastidious (Pujol et al., 2009), risky for the mass-spectrometers and still requires analytical
developments.

More recently, Pujol et al. (2011) demonstrated that xenon trapped in fluid inclusions in quartz samples
from the Barberton Greenstone Belt was also isotopically intermediate between a Solar or Chondritic isotopic
composition and the modern atmosphere (Fig. 1.25). The use of the Ar-Ar dating method permitted to
get an age of 3.0 Ga for the time of fluid entrapment. Even if it was argued that this isotopic signal signal
might reflect a mixing between a normal (i.e. unfractionated) atmospheric component and a mantle-derived
end-member with an isotopic composition similar to U-Xe (Pepin, 2013), Pujol et al. (2013a) demonstrated
that this explanation is unrealistic based on crustal-like neon isotopic ratios in these samples and the absence
of 129Xe excess produced by the decay of extinct 1?° in the Earth’s mantle. Such excess would be expected
if any mixing between a primitive mantle and an atmospheric end-members took place (Caffee et al., 1999).
The isotopic composition of Xe recorded in these quartz, once corrected for contributions from spontaneous
fission of #*3U, is thus probably reflecting the isotopic composition of the atmosphere 3.0 Ga ago. This
isotopic composition is enriched in light isotopes and depleted in heavy isotopes (Fig. 1.25) corresponding
to a mass-dependent fractionation of 10+5%0.u~! (1¢). These conclusions led the authors to revisit the
previous conclusion about a mass-dependent effect induced by hydrothermal circulations explaining the mass
fractionation of 2143%o.u~! measured in Archean barites (Pujol et al., 2009). They favored the hypothesis
that this isotopic fractionation also represents the isotopic composition of the atmosphere 3.5 Ga ago.

In a recent work, Holland et al. (2013) analyzed the isotopic composition of xenon dissolved in ancient

free fluids from the Canadian Precambrian shield. They found excesses of light isotopes of Xe and computed
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Fig. 1.25: Isotopic composition of Xe in North Pole fluid inclusions once corrected for 1391317136 Xe excesses. After
correction, a mass-dependent fractionation of 1045%o.u~" is still present and reflect the isotopic composition of xenon
in the Archean atmosphere. Adapted from Pujol et al. (2011).

an isotopic fractionation of Xe of 341 %o.u™! (1) and used a preliminary curve of the evolution of the
isotopic composition of atmospheric Xe with time (Marty, 2012) to date these fluids. It must be noticed here
that the use of this preliminary curve was somehow premature because no data points existed for the period
of time considered here (1.5 to 2.7 Ga inferred from radiogenic isotope excesses). Indeed, the mechanism
behind the progressive isotopic fractionation of Xe remains largely unknown and there is no certainty on the
mode of evolution of the isotopic composition of atmospheric Xe as well as on the parameters governing this
evolution. This study is thus confirming the existence of past-atmospheric Xe with an isotopic composition
intermediate between primordial Xe and the modern atmosphere but the age of this fractionation remains
hard to establish (see the range in Fig. 1.26).

A compilation of the existing data on the evolution of the isotopic composition of atmospheric Xe is
listed in Table 1.2 and displayed in Fig. 1.26. Results for fluids from the Canadian Precambrian shield are
represented here with ages spanning 1.5 Ga to 2.7 Ga (Holland et al., 2013). The isotopic fractionation seems
to decrease from primordial values of 30-40%o.u~! (depending on the starting isotopic composition, Solar,
Chondritic or U-Xe) toward lower values in the Archean and finally reaching the isotopic composition of the
modern atmosphere. An isotopic evolution of atmospheric Xe through time, still ongoing at least 2.7 Ga
ago, demonstrates that previous models built to explain the xenon paradox (elemental depletion and isotopic
fractionation) with an early hydrodynamic escape and, in some case, storage of Xe in the Earth’s mantle
(Pepin, 1991; Tolstikhin and O’Nions, 1994) and presented in section 1.2.4 need to be revisited. Naturally,
more data are needed to confirm these preliminary results and to search for the possible physico-chemical

mechanisms behind this long-term isotopic evolution of atmospheric Xe.

Long-term escape and isotopic fractionation of Xe

The progressive evolution of the isotopic composition of atmospheric Xe (see section 1.2.4) has been
interpreted as evidence for progressive escape of Xe atoms from the atmosphere to the outer space (Pujol
et al., 2011; Marty, 2012) accompanied by an instantaneous isotopic fractionation when Xe is ionized in

presence of organic haze (Hébrard and Marty, 2014). Hébrard and Marty (2014) used a photo-chemical
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Table 1.2: Compilation of the existing results on the isotopic composition of atmospheric Xe. n.d. is for not

determined.
. . IS(.)tOP ¢ Used Xe isotopes
Geological Area (Country) Lithology Age (Ga) + fractionation + MSWD Reference
" (/""Xe)
(%o.amu’)
Previous studies
North Pole (Australia) barites 348 0.09 21 3 n.d. 129,132,136 Pujol et al., 2009
North Pole (Australia) barites 3.5 n.d. 13.7 n.d. n.d. 134, 136 Srinivasan, 1976
North Pole (Australia) quartz 3.1 0.4 15 5 n.d. 128,129,132,134,136  Pujol et al., 2013
North Pole (Australia) quartz 3.0 +0.2 10 5 n.d. 128,129,131 Pujol et al., 2011
Timmins (Canada) fluids see text - 3 1 0.067 124,126,128,130 Holland et al., 2013
Belorechenskoe (Russia) barites 0.170 0.015 0.5 n.d. n.d. 124,126,128,129 Meshik et al. 2001
Previous studies
40 @ Pujol et al. (2009)
. . @ Srinivasan (1976)
. Primordial Xe ® Pujol et al. (2013)
A @ Pujol et al. (2011)
S 30 Meshik et al. (2001)
= @ Holland et al. (2013)
\g_ 4
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‘©
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X @
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Fig. 1.26: Evolution of the isotopic composition of atmospheric xenon with time in notation §Xe (%o.u™") relative to
the isotopic composition of the modern atmosphere. The starting isotopic composition is either Solar or Chondritic

(cf. Table 1.1). Data are from Table 1.2.
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Fig. 1.27: Results of the photochemical model presented in Hébrard and Marty (2014). Production of organic
aerosols (AER in the left panel) and ionization of Xe (Xe + hv in the right panel) occurred at similars altitudes 3.5
Ga ago.

model to explore several parameters controlling Xe trapping and isotopic fractionation in organic haze and
escape of the remaining fraction from the Archean atmosphere to the outer space.

Firstly, there is no isotopic fractionation of neutral Xe upon adsorption (Marrocchi and Marty, 2013) but
some isotopic fractionation around 1%o.u~! occurs when Xe is ionized and in presence of organic matter
(Kuga et al., 2015; Marrocchi et al., 2011). This feature requires an enhanced EUV flux from the young
Sun in order to achieve ionization of Xe in the Archean atmosphere before its trapping in organic hazes.
Observation of the luminosity of other stars similar but younger than our Sun already demonstrated that,
indeed, the incoming EUV flux at the top of the atmosphere was higher 3.5 Ga ago (Ribas et al., 2005).
It must be noticed here that a higher EUV flux during the Archean eon is also maybe required to explain
mass-independent fractionation of sulfur isotopes recorded in ancient sediments (Farquhar and Wing, 2003).
Secondly, the presence of organic matter in the form of hydrocarbon aerosols ("hazes") in the Archean
atmosphere is possible when starting with an atmosphere with a high CH,/CO4 ratio. Such a highly-reduced
atmosphere during the Archean has indeed often been advocated (see Shaw (2014) and refs. therein). One
of the major results presented by Hébrard and Marty (2014) is that the production of organic hazes and
the ionization of Xe happened at similar altitudes in their modeled 1D Archean atmosphere (Fig. 1.27)
and that the ionization and trapping of Xe occurred more frequently due to an enhanced production rate
of aerosols and an easy ionization. This model is thus able to reproduce the depletion together with the
isotopic fractionation of Xe. Because the presence of organic hazes is necessary to trap ionized Xe and if this
model is correct, the modern isotopic composition of atmospheric Xe should have been established before
the global oxygenation of the Earth’s atmosphere. After this event, the presence of Os in the atmosphere
prevented stabilization of organic hazes and thus the reservoir necessary to trap and fractionate Xe isotopes
did not exist anymore. Furthermore the progressive establishment of and ozone-rich (O3) layer in the upper
atmosphere acted as a protection against the EUV flux and prevent any efficient ionization of Xe atoms in

the atmosphere.

1.2.5 The case of Mars-Xe: a similar story?

Even if space missions are still helping to put constraints on the isotopic composition of noble gases and
nitrogen in the Martian atmosphere (e.g. Wong et al. (2013)), studies of noble gases and nitrogen trapped in
Martian meteorites give the most precise results so far on the isotopic composition of volatiles in the Martian
atmosphere and in Mars interior (see Swindle (2002); Bogard et al. (2001) for comprehensive reviews).

SNC (Shergotty, Nakhla, Chassigny) meteorites are thought to originate from asteroidal impacts on

Mars (Treiman et al., 2000). During the impact, fragments of the Martian crust were ejected in space.



48 CHAPTER 1. INTRODUCTION

1 1500 - 1600 % $°
200 : : 7
— 4
& 100
2
()
X 1
o
-100 -
@ Air
) @ Mars atm. (Swindle et al. 1986)
7 o o @ Mars atm. (Garrison & Bogard, 1998)
M int. (Mathew & Marti, 2001
_2004‘/ @ Mars int. (Mathew arti )

[ [ T T T T [ [
124 126 128129 130131 132 134 136

Fig. 1.28: Isotopic compositions of xenon in the Martian atmosphere and interior in notation §°Xe (%o.u™') relative
to the isotopic composition of the Solar Wind (Meshik et al., 2014). Data are from Table 1.1 and from Swindle et al.
(1986); Mathew and Marti (2001).

After several million years the parent-body of the SNC meteorites was disturbed by impacts and fragments
finally collided with Earth. During the impact on Mars, portions of the Martian crust melted and trapped
Martian atmospheric gases (Wiens et al., 1986). Analyses of these glass fragments in the Antarctic meteorite
EETA79001 (Swindle et al., 1986) helped to define the isotopic composition of Xe in the Martian atmosphere
while analyses of Xe trapped in the Chassigny meteorite provided information on the isotopic composition
of Xe in Mars interior (Mathew and Marti, 2001). These isotopic compositions are reported in Fig. 1.28.

The isotopic composition of Xe in the Martian atmosphere appears broadly similar to the isotopic com-
position of the Earth’s atmosphere except for a large '2° Xe excess due to extinct '2°I. Contrary to terrestrial
Xe that seems derived from a U-Xe like composition (see section 1.2.4), Mars-Xe may be directly linked to
SW-Xe by an isotopic fractionation of 3144 %o.u™! (10). The fact that both Earth and Mars share a com-
parable isotopic fractionation of Xe together with similar 34Kr/*¥2Xe ratios (~ 1/20) is intriguing because
the two planets have very different geological histories (Dauphas and Pourmand, 2011) and "astronomical"
features (distance from the Sun, mass, solar flux etc).

At the beginning of this study, analyses of argon and nitrogen isotopes in a freshly found Martian mete-
orite named "Tissint" that fell in the Moroccan desert have been published in a contribution in the journal
Science (Aoudjehane et al., 2012). This paper is placed in Annexe 5.3. Nitrogen and argon abundances and
isotopic compositions measured in glass fragments of the Tissint meteorite define a linear correlation from
the Earth’s atmospheric composition toward values for the Martian atmosphere measured by the Viking
spacecraft (NASA mission) (Owen et al., 1977). The 65N value around 620 %o for the Martian atmosphere
has often been interpreted as the evidence of strong photochemical escape events accompanied by Solar Wind

sputtering events (Jakosky and Pepin, 1994).

1.3 Questions and research opportunities

This Chapter demonstrated that the origin of volatile elements in the terrestrial mantle and atmosphere

is still a debated question. The origin of Xe on Earth is even more enigmatic due to the striking features

!

of atmospheric Xe forming the "xenon paradox" and to the lack of uncontaminated samples to determine
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the starting isotopic composition of mantle Xe necessary to track the interactions between the mantle and
the atmosphere. Furthermore, knowing the elemental composition of the Archean atmosphere is a key to
understand how to keep a warm early atmosphere (4 ocean) in which early forms of life emerged. The
sulfur isotope composition of ancient sediments suggest also major changes in the Earth atmosphere linked
to its progressive oxidation. An evolution of the isotopic composition of atmospheric Xe might help to

constrain these changes. The main questions that orientated this study are:

- What is/are the origin(s) of Xe on Earth? Even if the origin of mantle Xe remains enigmatic,
krypton in the Earth’s mantle has probably a chondritic origin whereas theoretical studies suggested that
atmospheric Xe cannot be directly derived from Chondritic or Solar sources. One part of this study was
dedicated to the analysis and interpretations of results obtained on mantle-derived gases from the Eifel
magmatic region (Germany) to search for the origin of Xe in the deep mantle. Xe in quartz samples
recovered from the Barberton Greenstone Belt area was also analyzed at high precision in order to constrain

the origin of atmospheric xenon.

- What is the elemental and isotopic composition of the ancient atmosphere and what
is the evolution of the isotopic composition of atmospheric Xe with time? Results from
previous studies presented in section 1.2.4 demonstrates that the isotopic composition of Archean at-
mospheric Xe was different from the modern one and that such results might be keys to understand
the xenon paradox. However, more precise results are necessary to confirm this isotopic fractionation
of atmospheric Xe in the past and to understand what are the processes that were involved in this
progressive isotopic fractionation. Part of this work was dedicated to the careful selection and analysis
of samples in order to complete the curve of the evolution of the isotopic composition of Xe (Fig. 1.26)

from the Archean to Present and to further characterize the isotopic composition of the Archean atmosphere.

Samples and analytical tools used to answer these questions are summarized in Chapter 2. Results and
their implications are described in papers (published or in preparation) listed in Chapter 3. Chapter 4

provides an additional discussion as well as the conclusions and perspectives of this study.



Chapter 2

Samples Characterization and Analytical
Methods

This chapter contains descriptions of the geological setting of samples analyzed during this study as well
as details on the analytical techniques used to measure the abundance and isotope composition of noble
gases and nitrogen contained in these rocks. Some additional informations are also present in papers

compiled in the next chapter (Chapter 3, Results and Implications).

Contents
2.1  Geological setting of the samples . . . . . . . . ... . L L Lo 50
2.1.1  The Barberton greenstone belt (South Africa) . . . . . ... ... ... ...... 50
2.1.2  The Hamersley Basin and the Fortescue Group (Australia) . . . . . ... ... .. 56
2.1.3  Other studied geological areas . . . . . . . . . . ... ... .. 58
2.2 Analytical methods . . . . . . . . . . e 61
2.2.1 Noble gas mass spectrometry . . . . . . ... ... L Lo 61
2.2.2  Ar-Ar extended method: Ar-Ar ages and halogens (I, Cl, Br) abundances . ... 67
2.2.3  Analyses of other noble gases (Ne, Ar) and nitrogen . . . . .. ... ... ... .. 69

2.1 Geological setting of the samples

The diverse geological contexts (lithologies, ages, metamorphic and resetting events ...) of samples
analyzed during this study are described in this section. Particular attention is paid to samples from the
Barberton Greenstone Belt (South Africa) and the Hamersley Basin (Australia) as their extensive analyses

gave particularly precise and interesting results (chap. 3).

2.1.1 The Barberton greenstone belt (South Africa)

The Barberton Greenstone Belt (BGB hereafter) is located in the southeastern edge of the Kaapvaal
craton, NE South Africa. It is made up of a succession of supracrustal rocks that dip in the N-E/S-W
direction and that form the Swaziland Supergroup. These rocks are overlaid and intruded by magmatic rocks
(e.g. TTG-type intrusions) (Hofmann and Harris, 2008).The Swaziland Supergroup is subdivided in three
lithological groups (the Onverwacht, the Fig Tree and the Moodies Groups) (Fig. 2.1).

50
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Fig. 2.1: 3D schematic map showing the structural relationships between the main petrographic units of the Bar-
berton Greenstone Belt. Ages of the main intrusive units are also shown. Adapted from de Wit et al. (2011).

The Barberton Greenstone Belt underwent only low-grade post-depositional alterations with a peak
metamorphism up to the greenschist facies (Tice et al., 2004) and is thus often considered as the best
preserved 3.0-3.5 Ga-old rock sequence worldwide (Hofmann, 2005).

Description of the BARB3 core samples

Five cores were drilled in the BGB as part of the ICDP project "Peering into the Cradle of Life" (PI:
N. Arndt). The five sites chosen for drilling operations were located in very different geological parts of the

BGB in order to drill cores that cross-cutted several formations and lithologies (Fig. 2.2):

BARB 1,2 "Tjakastad Komatiites", ultramafic rocks (komatiites, basalts);

BARB 3 "Buck Reef Chert", cherts intercalated with mafic rocks;

BARB 4 "Mendon Formation", shales and Banded Iron Formations (BIFs);

BARB 5 "Barite Valley", shales and Banded Iron Formations (BIFs).

Samples were collected for all of the cores presented above, but the main results of this work were obtained
by analyzing samples from the BARB 3 core. The BARB 3 core was drilled in rocks of the Kromberg
Formation (>3.33 Ga). The Kromberg formation consists in pillowed and massive basalt, komatiites, cherts
and some later ultramafic sills (Fig. 2.3). The ages of the Kromberg volcanic rocks are not well known but
must be older than 3.352 Ga, which is the age of one of the gabbroic intrusions cutting the lavas (Furnes
et al., 2013; Kamo and Davis, 1994). Unfortunately, the mafic nature of most of the Barberton lavas prevents
any simple recovering of zircons and, thus, straightforward dating.

Localization of collected samples in the BARB3 core are indicated in Fig. 2.3. Samples are mainly from

macro-crystalline quartz veins intruded in cherts or mafic lavas of the Kromberg formation (Fig. 2.4). It
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Fig. 2.2: Simplified geological map of the Barberton area with localisations of the drill sites and ages of the various
plutons intruded in the vicinity. Right: schematic log of the formations sampled during the drilling operations
(courtesy: N. Arndt). Map modified after Hofmann et al. (2014). Age data are from Kamo and Davis (1994).

may appear strange to sample and analyze volatile elements in fluid inclusions contained in these lithologies
since the cross-cutting nature of veins demonstrates that they were derived from secondary fluid circulation
events in rocks from the Kromberg formation. However, collected quartz crystals contain numerous fluid
inclusions potentially rich in xenon (Bohlke and Irwin, 1992). Furthermore, application of the Ar-Ar dating
technique to these quartz samples has the potential to reveal the age of fluid entrapment. See, for example,
the work by Kendrick et al. (2006) on Proterozoic quartz crystals.

Preliminary microscopic observations show that quartz samples are rich in fluid inclusions (Fig. 2.5(a)).
Some inclusions are of primary origin (Fig. 2.5(c)), but most of them have a secondary origin as demonstrated
by their locations in trails whose orientations are parallel to the vein orientation (Fig. 2.5(a,b)). Primary
and secondary inclusions have comparable sizes (~10um) and carry 2 phases: liquid + vapor (Fig. 2.5(c)).
It would be very interesting to conduct a comprehensive study of these inclusions since it could permit to
put constraints on pressure and temperature conditions of quartz formation even if lot of care is necessary
when studying fluid inclusions located in metamorphosed rocks (Touret, 2001). It is worth noting that the
lack of knowledge on the origin and conditions of formation of these fluid inclusions is not too much of
a problem for searching ancient atmospheric xenon signatures since crustal non-radiogenic/non-fissiogenic
noble gases are dominated by the atmospheric signature (> 99.8 %, Drescher et al. (1998)). Fluid inclusions
in quartz samples have thus the potential to record the isotopic composition of the atmosphere. It is evidently
necessary to get constraints on the age of fluid inclusions and fluid entrapments, which can be obtained by
the Ar-Ar method.

After crushing for noble gas experiment (see section 2.2.1), oxygen isotopes analyses were carried out
on quartz powder at the stable isotopes laboratory (CRPG, France). 'O yqrt» values (Table 2.1.1) range
from 11.3 to 21 %o. These results correspond to temperatures between 93°C and 190°C during silica pre-
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Fig. 2.3: Stratigraphic log identifying lithologies cutted by the BARB 3 core and localization of collected samples.

Courtesy: A. Hofmann.
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Fig. 2.4: Photographies of two samples from the BARB3 core. (a) Sample BMGA3-9 is from a vein, filled with macro-
crystalline quartz crystals, cross-cutting white chert. The transition between the two lithologies is sharp with two
parallels straight lines. (b) Sample BMGA3-11 is a macro-crystalline quartz vein intruded in a lithology dominated
by white chert and an alternance of black and white chert. The transition between the vein and the intruded rock is
sharp but irregular.

Table 2.1: Isotopic composition of oxygen in Barberton quartz samples expressed with the d notation relative
to the SMOW standard. Typical error is 0.2 %o.

Sample 8"®Ogmow (%o)
BMGA 3-4 11.3
BMGA 3-9 21.0
BMGA 3-9 20.3
BMGA 3-11 18.2
BMGA 3-11 18.1
BMGA 3-13 12.5
BMGA 3-13 12.2

cipitation (Clayton et al., 1972), if the Archean seawater had an oxygen isotope composition close to the
modern ocean but slightly depleted in *¥O because of the absence of ice caps (Robert and Chaussidon, 2006)

(5180arch.seawater =-1 %0)-

Even if metamorphism in the BGB area remained limited and reached only the lower greenschist facies,
pervasive fluid circulation events occurred in all rocks of the BGB resulting in silicification of sediments and
K-metasomatism (Hofmann, 2005). Toulkeridis et al. (2015) applied the Rb-Sr, Sm-Nd and Pb-Pb isotopic
systems on shales from the BGB and demonstrated that even if some fluids circulated in the samples until
2.2 Ga ago, fluid circulations events were not sufficient to reset all isotopic systems. This observation argues

in favor of a possible preservation of an atmospheric Xe signal in quartz collected in the BGB area.
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Fig. 2.5: Microphotography of fluid inclusions in Barberton quartz samples. (a) Photography of a large portion of
the thick section of BMGA3-11 sample. Macrocrystalline quartz is in the middle of the vein delimited by cherty
lithology (lower left). Trails of fluid inclusions are visible in the middle of the large quartz crystals. The preferential
orientation of trails is indicated by the dashed blue lines. (b) Microphotography of a trail of fluid inclusions in sample
BMGA3-9. (c) Microphotography of a two-phases (L+V) fluid inclusion in sample BMGA3-3.
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Recent advance on the study of silicified rocks from the Barberton Greenstone Belt relevant
to this study

Recently, Farber et al. (2015) analyzed cherts and quartz veins in silicified komatiites and sediments of the
Mendon Formation (3.33 - 3.245 Ga), which is overlaying the Kromberg Formation. Oxygen isotope ratios
of both lithologies are compatible with silica precipitation during low-temperature (< 100 °C) hydrothermal
processes (6180 = 18 - 21 %o). Numerous secondary fluid inclusions in macrocrystalline quartz are similar to
the few clustered primary inclusions (2 phases L+V) and have homogenization temperatures of 150-200 °C.
The authors of this study consider that the fluid entrapment occurred during a late metamorphic overprint
consistent with regional deformation and regional-scale metamorphism at 3.23 Ga. Farber et al. (2015)
pointed out that halogens ratios, measured by the crush-leach technique, do not reflect directly the halogen
composition of the Archean seawater since fluids identified in fluid inclusions in these quartz crystals have
been modified during hydrothermal circulations. Samples analyzed in this study are very similar to those

analyzed by Farber et al. (2015) and may thus share a common origin.

2.1.2 The Hamersley Basin and the Fortescue Group (Australia)

Some of the oldest (3.5 Ga) rocks on Earth are located in the Pilbara craton (Australia). Pujol et al.
(2009, 2011) already measured Xe in rocks from this geological area and these previous results are described
in section 1.2.4. Part of this PhD study was focused on younger rocks from the regional Hamersley basin
located in the southern part of the Pilbara craton (Fig. 2.6).

The Hamersley basin is located in the southern part of the Pilbara Craton. It is a volcano-sedimentary
basin stratigraphically defined as the Mt Bruce Supergroup (2.78 to <2.45 Ga). The Mt Bruce Supergroup is
divided in three components: The Fortescue Group (2.78 - 2.68 Ga) (Arndt et al., 1991) that unconformably
overlies granite-greenstones of the Pilbara Craton, the Hamersley Group containing Banded Iron Formations
(BIFs) (2.63 - 2.45 Ga) and the Turee Creek Group (< 2.45 Ga). Samples analyzed in this work are from
the Fortescue Group. It is a sequence of mafic and felsic volcanic rocks with their associated sedimentary
rocks covering 40,000 km? (Thorne and Trendall, 2001; Philippot et al., 2009)

Description of the samples

Samples analyzed in this study are labeled Pi03-17 and Pi03-44 and were kindly provided by P. Philippot
(IPGP, Paris). They are from the 2.745-2.73 Ga old Boongal formation and from the Maddina formation
(2.718 - 2.715 Ga), respectively (Trendall et al., 2004). These formations belong to the Fortescue Group.

The Boongal formation consists mainly of basalt flows and pillow lava basalts. Subaerial basaltic lavas
usually contain spherical amygdales filled with quartz. Sample Pi03-17 is one example of these amygdales
(called quartz pods hereafter). The Maddina formation also contains these amygdaloidal flows with cavities
up to 30 mm large filled with quartz. These quartz-filled amygdales are quite similar to other quartz pods
located in older (3.5 Ga) rocks and described and analyzed by Pujol et al. (2011). These 3.5 Ga-old quartz
pods are usually interpreted as the result of hydrothermal circulation events driven by the hot basaltic lavas
(Buick and Dunlop, 1990). If quartz samples from the Fortescue Group were deposited in a similar setting,
their age is probably close to the age of the lava emission i.e. 2.7 Ga (Trendall et al., 2004). Quartz pods
have two main lithologies (Fig. 2.7): microcrystalline quartz in the outer part of the pod and columnar
quartz crystals in the inner portions of the pod. Interestingly, such textures are similar to those of quartz
veins associated with cherts from the Barberton Greenstone Belt (Marin-Carbonne et al., 2013).

As for samples from the Barberton Greenstone Belt, oxygen isotopes analyses were carried out on quartz
powder at the stable isotopes laboratory (CRPG, France). 5180quartz values (Table 2.1.2) range from 11.5
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Fig. 2.6: Location and simplified geological map of the Pilbara craton and the associated Hamersley basin. Modified
after Hickman and van Kranendonk (2012).
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Fig. 2.7: Microphotography of a thick section of sample Pi03-44. There is an evolution in crystal nature and size
from the external part (right) to the internal part (left) of the quartz pod. Small columnar quartz crystals initially
formed on the sharp transition with chert. The size of columnar crystals increases with the distance from the chert.

Table 2.2: Isotopic composition of oxygen in Fortescue Group quartz samples expressed with the § notation
relative to the SMOW standard. Typical error is 0.2 %eo.

Sample 8'°Ogyow (%o)
Pi03-17-1 1.5
Pi03-17-2 1.5
Pi03-44-1 17.8
Pi03-44-2 18.6

to 18.6 %o and correspond to temperatures between 110°C and 190°C during precipitation of silica (Clayton
et al., 1972).

2.1.3 Other studied geological areas

In order to track the evolution of the isotopic composition of atmospheric Xe with time, other samples of
various ages have been collected during this study. Locations of these samples are summarized in Fig. 2.8.
Even if it was not the purpose of this study to do a comprehensive geological/geochemical survey of these
areas, some of their key features are presented in this section. Similar but shorter descriptions appear in the
paper presented in section 3.3 of Chapter 3 (Results and Implications).

The Isua Greenstone Belt (Greenland)

Some 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 collected in the southern part of the belt ( 65°
5729.00"N, 50° 8’11.00"W) and consisted of quartz crystals mixed with carbonates, possibly of metasomatic
origin and labelled "metacarbonates" (Rose et al., 1996; Dauphas et al., 2007). Approximate location of the
samples is given in the simplified geological map of the southern part of the greenstone belt (Myers, 2001) in
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Fig. 2.8: Localisations of the samples analysed during this PhD thesis.

Fig. 2.9. After having been initially considered as sediments deposited in a shallow marine environment, these
rocks are now believed to have formed by circulation of high-temperature fluids that leached surrounding
ultramafic rocks (Rosing et al., 1996). An early Archean age for fluid circulation is thus doubtful and the
widespread resetting event at 2.3 £ 0.2 Ga identified by Sm-Nd dating on metamorphic garnets from the
same area (Blichert-Toft and Frei, 2001) is a more plausible age for the fluid circulation in these lithologies.
To get insight into their chronology, these samples have been irradiated in a nuclear reactor in order to apply

the extended Ar-Ar method. Experiments will be conducted in the near future.

The Quetico Belt (Canada)

Quartz samples from the Quetico Belt were kindly provided by S. Shirey (Carnegie Institute, USA). These
samples are from veins intruded in metagreywackes dated at ca. 2.72 Ga (Davis et al., 1990). Younger cross-
cutting granitic rocks intruding these lithologies have been dated at 2.69 Ga (Davis et al., 1990). Although
these quartz crystals are younger than 2.72 Ga, the true age of the veins is unknown and could be 2.65 Ga,
the age of the metamorphism almost synchronous to the onset of late plutonic intrusions (Card, 1990). It
could also be as young as 2.58 Ga, the age of fluid circulations linked to the onset of gold-bearing quartz
veins in the nearby Abitibi area (Hanes et al., 1992).

Carnaiba (Brazil)

Samples from Carnaiba (Brazil) are quartz crystals from emerald-hosting veins linked to the intrusion
of Proterozoic leucogranites in volcano-sedimentary sequences (Giuliani et al., 1990). They were kindly
provided by G. Giuliani (CRPG, Nancy). The age of the mineralization is bracketed between 1.98 Ga and
1.93 Ga based on Ar-Ar experiments on associated phlogopites (Cheilletz et al., 1993).

Gaoua mine district (Burkina Faso)

Samples from the Gaoua mine district (Burkina Faso) are the same samples than those analyzed by
Le Mignot et al. (2014) for Re-Os dating of pyrite crystals. They were kindly provided by E. Le Mignot.
The Gaoua mine district is located in the southern part of the Boromo-Goren greenstone belt that aggregated

between 2.25 and 2.15 Ga (Baratoux et al., 2015). The gold mineralization associated with quartz samples
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Fig. 2.9: Simplified geological map of the southern part of the Isua greenstone belt (after Myers (2001)). The red
dot represents the approximative location of our sample (in the calc-silicate formation).

analyzed in this study is associated to a second episode of deformation with fluid circulations and formation of
the quartz veins. Quartz crystals contain solid-free dominated inclusions with relatively low homogenization
temperatures (120-200°C). Le Mignot et al. (2014) obtained ages between 2.10 £ 0.07 Ga and 2.16 £ 0.02
Ga for two generations of pyrites by using the Re-Os dating method.

Caramal (Australia)

Samples from Caramal (Australia) are from quartz breccia zones located in the basal 1.8-1.7 Ga-old
Kombolgie sandstones that belong to the Kombolgie basin located in the northern part of the larger McArthur
basin (Derome et al., 2003). They were kindly provided by A. Richard (Géoressources, Nancy). The main
identified metamorphic event in this area is linked to the Barramundi orogen that occurred between 1.89
and 1.87 Ga, that is before deposition of rocks from the Kombolgie basin. Formation of these quartz crystals
is probably linked to shallow circulation of fluids during the emplacement of mafic intrusions (Kyser et al.,
2000). These intrusions in the Kombolgie basin have been dated at 1648 £+ 29 Ma (Page, 1988). Quartz
formed later than illites dated at 1650 + 80 Ma with the Ar-Ar method (Kyser et al. (2000) and refs.

therein).

Avranches (France)

Samples from Avranches (France) are from quartz veins intruded in the western part of the Mancellian
batholith. They were kindly provided by F. Avice. The Mancellian batholith belongs to the Cadomian
domain thought to have been originally located in the northern border of Gondwana before its dislocation
by Paleozoic orogenies. The Mancellian batholith is one of the plutons associated with the Cadomian orogeny.
Plutons in this geological area have been dated between 615 and 480 Ma. Sampled from quartz veins were
probably intruded in the pluton during the late stages of cooling and hydrothermal activities. Radiometric
dating results in the sampling area permit to estimate an age of 530 + 10 Ma (1o) for these samples (see
Chantraine et al. (1994) and refs. therein).
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Rhynie chert (Scotland)

The Rhynie chert (Scotland) was formed by hydrothermal circulation of meteoritic fluids that leached
the crustal basement. Samples were provided by C. Rice (University of Aberdeen, UK). The Rhynie chert
has been extensively studied since it contains early traces of micro-fauna dated at 396 + 12 Ma Rice et al.
(1995). The Rhynie chert also records the isotopic composition of the ancient atmosphere with a trapped
10Ar /38 Ar ratio of 294.1 + 1.5 (Cadogan, 1977) (re-normalized, Pujol et al. (2013b)) lower than the modern
atmosphere (298.56, Lee et al. (2006)). These samples are thus ideal to track the isotopic composition of Xe

in the Cambrian atmosphere.

2.2 Analytical methods

Analytical methods used during this study are described in this section. The basic principles as well
as some key points are briefly explained but detailed descriptions also appear in "Methods" sections in the

second and third papers presented in Chapter 3.

2.2.1 Noble gas mass spectrometry

Basis of the noble gas mass spectrometry rely on three major steps that are the extraction, purification
and analysis of the noble gases. A great variety of extraction techniques and apparatus exist such as crushing,
step-heating by conduction or induction, laser heating, laser ablation etc. In this study new crushers have
been developed to release xenon (and other noble gases plus nitrogen) trapped in fluid inclusions. Purification
is often based on home-made purification systems and procedures (Zimmermann et al., 2015) adapted for
each experiment. Abundances and isotopic compositions of noble gases and nitrogen are then measured with

noble gas mass spectrometers (Wieler, 2014).

Analytical improvements for extraction and purification of gases

Two major analytical improvements were necessary to analyze Xe contained in fluid inclusions in quartz
samples. The first improvement concerns the crushing apparatus used in this study. Large amounts of
samples (1-2 g) had to be loaded in the crushers because low Xe abundances (~107'¢ mol.g=! of ¥'Xe).
Classical crushers used at CRPG (Nancy) consist in stainless tubes containing a magnetically-driven iron
stick. However, only up to 500 mg of samples can be loaded in such crushers and Xe blank are sometimes
very high (>10717 mol) due to the friction of the iron piston on the walls of the stainless tube. A new type
of crusher has thus been developed. It consists in a modified VAT valve (Fig. 2.10) where the below is
replaced by a stainless tube crushing the sample when the modified valve is closed. These new crushers are
very efficient to release gas contained in fluid inclusions. Furthermore Xe blanks are very low (~107° mol
of 13%Xe) because of the absence of friction of the tube on crusher’s walls.

The second analytical improvement concerns the purification of gas released from fluid inclusions. Fluid
from inclusions is dominated by water. To purify the gas, high purity Ti-sponge is usually placed in one-end
tubes connected to the line (called "getters") that are usually operated at 500-600°C and then at room
temperature in order to decompose water at high temperatures (HT) and to trap produced hydrogen at
low temperature (LT). In our case, these simple tubes were not sufficient to remove all the water released
from fluid inclusions. Gas pressures in the purification line remained very high, up to 10~% mbar, even after
several cycles of purification (HT/LT). An "online getter" has thus been developed. It consists in a two-end
tube containing Ti-sponge heated at 750°C. The crusher is placed at one end and the other end is connected
to the rest of the purification line. This analytical assembly ensures that gas extracted from quartz samples

and recovered in the purification line passes through the whole getter (10 cm) and, thus, that all water
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Fig. 2.10: Crushers developed during this study and used to release Xe trapped in fluid inclusions in quartz samples.
Adapted from Zimmermann (2014).

molecules interact with the Ti-sponge. It is very efficient to remove water with pressures in the line down to
10~® mbar, which is within the range of the nominal pressure measured when standard aliquots made from
purified air are inserted in the purification line for calibration of the mass spectrometer.

The remaining part of the purification procedure, before introduction into the mass spectrometer, is more
classical. Xenon and a fraction of the krypton were condensed during 20 mn on a quartz tube held at liquid
nitrogen temperature (77 K). This adsorption on the walls of the glass tube is unlikely to induce any isotopic
fractionation (Marrocchi and Marty, 2013). Gas in the remaining parts of the line was then pumped out.
Archean quartz crystals usually contain 4YAr excess (Pujol et al., 2013b), so that the remaining fraction of
argon in the glass tube was often so high that, during preliminary experiments, its presence prevented an
efficient ionization of Xe and thus reduced the sensitivity of the mass spectrometer for Xe. Ten dilutions
of the volume of glass tube (20 cm?®) into the whole line (1500 cm?®) dramatically decreased, by a factor of
750, the residual Ar partial pressure. Xe- and Kr-rich gas fractions were subsequently released and purified
with three Ti-sponge getters held at 550 °C during 5 mn and at room temperature during 5 mn before

introduction of the gas aliquot in the mass spectrometer.

High-precision isotopic analysis of Xenon

We received a new multicollector mass spectrometer (Helix MC Plus by Thermofisher Scientific, HMC+
hereafter) in May 2013 at CRPG. This new machine has a very high resolution (>750) permitting to separate
hydrocarbon from Xe on mass spectra and is also very stable compared to older models.

Tuning of the source For Xe and Kr analyses, the source of the HMC+ was tuned to find the equilib-
rium between sufficient sensitivity and acceptable peak shape i.e. a well-defined and large plateau. Source
parameters are listed in Table 2.3. An example of a peak shape for 32Xe is displayed in Fig. 2.11.

Gas introduction The total volume of the mass spectrometer (mass spectrometer + two getters) was
higher (4100 cm?) than the volume of the purification line (around 1000 cm?®). For this reason, the equili-
bration time of the partial pressure of gas into the mass spec was large. Two minutes were needed to reach

the equilibrium as shown in Fig. 2.12.
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Table 2.3: Source conditions for precise measurement of Xe and Kr with the HMC+ mass spectrometer.

Source Parameter Value Unit
Acceleration Voltage 9.9 kV
Trap Current 310 MA
Trap Voltage 13.11 \Y,
lon Repeller -1.98 \%
Electron Energy 79.37 eV
Extraction Focus 16 %
Extraction Lens 76.89 %
Extraction Symmetry 31.04 %
Horizontal Symmetry 46.23 %
Flatapole 0 \%
Rotation Quad -5 %
Vertical Deflection N 55 \Y
Vertical Deflection S 120 V

Signal (fA)

0 T | T T T T ‘ T T T T T T T
132.6 132.7 132.8

Mass (amu)
Fig. 2.11: Mass scan for '3?Xe with the source conditions listed in Table 2.3. The variations on the peak plateau are

due to a low integration time of the signal. The plateau is large (0.07 amu) allowing a straightforward peak centering
and limited variations of isotopic ratios even if the magnet is not stable.
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Fig. 2.12: Signal of *?>Xe with time after gas introduction into the HMC+ mass spectrometer. The equilibrium was
reached after 2 minutes.

Table 2.4: Analytical procedure used to measure Xe isotopes in peak jumping mode with the HMC+ mass
spectrometrer.

Number of cycles: 22 Manual peak centering
Isotope Mass (on AX) Collector Settling time Integratic;n time
amu (ms) (s)

124%e 124.996 AX CDD* 5000 8.39
126xe 126.95  AX CDD 600 8.39
128% e 128.89  AX CDD 600 4.19
129%%e 129.86  AX CDD 600 4.19
30%e 130.89  AX CDD 600 4.19
¥1Xe 131.94  AXCDD 600 4.19
32%e 132.96  AXCDD 600 4.19
¥%e 13495  AXCDD 600 4.19
136%e 136.9 AX CDD 600 4.19

*CDD : "Compact Discrete Dynode" electron multiplier

Analytical procedure The analytical procedure is described in Table 2.4. The nine xenon isotopes were
analyzed in peak jumping mode from '?*Xe to ?4Xe repeatedly during 22 cycles. The progressive increase of
the mass during each cycle guaranteed the stability of the magnet and prevented potential hysteresis issues.
A manual peak centering procedure preceded each measurement. This manual centering permitted to center
Xe peaks even during blank procedure during which low Xe signals usually prevent the automated centering
procedure to work efficiently. The first measurement for 24Xe was preceded by a long settling time of 5 s in
order to ensure the stabilization of the magnet after moving from mass 136 to mass 124. For peak jumping
on following Xe isotopes (1267136Xe), the settling time was set to 600 ms. The integration time of the signal
was set to 8.39 s for rare Xe isotopes (124126Xe) and to 4.19 s for other Xe isotopes (12%:136Xe). In total,
the analytical procedure lasted 20 mn. During the procedure, the ion consumption was quite large (38 % of
the initial Xe amount, Fig. 2.13) because of the high trap current of 310 nA (Table 2.3).

Fig. 2.14 illustrates the stability of the mass spectrometer for the 129Xe/132Xe ratio over one month of
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Fig. 2.13: Decrease of the '32Xe signal over one analysis of a standard aliquot. After 20 mn, there is only 62 % of
the initial signal. The red curve depicts the exponential fitting applied to compute the initial **?>Xe after equilibrium
and before peak centering.
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Fig. 2.14: Reproducibility of the Helix MC Plus mass spectrometer during one month of analyzes (30 standards) for
the 129Xe/'3?Xe ratio. Error bars and range at 20.



66 CHAPTER 2. SAMPLES CHARACTERIZATION AND ANALYTICAL METHODS

Table 2.5: Reproducibility (standard deviation / mean) for each isotopic ratio of Xe normalized to '*°Xe.
Reproducibility down to 0.9 %o was achieved for the 31Xe/130Xe ratio.

Isotope 2ixe  12%yg 1By 120yg 180y 13lyg Tehyo 136y o
Reproducibility (%) 064 075 043 015 024 0.09 0.12 0.24

analyses.

Combination of analytical improvements described in the previous section, fine tuning of the ion source
of the Helix MC Plus and optimization of the procedure of measurement permitted to achieve a permil

precision for the determination of some isotopic ratios of Xe (Table 2.2.1).

For each measured isotopic ratio of noble gases, it was necessary to correct results for blank contribution
and mass-fractionation inside the mass spectrometer. These corrections were applied by using isotopic ratios
rather than isotope abundances because isotopic ratios are usually more precisely determined by using mass
spectrometry techniques. The diverse corrections were done by using Equation 2.1 (with the example of

xenon):

Xe iXe
. 130 130 i
Ri B ( iXe ) B X@mes X (130Xe)mes - X@blk X (130Xe)blk (7135(;6)(””1 (2 1)
130X€ corr 13OAXvemes - 130)(eblk (ﬁig(iX:)std .

where i=124-136, *°Xe is the isotope used to compute isotopic ratios and subscripts corr, mes, blk, atm,
std are for corrected, measured, blank, atmospheric and standard, respectively. The error on each isotopic

ratio was then computed by propagation of the error on each term of equation 2.1 by using Equation 2.2:

where X; and ox; correspond to the value and associated error for each term of equation 2.1.

Isotopic analysis of krypton

The priority of this study was to obtain high-precision isotopic ratios of Xe contained in samples of
various ages. It is difficult to properly separate Kr from Xe because these two noble gases condensed at
close temperatures. Krypton was thus analyzed most of the time after Xe but on the same gas fraction. The
problem with this analytical method is that jumping from mass 130 to mass 84 induces a large instability
of the HMC+ mass spectrometer and that Kr measurements had to begin 25 mn after gas inlet. This is too
long to expect a good Kr signal and to extrapolate this signal to the time of gas introduction in the mass
spectrometer. Krypton results were thus obtained with a lower precision than those of Xe. To check that the
isotopic fractionation measured for Xe (see results in the next chapter) did not also occur on Kr, separated
samples of the same rocks were analyzed with a reversed procedure where Kr was the first noble gas to be

analyzed and Xe was analyzed afterwards. This procedure ensured a good precision on isotopic ratios of Kr.

Another issue with krypton results is that our standard bottle is not calibrated for Kr abundances. It is
thus not possible to give results with Kr abundances for the moment. A calibration is planned in the near

future. Correction of results should be straightforward because there is just a rule of three to apply.
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2.2.2 Ar-Ar extended method: Ar-Ar ages and halogens (I, Cl, Br) abundances
The Ar-Ar extended method

Some collected samples were also analyzed following the Ar-Ar extended method (Turner and Bannon,
1992). This methods consists in irradiating the samples in a nuclear reactor before analysis by crushing
and step-heating extraction techniques. During irradiation, samples were exposed to a high neutron flux
producing nucleogenic noble gas isotopes with abundances proportional to those of the parent nuclides Cl,
Br, I, K, and Ca (Table 2.6). The advantage of this technique is that information about the K(3°Ar)-Ar
age of the samples together with data on the halogen and U, Ca, Ba abundances are obtained at the same
time. Furthermore this method is able to detect very low quantities of iodine (at the ppb level) compared
to conventional crush-leach techniques. Details on the irradiation are present in the supplementary material

of paper in section 3.3 of Chapter 3.

Table 2.6: Nuclear reactions producing noble gas isotopes from neutron captures on halogens. Adapted from
Kendrick (2012).

Parent element Nuclear reaction Proxy isotope
K *K(n, p)’Ar ¥ Arg
Cl Cl(n, y)**CI(B) ™ Ar S Arg
79 80 80 80
Br Br(n, y)"Br(y)"Kr Krg,
I I27I(n, Y)IZSI(B)IZBXe |28XeI
Ca “Ca(n, o)’ Ar Ar,

Extraction techniques and mass spectrometry

After irradiation and subsequent cooling, samples were step-crushed by using modified Nupro valves in
order to release gases trapped in the largest fluid inclusions. Powders were then step-heated up to 1600°C in
a Mo-crucible in order to release gases from tiny fluid inclusions and sited in the mineral lattice. Extracted
gases were purified on Ti-sponge getters to remove all reactive species. Noble gases (Ar, Kr, Xe) were then
condensed during 15 mn on a charcoal placed close to the source of the mass spectrometer (MS1) and held at
liquid nitrogen (77K). Noble gases were finally released into the mass spectrometer by heating the charcoal
at 100°C.

All data were corrected for mass fractionation in the mass spectrometer, blank contribution, atmospheric
contamination, interferences and short-term radioactive decays following the irradiation. Correction and

error propagations are identical to those made by Burgess et al. (2002).

Correction of the results: the problem of ‘°Ar excess

The Ar-Ar method applied to K-poor samples often faces the problem of “°Ar excess (*°Arg hereafter)
(see review by Kelley (2002)). *°Arp represents the quantity of “°Ar in excess compared to atmospheric
argon trapped in the sample during its crystallization (or from atmospheric contamination), and to 4°Ar
produced in-situ by the decay of “°K. If “°Ary remains uncorrected, ages obtained by the Ar-Ar method
have no significance (Fig. 2.15) since they often exceed the age of the solar system for rocks that cannot be
older than 3.4 Ga.

Kelley et al. (1986) demonstrated that, in some samples, “YArg is correlated to the chlorine (Cl1) content

of analyzed samples. This correlation is visible in a “°Ar/36Ar vs. C1/3¢Ar plot (Fig. 2.16) where the slope
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Fig. 2.15: Meaningless ages (> 4.5 Ga) obtained for sample BMGA3-9 without correcting for *°Arp.
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Fig. 2.16: Example of a correlation between **Arg and the chlorine content for crushing and step-heating data ob-
tained on irradiated quartz from the Barberton Greenstone Belt. An initial ratio higher than the modern atmosphere
is probably due to some “°Arp uncorrelated with the chlorine content.
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gives the correlation between “°Ary and the chlorine content of the sample. To correct for *°Arg, a 3D

correction method can thus be applied with a 4°Ar/36Ar ratio that follows equation 2.3

40 Ay 40 Ay Cl K
— = (s B x (57— — 2.
(36Ar total (36Ar)o Hhx (36Ar) O (36A7‘) (2.3)
40 Ay
where (@)0 is the initial atmospheric ratio trapped in the sample and B and C the parameters for a

plane in the “°Ar-K-Cl space. Projection of the plane in the 2D “°Ar-K space permits to define an age for
the sample. Least squares optimization with removal of outliers (Strutz, 2010) is then used to find what is
the best plane passing through crushing and step-heating data is applied. A Monte-Carlo method approach
is used to compute error bars on each parameter of the plane in order to have an estimation of the error on
each age determined by using this method (see the paper in section 3.2 of Chapter 3 for results of the 3D
method).

Another step-by-step correction method was also applied on some samples similarly to what has been
done by Pujol et al. (2013b). It consists in correcting results for the hydrothermal component (“°Arg) and
testing possible initial *°Ar/36Ar ratios and ages. The best fit is obtained when coherent plateau ages are
obtained by using the Isoplot software (Ludwig, 1991) and when the Mean Standard Weighted Deviation

(MSWD) is close to 1 i.e. when the error on the age is representative of the variability of the dataset.

2.2.3 Analyses of other noble gases (Ne, Ar) and nitrogen

Duplicates of the samples analyzed for Xe and Kr isotopic compositions were also crushed for neon, argon,
nitrogen isotopic composition and abundances measurements. Samples were crushed in the same crushers
as those presented above. Crushers were directly in contact with a double-walled glass tube system plunged
in liquid nitrogen in order to condense water and a major part of other reactive gases (but not nitrogen)
on the walls of the tube. After waiting for gas equilibration, the original aliquot was divided in two sub-
aliquots by closing a valve. One aliquot was dedicated to Ne-Ar measurements and the other aliquot to Ng
measurement. In the first aliquot, Ar was trapped on a charcoal held at liquid nitrogen temperature (77 K)
ensuring no trapping of Ne. Neon was then analyzed on a VG 5400 mass spectrometer. Ar was subsequently
released from the charcoal and analyzed in a different run. Separation and purification of nitrogen were

made following Zimmermann et al. (2009).



Chapter 3

Results and Implications

Results obtained during this PhD study are presented in this Chapter in the form of accepted articles,
publications submitted to peer-reviewed journals or in preparation for a submission. This chapter is
divided in sections (one for each paper) organized following a logical progression i.e. following the main
stages of Earth’s accretion and evolution and thus it does not respect dates of publication. When
necessary, a small discussion at the end of each section/paper presents key points, updates or some

additional comments.

The first paper concerns results obtained from isotopic analyses of Xe in a COz-rich gas emitted in
the Eifel magmatic region (Germany). This collaboration with researchers from CRPG (Nancy) and A.
Caracausi (INGV, Italy) leads to the demonstration that chondritic (and not Solar) Xe has been isolated
in the non-convective mantle for 4.45 Ga and that the Earth’s mantle presents a chemical heterogeneity.
My contribution to this collaborative work was technical assistance for analyzing the samples, treatment

and interpretation of the results, participation in the redaction of the paper presented here.

The second manuscript is on the origins of volatile elements in the Earth’s atmosphere inferred from iso-
topic measurements of xenon trapped in fluid inclusions of quartz samples from the Barberton Greenstone
belt (3.2 Ga).

The third paper deals with the evolution of the isotopic composition of atmospheric Xe with time. Anal-
yses of Xe trapped in samples of various ages demonstrates that the isotopic composition of atmospheric
Xe evolved over ca. 2.5 Ga (from 4.5 to 2.0 Ga). The elemental and isotopic composition of other noble

gases (Ne, Ar, Kr) and nitrogen in the Archean atmosphere is also discussed.

The fourth paper presents corrections applied to the I-Pu-Xe chronometers of the Earth’s atmosphere in
order to take into account the progressive escape and isotopic fractionation of atmospheric Xe. The age

of the Earth’s atmosphere is then computed.
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3.1. ARTICLE CHONDRITIC XENON IN THE EARTH’S MANTLE 71

3.1 Article Chondritic Xenon in the Earth’s Mantle

The paper presented in this section is the result of a collaboration with A. Caracausi (INGV, Ttaly). It
has been published in the Nature journal. This paper explores the isotope systematics of xenon contained
in COg-rich gases emitted in the Eifel magmatic region (Germany) in order to constrain the origin of Xe in

the Earth’s mantle and to study global-scale Earth’s geodynamics.
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Chondritic xenon in the Earth’s mantle

Antonio Caracausib?, Guillaume Avice?, Peter G. Burnard?#, Evelyn Fiiri’ & Bernard Marty?

Noble gas isotopes are powerful tracers of the origins of planetary
volatiles, and the accretion and evolution of the Earth. The
compositions of magmatic gases provide insights into the evolution
of the Earth’s mantle and atmosphere!~’. Despite recent analytical
progress in the study of planetary materials®’ and mantle-derived
gases’”’, the possible dual origin’'? of the planetary gases in the
mantle and the atmosphere remains unconstrained. Evidence
relating to the relationship between the volatiles within our planet
and the potential cosmochemical end-members is scarce’. Here we
show, using high-precision analysis of magmatic gas from the Eifel
volcanic area (in Germany), that the light xenon isotopes identify a
chondritic primordial component that differs from the precursor of
atmospheric xenon. This is consistent with an asteroidal origin for
the volatiles in the Earth’s mantle, and indicates that the volatiles in
the atmosphere and mantle originated from distinct cosmochemical
sources. Furthermore, our data are consistent with the origin of Eifel
magmatism being a deep mantle plume. The corresponding mantle
source has been isolated from the convective mantle since about
4.45 billion years ago, in agreement with models that predict the
early isolation of mantle domains'!. Xenon isotope systematics
support a clear distinction between mid-ocean-ridge and continental
or oceanic plume sources®, with chemical heterogeneities dating
back to the Earth’s accretion'’. The deep reservoir now sampled
by the Eifel gas had a lower volatile/refractory (iodine/plutonium)
composition than the shallower mantle sampled by mid-ocean-ridge
volcanism, highlighting the increasing contribution of volatile-
rich material during the first tens of millions of years of terrestrial
accretion.

Owing to their inertness, low abundances and the presence of sev-
eral different radioactive chronometers in their isotope systematics,
the noble gases are excellent geochemical tracers of the formation and
subsequent evolution of the Earth!~”. However, the origin of terres-
trial noble gases is not fully understood. The isotopic composition of
atmospheric xenon (Xe) is particularly puzzling because it appears
to be strongly isotopically fractionated with respect to solar (derived
from the protosolar nebula gas and represented by the solar wind
composition) and chondritic (derived from an asteroid-like reservoir)
components (see, for example, ref. 12). This feature could be a result
of ancient atmospheric escape processes, but even after correction
for mass-dependent isotope fractionation the isotope composition of
atmospheric Xe cannot easily be related to a chondritic or solar origin'2.
One way to investigate the origin of terrestrial volatiles is to precisely
document the compositions of noble gases that have been stored in the
terrestrial mantle, presumably since the formation of the Earth.

Mantle-derived CO,-rich gases are particularly powerful resources
for investigating mantle-derived noble gases because the large quan-
tities of sample material available make high-precision measurements
possible?=>13. Here we report Xe isotopic measurements in gases
from a CO,-rich well (Victoriaquelle) in the Eifel volcanic region
(Germany). Geophysical and geochemical evidence suggests that the
Eifel volcanism, which took place from 700 kyr ago to 11kyr ago, was
related to continental rifting and large-scale mantle upwelling'*-'".

The Victoriaquelle well, in the southwest of the Eifel region, emits
CO,-dominated gases (99.7%-99.8% CO,) with helium isotope ratios
of 4.2-4.5Ra (where Ra is the helium isotope signature of the Earth’s
atmosphere) and “*Ar/*$Ar ratios of up to 2,690 (ref. 18), consistent with
low levels of atmospheric contamination and predominantly mantle-
derived volatile emissions'®.

Our Xeisotope data (normalized to '**Xe; Fig. 1, Extended Data Table 1)
demonstrate that there is a mantle-derived component to this noble
gas, marked by a 2.45% excess (relative to air) of 12°Xe from the decay
of extinct 2T (half-life of 16 Myr). The dataset also highlights an excess
of the lightest isotopes (124-128Xe) relative to air Xe. Because the light Xe
isotopes are not affected by radiogenic or fissiogenic production, this
excess 12#7128Xe must represent a primordial Xe component. Excesses
of light Xe isotopes have already been recognized in some mantle-
derived gases*>!°. Furthermore, given that isotopic fractionation dur-
ing mantle processing is unlikely, these light Xe spectra must therefore
reflect the presence of either solar or chondritic Xe (either average

Xe,, (%)
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Figure 1 | Xe isotope composition of the Victoriaquelle gas. Data (blue
filled circles) are normalized to the isotope composition of atmospheric
Xe and to 1¥%Xe. Deviations from the atmospheric composition (Xe,;,) are
expressed in delta notation as parts per mil (%o). For comparison,

we show the composition of a mixture composed of 84% atmospheric

Xe and 16% chondritic (average carbonaceous chondrite) Xe (green
diamonds; see Methods for the derivation of the component fractions).
The excesses at masses i =129 and i = 131-136 are the products of the
extinct radioactivity of 2’ (half-life of 16 Myr) and 2**Pu (half-life of

82 Myr), respectively. Error bars indicate £10.
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carbonaceous chondrite or ‘phase-Q’, a ubiquitous noble gas com-
ponent found in all classes of primitive meteorites; see, for example,
ref. 9) in the Earth’s mantle. Because the differences between the iso-
topic patterns of chondritic and solar-wind Xe are subtle®’, it has not
previously been possible to differentiate between these two potential
primordial sources of Xe. Given the nature of our sample, the high
analytical precision of the present study and the recently improved pre-
cision on the isotope composition of solar-wind Xe (ref. 8), we are able
to assign a chondritic rather than solar origin to the Eifel primordial
Xe end-member (Fig. 2a, Methods, Extended Data Fig. 1). According
to our calculations for the light isotopes, this chondritic Xe component
represents 16% =& 2% of the Eifel gas, the remainder being atmospheric
in origin (Methods, Extended Data Fig. 2). This is the highest pro-
portion of primordial Xe identified in mantle-derived volatiles so far
(Fig. 2b). Furthermore, the fact that all CO, well gases*>!® analysed so
far (from Bravo Dome (USA), Harding County (USA) and Caroline
(Australia), and which have been ascribed an upper-mantle origin) also
point to a chondritic Xe component and lie on a single correlation line

7
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Figure 2 | Light Xe isotope correlations. a, The Eifel composition (open
blue square) was derived from the mean of 15 measurements on three
different aliquots of the same gas (see Methods). The solid black line is

a best-fit line through the air (filled red square) and Eifel compositions;
correlation errors were computed using the Isoplot code (courtesy of

K. Ludwig, Berkeley Geochronology Center) (the light red envelope
represents +10 error). The compositions of phase-Q Xe (‘Q; filled

green circle; the major carrier of heavy noble gases trapped in primitive
meteorites), average-carbonaceous-chondrite Xe (AVCC-Xe, filled green
square; ref. 9 and references therein), solar-wind Xe (‘SW-Xe, filled yellow
square; ref. 8) and the inferred progenitor of atmospheric Xe (‘U-Xe, filled
purple square; ref. 9) are also shown for comparison (with 1o error bars).
The correlation extrapolates to a chondritic, rather than solar or U-Xe,
end-member in the mantle. Because of the overlap in the compositions of
the ‘Q-type gases and average carbonaceous chondrites, it is not possible
to distinguish the nature of the chondritic Xe carrier phase in the accreting
Earth (in our discussion we use AVCC’ without distinguishing ‘Q” from
the bulk chondritic composition). b, Comparison with other CO,-rich
well gases (Bravo Dome, black triangles; Harding County and Caroline,
open circles; refs 5, 13, 19). The Eifel gas is seen either to contain the
highest proportion of primordial Xe or to have been less affected by air
contamination. The best-fit correlation for the Bravo Dome dataset (black
dashed lines represent the upper and lower limit with 10 error range)
points to a chondritic composition for Xe in the upper mantle. The best-fit
line obtained for the whole dataset (this study and the published well-gas
data) also points to a chondritic Xe composition, demonstrating the
ubiquitous presence of this component in the mantle.

with the Eifel gas (shown below to have a mantle plume origin; Fig. 2b),
demonstrates the existence of a ubiquitous primordial Xe component
in the Earth’s mantle. Therefore, chondritic Xe was widely distributed
in the proto-mantle during the Earth’s accretion. Krypton isotopes also
point to a chondritic source for Bravo Dome gases sampling the upper
mantle®, and, together with the present Xe data, support an asteroidal
origin for heavy noble gases in the whole mantle.

This study points to several sources of volatile elements on Earth.
The ancestor of atmospheric Xe was neither chondritic nor solar in
origin because it had to have been relatively depleted in the heavy Xe
isotopes (notably **Xe and **Xe) compared to documented primor-
dial Xe components'’. Known nuclear processes cannot resolve this
issue because they can only contribute, not deplete, these isotopes. This
problem, first recognized four decades ago®, led to the definition of a
primitive Xe component dubbed ‘U-Xe’ (not to be confused with Xe
isotopes produced by 233U fission), which was of solar composition
for the light isotopes and depleted in both **Xe and '**Xe relative to
solar and chondritic Xe (ref. 19). Thus, two Xe components appear to
co-exist on Earth: chondritic Xe preserved in the mantle and U-Xe
found in the atmosphere. Consequently, the non-radiogenic, non-
fissiogenic Xe in the atmosphere cannot have been derived from the
mantle. To prevent mixing between the two components, the atmos-
pheric Xe must have been added after growth of the Earth had largely
been completed.

The heavy Xe isotope composition (131:132134136Xe) of the mantle
is more complex, being a mixture of four isotopically distinct end-
members: (1) atmospheric Xe; (2) primordial Xe; (3) fissiogenic Xe pro-
duced from **4Pu (P"Xe); and (4) fissiogenic Xe derived from 28U (VXe).
244Py and 2*8U each produce fissiogenic Xe isotopes in characteristic
proportions, which differ from those of atmospheric or chondritic Xe.
Excesses of fissiogenic or radiogenic 1*1~1**Xe and ?Xe in natural samples
can be used to distinguish between magmatic sources and to constrain
the timing of mantle differentiation. Both '*Xe and !**Xe were pro-
duced in the early Earth by decay of extinct radiochronometers—'*1
(half-life of 16 Myr) decaying to '*’Xe and **Pu (half-life of 80 Myr)
producing 3113¢Xe—while extant 2**U also produced !*113¢Xe,
but with different ratios to those produced by ***Pu. Thus, the U-Xe
system evolved over the entire history of the Earth, whereas the I-Xe
and Pu-Xe systems reflect elemental fractionation that occurred during
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Figure 3 | Differences in the Xe isotopic compositions of the MORB
and mantle plume reservoirs. The error-weighted ratios of iodine-
derived Xe and plutonium-derived Xe (2?Xe;/!*¢Xep,) versus the fraction
of fissiogenic Xe derived from plutonium (*¢Xep,/('**Xep, + **Xey))
enable plume-type mantle sources to be resolved from MORB-type
mantle sources®’ (1¢ error bars). The '2*Xe;/"**Xep, and **Xep,/
(136Xep, + 1**Xey) ratios of worldwide MORB, plume sources and CO,
well gas (all data except Eifel) are from refs 6 and 7, computed assuming an
average-carbonaceous-chondrite primordial component for all data. The
data for the convective mantle (equatorial Atlantic MORB, filled black
square; western Southwest Indian Ridge (SWIR), filled black diamond;
eastern SWIR, open black diamond; Harding County gas, open black
triangle; Bravo Dome gas, filled black triangle) and the mantle plume
sources (Iceland (DICE), open red triangle; Rochambeau rift, filled

red circle; Eifel gas, open blue square) define two distinct fields in this
diagram, highlighting the different histories and compositions of their
respective reservoirs.

only the first 100 Myr and 500 Myr, respectively. The fissiogenic Xe
isotope composition, obtained after correction for the atmospheric Xe
contribution and by assuming a chondritic Xe composition for primor-
dial Xe (Methods, Extended Data Figs 3, 4), suggests that excesses of
heavy Xe isotopes resulted from 2**Pu fission rather than **U fission
(Methods, Extended Data Figs 5, 6). Quantitatively, the fissiogenic Xe
contribution to the Eifel gases is 2.26% 3= 0.28%, with the remainder
being atmospheric or primordial (Methods). Previous estimates of the
proportion of 2*3U- versus >**Pu-derived Xe in the mantle depended on
the initial Xe isotope composition of the mantle® (chondritic or solar);
the fact that we demonstrate that the light Xe isotopes are chondritic in
origin (Fig. 2a, Extended Data Fig. 1) allows us to confidently establish
a P"Xe/(P"Xe + UXe) ratio of 0.8-1.0 (+10) for the Eifel mantle source
(Fig. 3, Methods).

In comparison, the other CO,-rich well gases (Bravo Dome
and Harding County; refs 4, 5, 13) have significantly lower ""Xe/
(P"Xe + UXe) ratios of 0.06-0.51 (+10) (Fig. 3). Their mantle source
has been identified as the convective upper mantle, which also sup-
plies magmas to mid-ocean ridges worldwide. Mid-ocean ridge basalts
(MORBs) that have been analysed with sufficient precision also display
low P'Xe/(P"Xe + UXe) ratios, comparable to the CO,-rich well gases
above, and define a well-homogenized convective mantle composition
that is depleted in *"Xe isotopes relative to YXe (ref. 6). In a closed-
system mantle with a chondritic Pu/U ratio?!, *Xe should dominate
over YXe (""Xe/(*"Xe + YXe) = 0.97). A mantle source degassed over
geological timescales would see progressive depletion of P*Xe and con-
current enrichment in YXe still being produced. Therefore, the Eifel
PuXe/(P"Xe + YXe) ratio—which is close to 1 and higher than the con-
vective mantle ratio of 0.3 (Fig. 3)—suggests that the Eifel mantle source
was much less degassed than the MORB mantle source and, hence,
less affected by mantle convection through time. This observation is
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consistent with the source of the Eifel gas being a deep mantle plume.
Two other samples associated with mantle plumes (Iceland plume and
the Rochambeau rift in the western Pacific®) display comparable "'Xe/
(P"Xe + YXe) ratios (Fig. 3), also pointing to a mantle plume origin for
the Eifel volcanism.

We also calculated a 2°Xe;/!**Xep, ratio of 2.1 4 1.6 (£10) for the
Eifel gas (Fig. 3, Methods), a value comparable to the other plume-
like signatures (that is, Iceland and the Rochambeau rift®) and differ-
ent from values characteristic of the convective mantle (>5.1; Fig. 3).
Assuming a bulk silicate Earth iodine content of between 3 parts per
billion (p.p.b.) and 13 p.p.b. (ref. 22 and references therein), we cal-
culated a I-Pu-Xe ‘closure age’!? for the Eifel mantle of 82-139 Myr
after the start of Solar System formation, that is, about 4.45 Gyr ago
(Methods, Extended Data Fig. 7). Closure ages should be considered as
discrete approximations of a continuous process: they assume that the
reservoir was open to Xe loss before that time and that it quantitatively
retained Xe isotopes produced by extinct radioactivities afterwards.
The early closure age calculated here indicates that degassing of the
mantle plume source must have been very efficient when the '*’I and
244py extinct isotopes were still alive, that is, during the first 100 Myr
of the history of the Earth. After this time, the Eifel mantle source
became efficiently isolated from mantle convection, thus preserving
a high P*Xe/(P"Xe 4 UXe) ratio comparable within uncertainty to the
closed-system value of 0.97. In contrast, the MORB source reservoir
continued to lose P*Xe while at the same time producing VXe from
long-lived 2*8U fission, resulting in a P*Xe/(*"Xe + YXe) ratio of only
0.3 (Fig. 3). Interestingly, a closure age range of 82-139 Myr is consistent
with differentiation times of <150 Myr after the start of Solar System
formation recorded by the Sm-142Nd (see, for example, ref. 11) and
I82Hf182W (see, for example, ref. 23) extinct radioactivity systems.
Therefore, the Eifel closure ages might date the last large-scale melting
events of the proto-Earth.

If the I/Pu ratio was homogenous during the Earth’s accretion, then
the higher 12Xe/!**Xep, ratio of the MORB-type sources (Fig. 3) would
imply an earlier closure age for the upper mantle than for the plume-
type mantle (Extended Data Fig. 7). However, noble gas isotope sys-
tematics indicate that the plume-type source is less degassed than the
MORSB reservoir. It would be paradoxical to suggest that the more-
degassed MORB-type mantle became closed to the loss of volatiles before
the less-degassed mantle plume source’. Thus, it seems more likely that
the I/Pu ratio was heterogeneous” during accretion, with a higher
I/Pu ratio in the MORB reservoir than in the plume source. The initial
I/Pu ratio must have been at least 3.5 times higher in the MORB source
(Extended Data Fig. 7) for the upper mantle to have a younger closure
age than the lower mantle. Because iodine is a volatile element and
plutonium is a refractory element, the increase in the I/Pu ratio from
the deep mantle reservoir source of the Eifel gas to the shallow convec-
tive mantle can be viewed as a progressive contribution of volatile-rich
material to an initially dry proto-Earth.

The results of this study, coupled with published data*”!3, indicate
that Xe isotopes in the Eifel gas have preserved a chemical signature
that is characteristic of other mantle plume sources (Fig. 3). This cor-
roborates the presence of a deep mantle plume source for the Eifel
volcanism, as has previously been suspected'®!”. Although the helium
isotopic signature of the Eifel gas (<6 Ra; refs 17, 18) lies within the
field of ‘low *He/*He’ mantle plumes (see, for example, ref. 24), the neon
isotopes and neon—-argon isotope systematics of the volcanic products
point to a deep mantle source below the Eifel region!'®!”. The pres-
ence of a mantle plume is also supported by geophysical data!>!62%2,
Notably, tomographic images show a low-velocity structure at depths
of 660-2,000 km, representing deep mantle upwelling under central
Europe, that may feed smaller upper-mantle plumes (such as Eifel,
Germany and Massif Central, France)'®.

Our results have implications for both the origin of terrestrial vola-
tiles and the mechanisms and timing of their delivery. Neon, and pre-
sumably helium, has a solar-like origin?’, suggesting that these gases

74
© 2016 Macmillan Publishers Limited. All rights reserved



were trapped early during terrestrial accretion, before dissipation of the
nebular gas. The other mantle noble gases, krypton®, Xe (this work) and
presumably argon, were delivered together with major volatiles such as
hydrogen and nitrogen (ref. 28) by asteroidal material before mantle
‘closure’ (<60 Myr after the start of Solar System formation). Although
the non-radiogenic, non-fissiogenic isotope composition of Xe appears
to be homogeneous between the deep mantle and the shallower con-
vective mantle, the volatile/refractory (I/Pu) ratio increased during the
Earth’s accretion, as is independently suggested by palladium-silver
isotope data®. This is consistent with the existence of a thermal gra-
dient in the forming Solar System, with the innermost zones being
too hot to allow condensation of volatile elements during the initial
stages of the Earth’s accretion. Dissipation of heat over time and/or
contributions of volatile-rich bodies from larger heliocentric distances
enabled more-efficient trapping of volatile elements in the shallower
regions of the growing Earth®’. The deepest regions of the mantle,
now sampled by mantle plumes, have remained efficiently isolated
from mantle convection since about 4.45 Gyr ago, thereby preserving
arecord of the early stages of terrestrial accretion. The origin of the
progenitor of atmospheric Xe (U-Xe) remains enigmatic. It is possible
that it was added only after the Earth’s completion (>82-139 Myr after
the start of Solar System formation), thus avoiding any mixing with
mantle (chondritic) Xe. This exotic component may have been carried
by volatile-rich bodies from the outer Solar System during late veneer
episodes or the Late Heavy Bombardment.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Analytical method. High-precision Xe isotopic ratios were determined in
the Noble Gas Laboratory at the Centre de Recherches Pétrographiques et
Géochimiques (Nancy, France) using multi-collection mass spectrometry. Xe
isotopic compositions were determined in a sample of free gas collected from
the Victoriaquelle well in the Eifel volcanic district (Germany). Gas samples were
collected in pre-evacuated (107° Pa) steel bottles equipped with a high-vacuum
valve at the end, after thorough flushing of connecting tubes with the well gas.
We purified and analysed three aliquots of gas (Extended Data Table 1). Active
gases were removed by sequential exposure to hot and cold SAES getters. Xe was
condensed on a cold finger at liquid-nitrogen temperature and the abundances of
all Xe isotopes were measured on a Thermofisher noble-gas multi-collector mass
spectrometer (Helix MC Plus) operating in a combination of multi-collection and
peak-jumping modes.

We carried out a total of 15 measurements on the three aliquots of the same gas
(Extended Data Table 1; errors are 10/+71, where # is the number of duplicate
measurements). Procedural blanks were performed before and after each
measurement. Xe blanks were typically 0.16% of the **Xe signal. Therefore, blank
corrections were unnecessary and were not applied to the abundances or isotope
ratios reported in Extended Data Table 1. Xenon standard runs were analysed
before and during the Victoriaquelle analytical session (total of 30 standard runs
with 5.37 x 1075 mol of 1**Xe per aliquot).

We also purified a different aliquot of gas to measure the Ar isotopic ratio.
Ar isotope compositions were measured on a GV-instruments multi-collector mass
spectrometer. We determined a “*Ar/**Ar ratio of 1,780 for our Victoriaquelle
sample, overlapping values reported in previous investigations'®.

Residuals of the fit on light isotopes. We performed a series of calculations to
quantitatively identify the best candidate (Q-Xe, AVCC-Xe or SW-Xe) for the
primordial Xe component measured in the Eifel gas. We first calculated the rela-
tive percentages of atmosphere and primordial component required to obtain the
measured isotopic ratios (*Xe/1**Xe, i = 124-128) for each potential primordial
component. The calculated proportions were typically around 87% air mixed with
13% primordial Xe. By taking the mean percentages for each light isotope, we
then determined the corresponding isotopic compositions of different mixtures of
atmosphere and each primordial component. Extended Data Figure 1 depicts the
residuals of this mixing for each case (Q-Xe, AVCC-Xe or SW-Xe). These residuals
correspond to the differences between the isotopic ratios measured in the Eifel
gas and the modelled isotopic ratios, divided by the corresponding Eifel isotopic
ratios for normalization and representation purposes. SW-Xe is a poor candidate
for the primordial component, largely owing to its high residual for '**Xe. Q-Xe
or AVCC-Xe are the best candidates.

Deconvolution of the Xe isotope spectrum. We assumed that the isotopic spec-
trum of Xe (excluding '??Xe) was produced from a mixture of four end-members:
(1) modern atmosphere; (2) a primordial component (in the following calcula-
tions we used Q-Xe as a proxy for present-day bulk chondrite because present-day
bulk chondrite analyses (AVCC) probably contain fissiogenic Xe contributions);
(3) fissiogenic Xe derived from 2*/Pu (*"Xe); and (4) fissiogenic Xe derived from
238U (UXC).

To estimate the contribution of each component, we divided the problem into
two stages.

First, we used the light isotopes (12#120128Xe/13Xe) to estimate the contribution
of the primordial component relative to the atmosphere prim/atm

- XX — (Xe/0%e)
prim/atm (iXe/l3OXe)Q _

atm

("Xe/"Xe) it

where i =124, 126 or 128. We used a Monte Carlo method to propagate uncertain-
ties in the isotopic ratios. As an example, the distribution of Qyprim/aum Obtained using
the isotopic ratio '2*Xe/"**Xe is shown in Extended Data Fig. 2. The average of all
Qprim/atm Values obtained for i= 124, 126 and 128 is 16% =+ 2% (+£10). This value
was then used to determine the isotopic composition of a mixture of Q-Xe and
atmospheric Xe for the heavy isotopes. The uncertainty in this initial composition
was calculated using a Monte Carlo propagation on the uncertainty in Qprim/atm (see
the normal distribution in Extended Data Fig. 2).

Second, this initial isotopic composition (renormalized to **Xe) was used
to compute the relative contributions of the initial component (atmospheric Xe
and Q-Xe), P'Xe and YXe required to match the isotopic ratios of the Eifel gases
(130-132Xe/130Xe). We used '*'Xe and '*2Xe to constrain the nature of the fissiogenic
component because these two isotopes are the most discriminant?. The linear
system that was solved is

i

-~ Xe 'Xe
— Minitial| 736 + ﬂ Puy,
Eifel initial

13)6)(e

Xe
36y .

Xe

136Xe + /6UXE

Puye Uxe
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where i=130, 131 or 132 (3 equations),[ Xe ] is the initial composition built
¢ Jinitial

during the first stage, [
13 o 136)(6

Xe ] and[ Xe ] are the averages of the fissiogenic
X P Ux,

spectra from ref. 1, and Giitial ﬁP“Xe and /BUXc are the contributions of each compo-
nent. We used the same approach as that adopted in ref. 6; that is, we used a
MATLAB code with the Isqlin function, which minimizes the sum of the squared
residuals. Because each component was normalized to the uncertainty in the iso-
topic composition of the Eifel gas, this sum corresponds to a > value. We used a
Monte Carlo method to propagate the errors in the isotopic composition of the
Eifel gas as well as in the initial composition determined during the first stage.
A convergence of the results was achieved using 10° simulations. The \? values
computed for each simulation are shown in Extended Data Fig. 3. 75% of the x>
values are less than 3.

The final results are presented in Extended Data Fig. 4 (iniial) and Extended
Data Fig. 5 (ﬁp%). The fraction of the initial component (atmospheric Xe and
Q-Xe) in the final composition is 97.7% =+ 0.26%.

Virtually no simulation leads to a substantial contribution from YXe; we demon-
strate that 3, ="*Xey =0. To fit a normal distribution to 3, , we had to
remove some of the very low values (Extended Data Fig. 5), which resulted in a
PuXe contribution of 2.26% =+ 0.28%.

Because '*¢Xey =0, the range for the **Xep,/(1**Xep, + **Xey) ratio is 0.8-1.0
(£10). The 'Xe;/1**Xep, ratio was computed using

129
XeI
136

("PXe/"*2Xe)pifel — Biniga('>Xe/ P2 Xe)initial
/Bpuxe( 136Xe/ 132Xe)

XePu Puye

and the errors in (***Xe /132Xe)gitel » Ginitial and Bpuy, Were propagated using the
Monte Carlo method. The value obtained for '*Xe;/**Xepy is 2.1 £ 1.6 (+10),
which was then used to compute the closure ages of the Eifel gas mantle source
regions.

Code availability. The code for this Letter is available by contacting G.A. (gavice@
crpg.cnrs-nancy.fr).

Sample size. No statistical methods were used to predetermine sample size.
Closure ages and I/Pu heterogeneity. The closure ages (in millions of years)
of the Eifel gas mantle source regions were calculated using (see, for example,

ref. 12)
=1
A244 - >\129

where \y4q=8.45x 107> Myr ! and Aj9=4.41 x 1072 Myr ! are the decay con-
stants of 2**Pu and '¥I, respectively, 1*°Y,y, is the yield of fission of 2**Pu for
production of 13Xe (ref. 1), and 238U, 2*4Puy, I, and '?’I; are the initial abun-
dances (in mol) of parent and stable nuclides. Using Uy=40p.p.b. and Iy=6.4p.p.b.
(ref. 22), we obtained a closure age of 9874 Myr. This age is relatively insensitive
to the initial uranium content (Uy) of the bulk-silicate Earth, whereas the initial
iodine content (Iy) is important (see Extended Data Fig. 7 for the sensitivity of the
closure age to variable initial I/Pu ratios).

127I

244P u 136 .
1 291 244
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129:
Xel
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31. Ozima, M. & Podosek, F. A. Noble Gas Geochemistry 2nd edn, 22 (Cambridge
Univ. Press, 2002).
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Extended Data Figure 1 | Residuals of the different mixing possibilities.
Calculations were performed for the light isotopes ('**7!2%Xe) using the
isotopic compositions of air (typically about 87%) and Q-Xe, AVCC-Xe

or SW-Xe (typically about 13%). The best fit is achieved by taking either
AVCC-Xe or Q-Xe as the primordial component. SW-Xe does not produce
an adequate fit and therefore is not a suitable candidate for this component

(as also shown in Fig. 1).
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Extended Data Figure 2 | Deconvolution of the proportion of the primordial component (Q-Xe) relative to the atmosphere for *Xe/!**Xe. The red
line represents the result of the normal fit. The solid green line depicts the mean value and the dashed green lines depict the error range of +10.
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Extended Data Figure 3 | Range of 2 values obtained from the simulations. Approximately 75% of the values are less than 3.
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Extended Data Figure 4 | Fraction of initial component required to fit the isotopic composition of the Eifel gas. The solid green line depicts the

mean value and the dashed green lines depict the error range of +10.
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Extended Data Figure 5 | Fraction of Pu-Xe required to fit the isotopic composition of the Eifel gas. Some very low values (those less than 10~°) were
excluded from the calculations, resulting in a mean of 2.26% (green line) and a standard deviation of 0.28% (10).
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Extended Data Figure 6 | Isotopic composition of heavy isotopes
(131-13%Xe). The data are normalized to '**Xe of the Eifel gas after
correction for atmospheric and primitive chondritic contributions, and
compared to the fission spectrum of '*1-13Xe produced by spontaneous
fission of 28U and 2*4Pu. Excesses in heavy isotopes are compatible with
spontaneous fission of 2#Pu.
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Extended Data Figure 7 | Closure ages calculated from the 2Xe;/!**Xep, ratios. See Methods for details of the computation method. A younger

closure age for the upper mantle is achieved only if the I/Pu ratio is at least 3.5 times higher than the lower-mantle source.
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Extended Data Table 1 | Xenon isotopic ratios measured in aliquots of the Eifel gas

e el Xe  TXelXe  “XelXe  “XelXe  "XelXe  "Xel"Xe  XelXe  Xel"Xe
Eif_1 7 9E-14 0.024225 0.022345 0.474745 6.654400 5215284 6.618798 2 560233 2187465

0.000109 0.000078 0.000949 0.007304 0.005177 0.007846 0.002519 0.002158
Eif 2 0.023910 0.021997 0.474385 6.590819 5.159161 6.548295 2532569 2168481
0.000130 0.000091 0.000948 0.009207 0.006145 0.008410 0.003489 0.002567
Eif 3 0.024502 0.022549 0.478018 6.681859 5.221782 6.655400 2558332 2.245266
0,000100 0.000156 0.001194 0.012001 0.008812 0.010520 0.005035 0.004652
Eif 4 0.024168 0.022220 0.474905 6.657195 5.198561 6.611074 2553088 2.168967
0.000291 0.000243 0.002040 0.014614 0.011353 0.013715 0.005527 0.006634
Eif 5 0.024139 0.022287 0.483613 6.646030 5.204344 6.622836 2.590335 2.191245
0,000073 0.000071 0.000580 0.004642 0.004649 0.005234 0.002039 0.001730
Eif 6 4.8E-14 0.023824 0.021997 0473584 6.643284 5.210670 6.574350 2604929 2.205901
0.000147 0.000093 0.000994 0.007954 0.005690 0.008443 0.003588 0.002612
Eif 7 0.024149 0.022200 0.478799 6.713198 5.209149 6.602612 2.552671 2171623
0.000172 0.000126 0.001052 0.013397 0.009307 0.013689 0.004772 0.004285
Eif 8 0.024435 0.022229 0477518 6.664280 5.223837 6.607845 2567031 2193414
0.000120 0.000129 0.000954 0.008644 0.006741 0.007181 0.003031 0.003246
Eif 9 0.023748 0.022094 0476777 6.672970 5199317 6.610295 2 587957 2206022
0.000309 0.000283 0.002715 0.021306 0.014451 0.019591 0.007130 0.007618
Eif_10 0.023691 0.022016 0.474975 6.597032 5.166969 6.544023 2538413 2.165106
0.000134 0.000089 0.001092 0.009874 0.008206 0.011637 0.003996 0.002991
Eif_11 3.2E-14 0.024006 0.022239 0481571 6.667457 5.230183 6.637291 2566452 2.178160
0.000254 0.000232 0.001588 0.011310 0.008307 0.010491 0.005051 0.004298
Eif_12 0.023815 0.022016 0.475436 6.657245 5.221550 6.583217 2.569755 2197417
0.000130 0.000170 0.001235 0.009964 0.008811 0.010406 0.004551 0.003469
Eif_13 0.023881 0.022278 0477177 6.673390 5.224593 6.648375 2.570202 2.197580
0.000123 0.000127 0.000715 0.009322 0.006742 0.006568 0.004046 0.003036
Eif_14 0.023729 0.021977 0477007 6.665152 5.215294 6.600769 2594237 2.190850
0.000152 0.000141 0.001239 0.009311 0.007765 0.007173 0.004340 0.003242
Eif_15 0.023939 0.022462 0.475946 6.648185 5.208323 6.582498 2.562519 2.188883

0.000133 0.000158 0.000761 0.008624 0.006204 0.008454 0.003026 0.003239

Eifel 0.024011 0.022194 0.476964 6.655500 5.207268 6.603179 2567248 2.190425

0.000065 0.000046 0.000707 0.007827 0.005231 0.008213 0.005221 0.005209

Individual Xe isotopic ratio measurements (‘Eif_n") for three different aliquots of the same gas. Errors (1o) are reported in the cell below each ratio. The ‘Eifel’ ratios represent the average of 15
measurements (‘Eif_1" to ‘Eif_15’) of three aliquots of the same gas. The amounts of 13%Xe are in mol and errors are 5%.
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3.2. ARTICLE ARCHEAN XENON REVEALS A POSSIBLE COMETARY ORIGIN FOR THE EARTH’S ATMOSPHERI

3.1.1 Additional Comments and Research Perspectives

Main results of this study are that Xe in the Earth’s mantle has a Chondritic rather than Solar origin.
The fissiogenic and radiogenic signatures are close to those found for xenon contained in plume-derived
samples (Parai and Mukhopadhyay, 2015), suggesting a deep mantle influence for the Eifel magmatism.
Furthermore, closure ages for the deep and upper mantle are coherent only if the deep mantle closed 4.45
Ga ago and if some iodine-rich "wet" material contributed significantly to the upper mantle.

Analyses of the isotopic composition of Kr in the same COs-rich gas from Eifel are planned in order to
verify that, similarly to Holland et al. (2009), Kr isotopes point toward a chondritic component. Isotopic
analyses of Ne are also envisaged since a previous study demonstrated that isotopic ratios of Ne in the Eifel
gas fall on a mixing line parallel to the classical MORB-air mixing line (Brauer et al., 2013). This translation
above the MORB-air mixing line is maybe the evidence of the influence of the plume beneath Eifel.

The two reviewers that commented a first version of the paper presented above pointed out that the high
contribution from a chondritic primordial component to Eifel Xe recorded may have two explanations: lower
shallow-level air contamination or lower atmospheric contamination (by subduction) directly in the deep
reservoir. During October 2015, a new sampling campaign permitted to recover gases from two wells in the
Eifel region: Victoriaquelle and Schwefelquelle. Numerous samples were recovered in order to understand
the process of shallow-level air contamination and to eventually correct the isotopic composition of Xe for
this process. Sampling from two other gas sources in the Massif Central (France) have also been collected to
decipher if magmatism in the Massif Central area has been influenced by a plume and maybe by the same
plume than the Eifel region as proposed by geophysical studies (Goes et al., 1999). Unfortunately, samples
recovered so far present very low 4°Ar/36Ar ratios close the atmospheric value. Some air contamination
probably happened during sampling. A new campaign with a better sampling equipment is planned to

recover less contaminated samples.

3.2 Article Archean xenon reveals a possible cometary origin for

the Earth’s atmosphere

This article is in preparation for a submission to the Nature journal. It is divided into a short main
text containing 3 figures and a "Methods and Extended Data" section containing additional details and

figures.



In preparation for a submission to the Nature journal

Archean Xenon Reveals a Possible Cometary Origin for the Earth's Atmosphere

G. Avice', B. Marty', R. Burgess®, A. Hofmann®

'CRPG-CNRS, Université de Lorraine, UMR 7358, 15 rue Notre-Dame des Pauvres, BP 20, 54501
Vandoeuvre-lés-Nancy Cedex, France.

’School of Earth and Atmospheric Sciences, University of Manchester, Oxford Rd, Manchester M13 9PL,
UK.

*Department of Geology, University of Johannesburg, Auckland Park 2006, Johannesburg, South Africa.

Determining the origin of the atmosphere and early Earth's geodynamics are major
issues in Earth sciences (Marty, 2012). Noble gases are exceptional geochemical tracers to
achieve this goal. Xenon (Xe), the heaviest noble gas, is particularly relevant due to its large
(9) number of isotopes having different nucleosynthetic origins, and to its ability to record
isotopic fractionation processes (Ott, 2014). However, the initial isotopic composition of
atmospheric Xe remains unknown as well as the mechanisms involved in its depletion in the
Earth's atmosphere and its isotopic fractionation compared to other primordial reservoirs of
the solar system (Marty, 2012). Our analyses of volatile elements (Xe, Ar, Kr) contained in
fluid inclusions in Archean samples reveal the isotopic composition of the atmosphere
~3.2 Ga ago. An archean atmospheric ’Ar/**Ar ratio of 202 + 58 (20) confirms previous
models of early and intensive crustal extraction during the Archean (Pujol et al., 2013).
Here we also show that Archean atmospheric Xe has an isotopic composition intermediate
between potential primordial components and the modern atmosphere with an isotopic
fractionation of 13.2 £+ 1.9 %o.u' (20) relative to the latter. After correction for isotopic
fractionation, '**Xe excess measured in Barberton quartz is lower (6.07 £ 0.21 % (10)) than
in the modern atmosphere (6.8 £+ 0.3 %, (Porcelli and Ballentine, 2002)). It corresponds to a
vigorous '*Xe(I) degassing flux of 9 + 5 mol.a’ (10) during the last 3.2 Ga. Isotopic ratios
of xenon measured at very high precision allow us to compute what was the isotopic
composition of the primordial unfractionated Xe component brought to the Earth's
atmosphere. Our study strengthens previous theoretical calculations (Pepin, 1991) that
neither the solar nor the chondritic gases can be the carrying phases of initial atmospheric
xenon. A different starting Xe component, similar to U-Xe (Pepin, 1991), depleted in '**Xe
and '*°Xe is necessary. Comets are objects in the solar system which may carry some
nucleosynthetic anomalies necessary to explain this depletion (Levison et al., 2010).
Furthermore, these objects are rich in noble gases compared to other volatile elements
(Balsiger et al., 2015) and may have brought a significant part of the budget of heavy noble
gases to the Earth's atmosphere during the final stages of the terrestrial accretion (Dauphas,

2003; Marty and Meibom, 2007).
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The building blocks of the Earth originally accreted in the "dry zone" of the solar system,
that is, beyond the so-called snow line at which temperatures were low enough to permit the
condensation of volatile compounds (e.g. water and noble gases). The Earth has thus probably
acquired its volatile elements (H, N, C, noble gases) later from more distant sources like Main
Belt asteroids and/or comets. During the final stages of solar system formation, orbits of asteroids
were disturbed by the migration of giant planets and, for some of them; their trajectories crossed
Earth's orbit (O’Brien et al., 2014). Even if the isotopic composition of cometary water may
prevent comets to be the source of terrestrial water (Altwegg et al., 2015), the high Ar/H,O ratio
measured in comet 67P/C-G by the Rosetta spacecraft (Balsiger et al., 2015) indicates that
comets may have contributed significantly to the budget of heavy noble gases in the terrestrial
atmosphere (Dauphas, 2003) specially during the terrestrial late heavy bombardment (Marty and
Meibom, 2007; Morbidelli et al., 2000).

In search for the origin of volatile elements on Earth, studies of the noble gases in the
terrestrial mantle demonstrate the presence of a solar-derived component for light noble gases
such as neon (Honda et al., 1991) and helium (Honda et al., 1987). Contrary to light noble gases,
krypton analyzed in mantle-derived gases presents an isotopic composition that tends toward a
Chondritic (i.e. asteroidal) rather than Solar end-member (Holland et al., 2009). Similarly, xenon
contained in the mantle seems to have a chondritic rather than solar origin (see first paper in
Chapter 8 (Results and Implications)). These observations argue in favor of distinct

cosmochemical sources for light (He, Ne) and heavy (Kr, Xe) noble gases in the Earth's mantle.

The terrestrial atmosphere is the main reservoir of noble gases on Earth. The presence of
radiogenic noble gases in the atmosphere (Ar, **"*""*Xe), produced by the radioactive decays of
parent nuclides (K, "1, **Pu, **U) in the mantle and crust, certifies the existence of exchanges
between the surface and the silicate Earth. However the ultimate origin of the Earth's atmosphere
remains unknown, especially for xenon. Xenon in the Earth's atmosphere is depleted by a factor
of 23 when compared to an estimated abundance if terrestrial noble gases were following the same
depletion pattern than chondrites relative to the solar composition (Marty, 2012; Pepin and
Porcelli, 2002). Furthermore atmospheric Xe is also enriched in heavy isotopes by 30-40 %o.u"
relative to Chondritic (Q-Xe) or Solar (SW-Xe) (Ott, 2014). These two features form the so-called
"xenon paradox" (Ozima and Podosek, 2002). Furthermore, once mass-fractionated to match the
light Xe isotopes of the atmosphere, both the chondritic and solar components appear to be too
rich in heavy isotopes ("'Xe & '""Xe) to be potential precursors of atmospheric xenon (Pepin,
1991; Takaoka, 1972). These observations led to the definition of a theoretical primordial
component labeled "U-Xe" from multi-spatial correlations involving the isotopic composition of
xenon in the solar gas, in the atmosphere and in carbonaceous chondrites (Pepin, 1991). This
component closely resembles solar Xe for "“*'¥*Xe isotopes but is depleted in its heavy isotopes
¥Xe and "Xe. However, no study has ever demonstrated its presence in any terrestrial or
extraterrestrial material and its hypothetical isotopic composition is ultimately based on the

isotopic composition of the modern atmosphere.
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Recent studies of Archean barite and quartz samples demonstrate that 3.5 to 3.0 Ga ago,
atmospheric Xe had an isotopic composition intermediate, i.e. mass dependently fractionated,
between any of the potential primordial components presented above (Solar, Chondritic or U-Xe)
and the modern atmosphere (Extended Data Fig. S1) (Pujol et al., 2011; 2009). These preliminary
results suggest a progressive long-term evolution of the isotopic composition of Xe that may be
linked to an isotopic fractionation of Xe when ionization (Kuga et al., 2015) and trapping of Xe
into organic hazes, abundant in the Archean atmosphere, together with a progressive escape of
xenon atoms to the outer space (Avice and Marty, 2014; Hébrard and Marty, 2014). However,
these studies did not elucidate the original composition of atmospheric xenon, which was then
tentatively attributed to Solar or Chondritic (Marty, 2012; Pujol et al., 2011). To test this
hypothesis of the evolution of the isotopic composition of the atmosphere and to search for its
ultimate origin we selected and analyzed Archean quartz samples with a precision high enough to
properly define the isotopic composition of volatile elements in the atmosphere 3.2 Ga-ago and to

decipher the potential precursors of atmospheric Xe.

Samples are from one core (BARB 3) drilled in the 3.47 - 3.33 Ga-old Kromberg formation
(Onverwacht Group) in the Barberton Greenstone Belt, South Africa. Rock samples are from cm-
sized cross-cutting quartz veins (Extended Data Fig. S2) likely linked to early hydrothermal
activity (Hofmann and Harris, 2008). The Barberton area underwent only low-grade
metamorphism at the greenschist facies (Lowe and Byerly, 1999) ensuring a potential good
preservation of volatile elements that have been trapped in fluid inclusions located in early-formed
quartz veins. Detailed descriptions of the analytical techniques (Xe measurements and Ar-Ar

dating method) as well as computation techniques are provided in the "Methods" section.

3D-correlations to correct for “’Ar excess together with a Monte Carlo method to propagate
errors on measurements (Methods, Fig. 1 & Extended Data Fig. S3) lead to an Ar-Ar age of
3.2 + 0.2 Ga (20) for the Barberton quartz sample BMGA3-9 (Figure 1). Even if this range is
identical within errors to ages of 3.33 - 3.47 Ga for the cross-cutted formation (Furnes et al.,
2013), it may also correspond to some early hydrothermal fluid circulation events (Hofmann and
Harris, 2008) linked to the intrusion of adjacent 3.22 Ga-old plutons (de Vries et al., 2006) and/or
to the "D2" accretionary stage identified in the area (de Ronde and Wit, 1994). Application of
this 3D correction leads to the determination of an initial *Ar/*Ar of 460 + 12 (20) for sample
BMGA3-9 higher than the modern atmospheric ratio of 298.56 (Lee et al., 2006). Such a high
value might be explained by the presence of some “"Ar excess uncorrelated with the chlorine
content in this computed atmospheric end-member.

A different approach, similar to a previous study (see Pujol et al. (2013), Methods), was
used on sample BMGA3-13 to correct data (Table S1) for “’Ar excess. It leads to a similar but
less precise age of 3.5 + 1.0 Ga (20, MSWD = 1.06). Initial atmospheric *Ar/*Ar ratios for
BMGA3-13, computed for ages varying between 2.9 and 3.1 Ga (Fig. 1), have values ranging from
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191 to 214 with a mean value of 202 + 58 (20) when fluid entrapment. This value for the
Archean atmospheric “Ar/*Ar ratio is in line with previous estimates and models calling for a

peak in crustal extraction between 3.8 and 2.5 Ga (Pujol et al., 2013).

“OAr/°Ar = A x CI/2°Ar + B x K/°Ar + (*°Ar/*°Ar),
A=490x10"+2x10°
B=6.01x10"+7.5x10°

Age =3.21(+0.19,-0.23) Ga

(*°Ar/*°Ano =460 + 12

Error ranges are 2o

10000
8000
< 6000
8.
< 4000
g
2000
0
6
6 15
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S x 10°
@ Crushing K/36Ar 0 0 36
@ Step-heating CIF="Ar

Figure 1: 3D “Ar-K-Cl-*Ar multi-component diagram showing the results of the Monte Carlo error-
propagation method (see Methods for details on the computation). The simulations for crushing steps are
shown with blue-filled circles and those for step-heating steps are shown with red-filled circles. The fitted
plane appears in grey colors. The projection of the plane on the 2D *Ar/*Ar - K/* Ar space permits to
compute an age of 3.2 £ 0.2 Ga (20) for fluid entrapment in Barberton quartz sample BMGA3-9.

For xenon, the excellent reproducibility of the results of crushing experiments on different
samples and duplicates (Methods and Extended Data Fig. S4) permits to compute a precise error-
weighted average for the isotopic ratios of xenon contained in Barberton quartz (Extended Data
Table S2 and Fig. S4). The isotopic spectrum of xenon in Barberton quartz normalized to ""Xe
(Fig. 2) clearly identifies light isotopes (**'*’Xe) excesses together with depletions of heavy
isotopes ("”'"*Xe) relative to the modern atmospheric composition. The absence of mantle-
originated '*Xe excesses from the decay of now extinct I (T,,=15.7 Ma) together with an
isotopic composition of Kr in same samples that is similar to the modern atmosphere (Extended
Data Fig. S5) argue against the presence of a mixture between a mantle-derived radiogenic
component (Ballentine and Holland, 2008) and modern air in these samples. Xenon in Barberton
quartz has thus an Archean atmospheric signature. The xenon isotopic pattern best corresponds
to a mass-dependent isotopic fractionation of 13.2 + 1.9 %o.u”" (20) for 3.2 + 0.2 (20) Ga-old
atmospheric xenon relative to the isotopic composition of the modern atmosphere together with
10X e excesses from the spontaneous fission of **U (Fig. 3 and Extended Data Figure S6).

These observations confirm firmly and with greater precision than previous studies that, for light

89



isotopes (**'Xe), the isotopic fractionation of xenon in the Archean atmosphere was
intermediate between isotopic fractionation recorded by potential primordial components
(30 - 40 %o.u") and the modern atmosphere (Extended Data Figure S1).

Modern atmosphere contains a radiogenic *’Xe excess (‘*’Xe(I) hereafter) produced in the
silicate Earth by radioactive decay of extinct I (T,, = 15.7 Ma) (Katcoff et al., 1951) and
subsequently degassed. Therefore, 6.8 + 0.3 % (10) of atmospheric *Xe is radiogenic (Porcelli
and Ballentine, 2002). The radiogenic 'Xe(I) excess, computed for the 3.2 Ga-old atmosphere
after correction for the isotopic fractionation described above, is lower than in the modern
atmosphere with a value of 6.07 = 0.22 % (10). This difference allows us to compute a lower limit
rate of 9 = 5 mol.a™ for the degassing rate of Xe(I) during the last 3.2 Ga assuming that there
was no subsequent loss of atmospheric Xe. This degassing rate is 20 + 11 (10) times higher than
the modern *Xe(I) degassing rate of 0.45 4+ 0.02 mol.a™" degassed at mid-ocean spreading centers
and estimated from the He degassing rate (Bianchi et al., 2010) (see Methods for details on
computation of modern and past degassing rates). Such a discrepancy is probably due to the fact
that the low modern degassing rate was computed for degassing of the upper-mantle only
(Bianchi et al., 2010) whereas our estimated value is for whole mantle degassing in the
atmosphere. Degassing of the deep mantle, for example through plume-related magmatism, may
thus have played a major role in transferring gases from the silicate Earth to the atmosphere. A
higher degassing rate during the last 3.2 Ga may also sign the existence of a vigorous convection
regime in the past sustained by a high heat flux produced by very active radioactive decay of
parent nuclides (YK, ***U, **Th) in the early silicate Earth (Korenaga, 2008).

80 — \\ Fractionation: 13.3 = 1.8 %e.u™
il y MSWD =14
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Figure 2: Isotope spectrum of xenon in Barberton quartz samples relative to the isotopic composition of
the modern atmosphere and expressed with the delta notation (8'Xe,=((Xe/""Xe)pu,/(Xe/ " Xe),q
1)x1000. The computed isotopic fractionation (13.3 &+ 1.8 %o.u™ (20)) appears in red line with its 2¢ error
envelope in blue color. The dashed line corresponds to the isotopic fractionation of SW-Xe relative to the
air (38 %o.u"). Note the depletion in '"Xe relative to the mass fractionation corresponding to lower
radiogenic '*Xe excess in the Archean atmosphere. Errors at 20.
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The three-isotope plot of xenon in Fig. 3 demonstrates by using a combination of
the heavy isotopes *'"Xe and the stable isotope ""Xe that, similarly to the modern
atmosphere, past-atmospheric xenon trapped in Barberton quartz cannot be simply derived
from Q-Xe (Chondritic) or SW-Xe (Solar) following mass-dependent isotope fractionation
as these primordial components carry 'Xe excesses (Pepin, 1991) relative to Archean
atmospheric Xe. ®'Xe and "Xe excesses relative to the isotopic fractionation recorded by
Barberton Xe correspond to addition of products of the spontaneous fission of **U
(Extended Data Figure S6). For this reason Barberton Xe plots on the line of **U
production. Furthermore, light isotopes excesses in the Barberton Xe isotopic spectrum
(Fig. 2) correspond to an isotopic fractionation that can be propagated toward heavy
isotopes to compute a theoretical primordial isotopic composition for the atmosphere,
especially for *'Xe and '*Xe. Here we assume that the starting primordial component had
a solar-like '""Xe/"™Xe (= 6.061 + 0.029) ratio (Meshik et al., 2014), that is, the lowest
and probably the most pristine value ever measured for the isotopic composition of the

solar system (see Methods and Extended Data Fig. S7 for details on the computation).

6.8

W Air Ml Q-Xe
H U-Xe @ Barberton
4 Error for Barb.

6.0 U-Xe SW-Xe
[ T I T [ ! I
1.6 1.8 2.0 2.2
136Xe/130Xe

Figure 3: Three-isotope plot of Xe demonstrating that past-atmospheric xenon trapped in
Barberton quartz can only be produced by mass-related isotopic fractionation (black line) of a
starting isotopic composition (red area) similar to U-Xe (purple square) followed by the addition of
xenon from the spontaneous fission of *¥U (brown line). Mass-dependent isotope fractionation
(dashed and dotted lines) of SW-Xe (Solar Xe, blue square) and of Q-Xe (Chondritic Xe, green
square) cannot lead to the isotopic compositions of Barberton or of the modern atmosphere. The
grey area represents the range for the non-fissiogenic *?Xe/""Xe ratio of Barberton Xe obtained
after propagation of the isotopic fractionation relative to SW-Xe measured on light Xe isotopes
(Methods). Errors at 20.
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The resulting space of possibilities for the starting isotopic composition (range at 2c)
appears in red color in Fig. 3 and in Extended Data Fig. S8 (for "Xe). It corresponds to
Xe/"™Xe = 1.685 £ 0.075 (20) and to "*Xe/"™Xe = 2.14 £+ 0.07 (20). The only known
theoretical Xe component that may fit such a starting isotopic composition is U-Xe (Pepin,
1991). The mass-dependent isotopic fractionation of this starting isotopic composition
followed by addition of **'"**Xe isotopes produced by spontaneous fission **U with constant
and known '""Xe/"Xe and ""*Xe/"Xe ratios (Ragettli et al., 1994) reproduce the isotopic
spectrum measured in Barberton quartz. Hence, our results demonstrate that a starting
isotopic composition similar to U-Xe must exist for the terrestrial ancient atmosphere
without any correlation involving the isotopic composition of the modern atmosphere as it
was done in previous studies (Pepin, 1991; Takaoka, 1972). It is worth noting that this
conclusion relies on the assumption that the isotopic fractionation from the primitive
component toward the atmosphere is mass dependent.

Depletions in *'Xe and '""Xe for the primordial component recorded by Barberton
quartz sign the presence of a nucleosynthetic anomaly in the early atmosphere compared to
other major components of the solar system (Chondritic or Solar Xe). This nucleosynthetic
anomaly is problematic, as contribution from meteorites like the carbonaceous chondrites
during the final stages of Earth's accretion was traditionally advocated to explain the
abundances of volatile elements on Earth (Marty, 2012). However these meteorites and
more differentiated ones do not carry such a U-Xe component (Pepin, 2006). Comets are
primitive volatile-rich objects in the solar system that are susceptible to carry such an
unusual primordial component maybe inherited from other stars formed in the vicinity of
our Sun (Levison et al., 2010). Abundances of noble gases, and specially Xe, in comets are
poorly known and highly depend on the physical state of the ice (amorphous vs.
clathrates). However, a rough estimate of the composition of these objects can be drawn
(Tables S4 & S5) based on experimental studies and on results of the Rosetta space
mission (Balsiger et al., 2015) (Methods and Extended Data Fig. S9). Comets may have
contributed significantly to the budget of atmospheric noble gases, and specially Xe, during
the terrestrial late heavy bombardment for example (Extended Data Figure S9) (Marty
and Meibom, 2007).

The dichotomy for Xe between the primitive components stored in the mantle and
in the atmosphere may thus be explained by distinct mixing for the two reservoirs:
Solar/Chondritic for the Earth's mantle and Chondritic/Cometary for the atmosphere.
The latter was already present 3.2 Ga ago, and might have been contributed by outer solar

system bodies.
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Geological setting and samples description

Samples are from one core (BARB 3) drilled in the Barberton Greenstone Belt (BGB)
(South Africa). The drilling project is part of an ICDP Project ("Peering into the cradle of life",
PI: N. Arndt). The BARB 3 core was drilled in rocks of the Kromberg formation (3.33 - 3.47 Ga)
mainly made of a succession of white and black cherts and ultramafic rocks (Furnes et al., 2013).
All samples of this study consist in macro-crystalline quartz with different modes of emplacement
in rocks from the BGB. Some of the samples are from well-defined cm-sized bedded veins (Fig.
S1) with sharp straight-lined (Fig. S1 (a)) or irregular (Fig. S1 (b)) transitions with the adjacent

white chert and other samples are from meter-sized coarse quartz veins.

Ar-Ar experiment and determination of ages

Separated quartz fractions of the samples have been analyzed following the extended Ar-Ar
method that permits to analyze the K and Cl contents and the isotopic composition of argon at
the same time (Kelley, 2002a).

Prior to irradiation, each sample was wrapped in aluminum foil. Samples were placed in a
quartz tube, evacuated and sealed to a maximum length of 6.5 cm using a flame. Hb3gr
hornblendes were used as neutron monitors and were positioned in the bottom, and top of the
tube. Samples were irradiated (irradiation designated "MN2014b") in the G-Ring In-Core
Irradiation Tube (GRICIT) facility of the TRIGA Reactor, Oregon State University (OSU). As
the halogen-derived noble gas isotopes are produced by low energy thermal neutrons and
epithermal neutrons, the irradiation cans were not Cd-shielded. Samples were irradiated for a few
hour intervals each day over several weeks (22/4/14 - 1/7/14) to give a total irradiation time of
205 hours for MN2014b.

The irradiation parameter J is determined from the measured “’Ar/*Ar ratio in the Hb3gr
hornblende standards that were irradiated in the same tubes as the samples (Eq. S1).
(e?\tm_l)

40 &
Ar /39Ar

] = (Eq. S1)
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where t,, is the age of Hb3gr of 1074.9 + 3.5 Ma (Schwarz and Trieloff, 2007) and X is the total
decay constant (5.531 x10™"" a', (Steiger and Jéger, 1977)). Values of J are 0.01789 4 0.00008 and
0.01773 £ 0.00008 for Hb3gr monitors place at the top and bottom of the tube, respectively.

The abundances of Ca and Cl in samples can also be determined from Hb3gr using

additional irradiation parameters, o (Turner, 1972) and 3 (Kelley et al., 1986):

39
K AFK
— = Eq. S2
Ca 37ArCa (Eq. S2)
39
K ArK
— — E . 83
Cl B38Arc1 (Eq )

The abundances (in wt.%) of K, Ca and Cl in Hb3gr are respectively 1.247 + 0.008, 7.45 £
0.09 and 0.2379 £ 0.0032 (Roddick, 1983). Analyses of the neutron monitors gave o values of
0.473 £ 0.002 (top) and 0.497 £ 0.002 (bottom).  values are 1.271 £+ 0.018 (top) and 1.263 +
0.019 (bottom).

Thus in units of moles/cm® STP:

[39Ar]
K = (3.66 + 0.03)x 5 (Eq. S4)
37
A
Ca = (3.57 + 0.03)x []X—ar] (Eq. S5)
38
A
Cl = (4.04 + 0.04)x % (Eq. S6)

The thermal neutron fluence (g,,) can also be calculated using the irradiation parameters
determined from Hb3gr. The production of **Ar. from *'Cl is almost entirely from thermal

neutrons:

38 37¢l
Arg = [Cl] - 037, - [T] " Pth (Eq. S7)

where *"Cl/C1=0.2424; o,,is the thermal neutron cross-section for *Cl(n,B,y)**Ar (0.4330 barns);
[C]] is the chlorine abundance in Hb3gr. For MN2014b, ¢,, = 2.48 x 10" n.cm™.
The fast neutron flux (g;) is estimated from Hb3gr using:
J(*Arg /K)0e/2)
39
0'39K( K/K)

(Eq. S8)

where A, = 0.576 x10™" a™, 649 = 2.1 barns; YK/K = 0.9326. For MN2014b, ¢; = 3.27 x 10"
n/cm®.
Following irradiation, samples were analyzed in two successive steps: (1) step-crushing to

release fluids trapped in fluid inclusions; (2) step-heating up to 1700°C to release K, Cl and Ar
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trapped in small inclusions, and present in the quartz lattice. Extraction, purification,
measurement and correction techniques are already described elsewhere (Kendrick et al., 2001).
Results obtained for samples BMGA3-9 and BMGA3-13 are listed in Table S1. The
“Ar/*Ar ratios measured during the crushing and step-heating experiments are very high (up to
7000) and cannot be explained by in-situ decay of K even during 4.5 Ga. This "’Ar excess, noted
“Ar, hereafter, is correlated to the chlorine content (Fig. S3) and probably linked to an
hydrothermal fluid circulation through the samples (Kelley, 2002b). A way to correct the data for
this "Ary contribution is to use the K-Cl-"’Ar space where crushing and step-heating data would

lie on a plane with the following equation (Eq. S9):

404y 404y cl K
= (3%«)0 + Ax (3%) + Bx (%Ar) (Eq. S9)

40
Ar Cl K
where m,ﬁ and 3647

40
are obtained during measurements (Table S1), (363:) is the initial ratio
0

trapped in the sample, A represents the correlation between “"Ar; and the chlorine content, and B
(="Ar*/K) reflects the relationship between in-situ produced “Ar (*’Ar*) and the potassium
content computed from the abundance of *Ar produced by neutron irradiation. The B value can

thus be used to compute an age for the fluid entrapment following equation (Eq. S10):

40 , «
t= %ln [1 + Jx(4.59x107%)x %] (Eq. S10)

where A is the decay constant of “K (5.543 x 10" &) and J (1.781 x 107?) is the dimension-less
irradiation related parameter (Kelley, 2002a). The computed B value in the case of BMGA3-9
presented here is 6.01 x 10® and corresponds to an age of 3.21 Ga.

The errors on the parameters of the plane defined by the data points were determined by a
Monte Carlo propagation method using a Matlab code. For each point a random-generated cloud
of 5000 points was created in order to weight each point by its errors in the 3D space (Fig. 1 in
the main text). The function "Fit" was applied to the 5000 points and led to a value of 6.01 x 10°
(£ 8.5 x 10°) for B that corresponds to an age of 3.21 (+0.19; -0.22) Ga (20). The (“Ar/*Ar),,
representative of the initial”’Ar/**Ar trapped in Barberton quartz, is 460 + 12 (20) higher than
the atmospheric value of 298.6. This higher value is certainly due to some remaining "’Ar excess
even after correction for “’Ary, linked to the chlorine content (Fig. S3) and radiogenic “Ar from in-
situ decay of “K during 3.21 Ga.

A second method originally proposed by Pujol et al. (2013) has been applied to sample
BMGA3-13 (see results in Table S1). Firstly, a CI\"Ary ratio of 6500 + 949 was obtained from
analysis of crushing results. Secondly, this ratio was used to correct step-heating data for the
“Ar, component by subtracting the chlorine content multiplied by CI\"Ar, to the total “Ar. A
set of initial *Ar/*Ar ratios and times of fluid entrapments for in-situ decay of K were then
tested. A best solution was found for an initial atmospheric *’Ar/*Ar ratio of 202 + 58 (20) for a
fluid entrapment at 3.5 £ 1.0 Ga (20) with a Mean Standard Weighted Deviation (MSWD) of
1.06. This age, although imprecise, is in agreement with the age of 3.2 + 0.2 Ga (20) determined
with the 3D correlation method applied to sample BMGA3-9.
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Detailed analytical procedure for Xe and Kr measurements

Xenon and krypton isotopic compositions (and abundance for Xe) in fluid inclusions in
quartz were determined by stepwise crushing (Table S2 and S3). Before noble gas analysis,
selected quartz fragments were gently crushed in a metal mortar to obtain granulometric fractions
with a size comprised between 1 and 3 mm. This is the ideal range of sizes that minimizes
adsorption of air on the surface of the grains and that permits to load up to 2 g of sample per
crusher for noble gas analysis in order to get a significant Xe signal. Grains were subsequently
cleaned with acetone in an ultrasonic bath, then rinsed with acetone and dried in an oven at 90°C
during 30 mn. Quartz grains were subsequently hand-picked under a binocular microscope to
ensure the absence of impurities on the surface of the grains and inside individual crystals. Each
sample was then loaded in a stainless steel crusher. It consists in a modified valve where the
valve's bellow has been replaced by a stainless tube moving downward when the modified valve is
closed. Our samples were rich in fluid inclusions and their crushing released significant amounts of
water and other inert or chemical reactive species (N,, hydrocarbons...). Typical Ti-sponge
getters, usually placed in a tube connected to the line and used to remove active species, were
unable to remove all the water and to decrease its partial pressure in the purification system. A
new system was designed that consists in an on-line Ti-sponge getter placed just after the crusher
and heated at 700°C ensuring that all the gas recovered at the other end of the getter passed
through the Ti-sponge. This new design solved the problem of the water purification, as
demonstrated by the low pressure measured before the introduction in the mass spectrometer
(e.g. 1-5 x 10”® mbar). Xenon and a fraction of the krypton were condensed during 20 mn on a
quartz tube held at liquid nitrogen temperature. This adsorption on the walls of the glass tube is
unlikely to induce detectable isotopic fractionation (Marrocchi and Marty, 2013). The remaining
part of the gas was pumped out. Archean quartz samples usually contain “’Ar excess (Pujol et al.,
2013), the remaining fraction of argon in the glass tube was so high that, during a preliminary
study, its presence prevented an efficient ionization of Xe and thus reduced the sensitivity of the
mass spectrometer for Xe. Ten dilutions of the volume of the glass tube (20 ¢cm?) into the whole
line (1500 cm®) dramatically decreased, by a factor of 750, the residual Ar partial pressure.
Fractions rich in in Xe and Kr were then released and purified on three Ti-sponge getters at
550°C during 5 mn and at room temperature during 5 mn before the introduction into the noble
gas multicollector mass spectrometer (Helix MC Plus, Thermo Fisher). Xe was the first gas to be
analyzed using a peak jumping mode and an electron multiplier and Kr was subsequently
analyzed using a similar procedure. Procedural Xe blanks were monitored before each crushing

experiment and were very low, in the order of 10™® mol of '**Xe.

Error propagation and compilation of the results

27 crushing experiments on 7 samples were conducted in total. Isotopic ratios of Xe
released during each crushing experiment are shown in Fig. S4. Very reproducible results
permitted to compute an error-weighted average for each isotopic ratio (Table S2) with Mean

Standard Weighted Deviation values comprised between 0.43 and 1.3.
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Isotopic fractionation of Xe in Barberton quartz relative to the modern atmosphere

The isotopic fractionation (13.3 + 1.8 %o.u") of xenon in Barberton quartz relative to the
isotopic composition of the modern atmosphere was computed with the light stable, non-
fissiogenic non-radiogenic isotopes of Xe (*'**'"Xe) plus '""'Xe, which is little produced by the
fission of **U (Ragettli et al., 1994) by using the Isoplot software (Ludwig, 1991). **Xe appears
depleted relative to the fractionation computed on other light isotopes and has thus not been
taken into account to compute the fractionation (see next paper of Chapter 3 for a discussion on
the origin of this " Xe depletion).

Fissiogenic end-member from spontaneous fission of ***U

The depletion of "*'*Xe isotopes in the Barberton Xe spectrum (Fig. 2) demonstrates that
neither Q-Xe nor SW-Xe can be the starting isotopic compositions for the Earth's atmosphere
(see main text). Fractionating Q-Xe or SW-Xe would lead to excesses on “Xe and "Xe
compared to Barberton. Once corrected for a mass fractionation of 25 %o.u" relative to U-Xe,
BI16X e excesses in Barberton quartz are fully compatible with the presence of products of

spontaneous fission of **U (Extended Data Fig. S6).

Degassing rate over 3.2 Ga inferred from low '**Xe(I) excess in Barberton quartz

All errors given in this section are at 10.

Modern atmosphere contains (4.06 £ 0.05) x 10" mol of *Xe (Ozima and Podosek, 2002)
and an excess of 6.8 + 0.3 % of *Xe(I) (Porcelli and Ballentine, 2002a). This corresponds to 2.8
+ 0.1 x 10" mol of "Xe(I). Barberton *’Xe/"""Xe ratio has a 8"*Xe,, value of 6 + 2 %o (Fig. 2 in
the main text). Propagation of the isotopic fractionation computed on light isotopes (see above)
toward "Xe leads to a theoretical non-radiogenic delta value (8'Xey..,) of 13.3 + 0.9 %o for
Xe. The difference of 7.3 + 2.1 %o between theoretical and measured deviations relative to the
isotopic composition of the atmosphere indicates that the 3.2 Ga-old atmosphere presented a
Xe(I) excess of 6.07 + 0.44 % corresponding to (2.47 4+ 0.09) x 10" mol of *Xe(I) with the
conservative assumption that no Xe was lost from the atmosphere. This result allows us to
compute a lower limit of 9 + 5 mol.a™ for the degassing rate of "*’Xe(I) during the last 3.2 Ga.

Present degassing rate of *He from the upper-mantle producing Mid Ocean Ridge Basalts is
estimated at 527 + 102 mol.a™. Taking estimates for the '"*Xe/*He ratio (0.00068 or 0.00049
depending on the *’Ne/*Ne ratio for the mantle) and for the Xe(I)/'"Xe ratio in the MORB
source (1.29 to 1.7) (Trieloff and Kunz, 2005), the degassing rate measured for helium corresponds
to a degassing rate of 0.45 + 0.02 mol.a™ for *Xe(I).

Computation method for the starting isotopic composition of the Earth's atmosphere

The method used to compute the starting isotopic composition for the Earth's atmosphere
is graphically explained in Fig. S7. The only starting hypothesis (Fig. S7(a)) is that the starting
isotopic composition for Barberton quartz has a '"Xe/"Xe ratio in the range of the solar

composition (Meshik et al., 2014). This hypothesis is reasonable because the other known
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potential starting isotopic composition is Q-Xe that already carries “*Xe excesses due to either in-
situ fission or isotopic fractionation (Kuga et al., 2015; Marrocchi et al., 2015). The second step of
the computation consisted in correcting the isotopic composition of Xe in Barberton quartz for
contributions of "”Xe and '*Xe produced by the spontaneous fission of **U (black line in Fig.
S7(b)). The pristine starting isotopic composition trapped in Barberton quartz must lie on this
line. The green range in Fig. S7 (c) describes the result of the isotopic fractionation computed on
light isotopes and applied to the heavy isotope **Xe. The intersection between the green range
and the black line permitted to correct the pristine signal recorded in Barberton quartz for
isotopic fractionation (Young et al., 2002) assuming a solar "Xe/""Xe ratio and gave the blue

range in Fig. S7 (d).

Potential contribution of comets to the budget of atmospheric Xe

Estimates of cometary bulk compositions containing amorphous ice or clathrates are listed
in Table S4. C, N, water and *Ar contents do not depend on the modes of formation of ice
(clathrates or amorphous ice) but *Kr and "Xe abundances highly depend on these parameters.
Here we used experimental data obtained during amorphous ice deposition (Bar-Nun and Owen,
1998; Notesco, 2003) and theoretical data on the elemental composition of clathrates formed at
48 K (Mousis et al., 2010) to give estimates of the *Ar/"™Xe and **Ar/*Kr (Table S5) trapped in
cometary amorphous ices or clathrates formed from a gas with a protosolar composition (Lodders,
2003). The *Ar/H,O ratio is from the measurement of gases emitted by comet 67P/C-G by the
ROSINA mass spectrometer on board the Rosetta spacecraft (Balsiger et al., 2015) and the H,O
content is from Greenberg (1998). N and C contents are from a compilation of results (Le Roy et
al., 2015; Rubin et al., 2015). In this study, we explored the effect of a cometary contribution of
10 % wt. in the Terrestrial Late Heavy Bombardment (TLHB) and took a total mass of 2 x 10* g
for this late accretionary event (Marty and Meibom, 2007). The contribution to the budget of
volatile elements from the remaining 90 % wt. of chondrites is negligible (Marty and Meibom,
2007). The effect on C, N and H,0 abundances is small (Fig. S9) and ensures, for example, a
preservation of the chondritic D/H value for Earth's oceans despite the elevated cometary D/H
measured for comets (e.g. Altwegg et al. (2015)). Contrary to C, N and H,O, the effect of a 10 %
cometary contribution in the TLHB is significant for *Ar, ¥*Kr and ""Xe abundances (Fig. S9).
Comets may bring the whole surficial budget of **Ar. The cometary contribution in the terrestrial
late heavy bombardment is sufficient to bring the whole *Kr budget if it was trapped in
amorphous ice but in that case '“Xe would correspond to its actual budget in the Earth's
atmosphere uncorrected for the 20 fold depletion (Avice and Marty, 2014). If noble gases were
trapped in clathrates, a 10% cometary contribution would exceed by 2 to 3 orders of magnitude
the surficial budget of Xe and Kr. In any case, a cometary contribution to the Earth's is tentative

for ®Ar and cannot be ruled out for *Kr and **Xe.
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Figure S1: Isotopic fractionation (%o.u") of atmospheric Xe with time. Data of fractionated Xe
from the literature are indicated with black-filled to light grey-filled circles (Pujol et al., 2013;
2011; 2009; Srinivasan, 1976) and with a light green range (Holland et al., 2013). Starting isotopic
fractionation (red range) varies between 30 and 40 %o.u" depending if it is Solar (SW-Xe)/U-Xe
or Chondritic (Q-Xe) (Ott, 2014). Errors at 20. No error is given for the fractionation described

in Srinivasan (1976).
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Figure S2: Photographs of two samples from the BARB3 core. (a) Samples BMGA3-9 is a vein
cross-cutting white chert and filled with macro-crystalline quartz crystals. The transition between
the two lithologies is sharp with two parallels straight lines. (b) Sample BMGA3-11 is a macro-
crystalline quartz vein intruded in a lithology dominated by white chert and alternating black and

cherts. The transition between the vein and the intruded
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Figure S3: Ar-Cl correlation of results of crushing and step-heating experiments on sample
BMGA3-9 demonstrating the presence of “"Ar (“’Ary) excess related to the chlorine content. This
Ar excess prevents the direct determination of an age from “Ar-K correlation. The linear fitting
(see equation) is shown with the black line and the grey area describes the error on the

correlation at 1o. Error bars at 1o.
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Figure S4: Isotopic ratios (27 measurements) of xenon (normalized to ""Xe) released from fluid
inclusions by crushing 7 different Barberton samples. The error-weighted mean for the xenon in
Barberton appears with the solid black line and its error envelope with the blue area. The isotopic
composition of modern air (dashed line) and its precision (red area) are shown for comparison.

Error bars and ranges at 20.
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Figure S5: Isotopic ratios of krypton in fluid inclusions of Barberton quartz crystals expressed
with the delta notation relative to *Kr and to the isotopic composition of the modern
atmosphere. The dashed line represents the isotopic fractionation measured on Xe (13 %o.u)

propagated toward Kr following a mass fractionation law in m'?. Errors at 20.
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Figure S6: Fission spectrum of Barberton Xe corrected for mass-fractionation relative to a
starting isotopic composition similar to U-Xe. It corresponds to spontaneous fission of ***Pu. The

fission spectra for fission of **U and **'Pu are from a compilation in Porcelli and Ballentine

(2002b).
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Figure S7: Schematic view of the successive steps leading to the determination of the initial
%Xe/"™Xe for the ancient atmosphere trapped in Barberton quartz (see also text and "Methods")
by using correlations in the three-isotope plot *Xe/"*Xe/"*"Xe. (a) The starting point uses only
one data, the isotopic composition of Xe in Barberton quartz (the isotopic composition of the
atmosphere is shown only for comparison) and makes the assumption that the starting "*Xe/"*Xe
is identical to SW-Xe. (b) The black line depicts the production of '*Xe and "Xe by the
spontaneous fission of **U. Barberton quartz samples carry these excesses (Fig. S6) and thus
must lie on this line. (¢) The green range represents the initial "*Xe/""Xe for Xe in Barberton
quartz before addition of fission products. It was computed by using the mass fractionation
recorded on stable isotopes *"Xe and *Xe. (d) The intersection of the black line and the green
range permits to compute what was the primordial **Xe/""Xe ratio for the Earth's atmosphere
before the progressive mass-dependent isotopic fractionation recorded in Barberton quartz. The
resulting space of possibilities (range at 20) appears in blue. The purple square corresponds to the

isotopic composition of U-Xe (Pepin, 1991).
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Figure S8: Three-isotope plot *Xe/""Xe vs. "*Xe /" Xe similar to Fig. 3. Legend is the same as in
Fig. 3. A starting isotopic composition depleted in '*Xe is necessary to explain results obtained

for Barberton quartz crystals. Errors at 2o.
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Figure S9: Abundances of C, N, H,0, *Ar and '""Xe in the atmosphere (air + oceans -+
sediments) (blue line), normalized to chondritic abundances and corrected for Xe loss (dashed
line) (data from Table S4) and compared to the effect of a contribution of a Terrestrial Late
Heavy Bombardment (TLHB) (2 x 10* g) composed of 10% comets together with 90% CI
chondrites. An atmospheric Xe partly brought by comets cannot be ruled out and depends highly

on the mode of entrapment of Xe in comets (in clathrates or in amorphous ice).
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Extended Tables captions

Table S1: Data for the Ar-Ar experiment (crushing and step-heating results) on BMGA3-9 and
BMGAS3-13 samples. Errors at 1o.

Table S2: Isotopic ratios and abundances of Xe released from fluid inclusions during crushing

experiments. Errors at 20.

Table S3: Isotopic ratios of krypton released from fluid inclusions during crushing experiments on

Barberton quartz samples. Errors at 20.

Table S4: Abundances of volatile elements in chondrites (after a compilation of results (Kerridge,
1985; Mazor et al., 1970; Schultz and Franke, 2004)), in the atmosphere (air + oceans -+
sediments) (Marty, 2012) and in bulk comets composed of clathrates or amorphous ice (see text
for details) all normalized to chondritic abundances. Not the differences in *Kr and ""Xe

abundances between clathrates and amorphous ices. Errors at 1o.
Table S5: Elemental ratios of noble gases (Ar, Kr, Xe) in cometary ices depending if it is

amorphous or in the form of clathrates. Starting solar abundances are from Lodders (2003). Data

for amorphous ice from Notesco (2003) and for clathrates from Mousis et al. (2010).
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Table S1

AT AT

K/ At

*Ar £ + CIP°Ar + +

(x10™ mol.g™") (x10%) (x10%)
Crushing
BMGA3-9 C#1 2.05 0.13 5809 479 8.54 0.73 n.d.
BMGA3-9 C#2 4.43 0.25 3207 250 5.39 0.43 n.d.
BMGA3-9 C#3 5.02 0.28 4050 314 7.35 0.59 2.01 0.25
BMGA3-9 C#4 0.44 0.07 5479 875 8.95 1.45 4.36 0.70
BMGA3-9 C#5 1.74 0.13 5142 470 8.56 0.80 2.83 0.44
BMGA3-9 C#6 1.31 0.08 7077 571 12.15 1.02 2.56 0.33
BMGA3-9 C#7 0.81 0.05 6409 520 12.51 1.04 3.87 0.42
Step-heating A
BMGA3-9 HA-600 9.58 0.45 2991 197 4.23 0.30 0.97 0.10
BMGA3-9 HA-1000 4.17 0.21 1236 84 1.35 0.14 1.88 0.15
BMGA3-9 HA-1200 4.16 0.23 757 55 0.16 0.26 0.72 0.15
BMGA3-9 HA-1400 8.39 0.39 2365 156 3.71 0.26 1.13 0.10
BMGA3-9 HA-1500 6.94 0.34 1212 82 1.54 0.12 0.30 0.13
BMGA3-9 HA-1600 9.39 0.48 1222 84 1.90 0.14 0.62 0.08
Step-heating B
BMGA3-9 HB-600 9.66 0.46 3326 221 5.81 0.40 0.89 0.14
BMGA3-9 HB-1000 4.07 0.21 1441 100 1.89 0.18 2.31 0.23
BMGA3-9 HB-1200 3.55 0.19 1095 77 1.27 0.14 0.70 0.13
BMGA3-9 HB-1400 7.98 0.39 2617 176 4.34 0.30 1.13 0.10
BMGA3-9 HB-1600 10.83 0.52 1589 106 2.44 0.17 0.80 0.09
Crushing
BMGA3-13 C#1 7.96 0.44 3611 57 17.01 1.34 2.17 0.20
BMGA3-13 C#2 3.72 0.21 4376 90 21.06 1.69 1.87 0.18
BMGA3-13 C#3 1.51 0.09 3607 83 21.46 1.74 2.50 0.27
BMGA3-13 C#4 1.10 0.07 3980 111 25.17 2.07 291 0.31
BMGA3-13 C#5 1.27 0.07 3294 72 20.20 1.62 2.62 0.31
BMGA3-13 C#6 2.83 0.16 2388 33 14.97 1.18 1.92 0.16
Step-heating
BMGA3-13 600 6.84 0.33 1200 16 3.95 0.28 1.10 0.09
BMGA3-13 1000 4.85 0.25 512 11 0.85 0.09 4.30 0.30
BMGA3-13 1200 2.77 0.16 481 16 0.62 0.16 1.35 0.20
BMGA3-13 1400 6.02 0.29 909 12 3.42 0.24 1.04 0.08
BMGA3-13 1600 9.50 0.45 661 7 2.42 0.17 0.86 0.08
ASW 298.56 10-17
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Table S3

Samples Location (m)  “Kr + Kr + BKr + +
54Kr:l
BMGA3-13-G 555 0.0396 0.0004 0.2021 0.0018 0.2013 0.0016 0.3074 0.0017
BMGA3-13 B 555 0.2031 0.0015 0.2021 0.0013 0.3056 0.0025
BMGA3-13 C - 0.2020 0.0017 0.2019 0.0016 0.3020 0.0027
BMGA3-13 D - 0.2031 0.0015 0.2021 0.0013 0.3056 0.0025
BMGA3-13 E - 0.2022  0.0009 0.2012 0.0007 0.3059 0.0028
BMGA3-4 A 715 0.1992  0.0021 0.1979 0.0024 0.3015 0.0041
BMGA3-4 B - 0.2019 0.0020 0.2018 0.0015 0.3042 0.0024
BMGA3-4 B2 - 0.2021 0.0091 0.1995 0.0083 0.3034 0.0132
BMGA3-4 C - 0.2023  0.0078 0.2016 0.0016 0.3042 0.0035
BMGA3-5A 784 0.2017 0.0025 0.2015 0.0025 0.3028 0.0032
BMGA3-5B - 0.2012  0.0063 0.2015 0.0055 0.3058 0.0105
BMGA3-5C - 0.2024 0.0018 0.2021 0.0013 0.3044 0.0030
Average 0.20217 0.0005 0.20151 0.00042 0.30499 0.00082
MSWD#* 1.05 1.2 1.7
'Barberton samples are labeled BMGA3-XX-YZ with XX the core samples,
Y the 1-3 mm granulometric sub fraction and Z the crushing step.
*MSWD (for Mean Standard Weighted Deviation)
Table S4
Abundances (mol g Chondrit Atmosphere / Comets bulk (clathrate) /  Comets bulk (amorphous
for Chondrites) ondrites Chondrites Chondrites ice) / Chondrites
C 2.34E-03 1.17E-03 5.51E-04 2.75E-04 1.58E+01 1.45E+01 1.58E+01 1.45E+01
“N 6.38E-05 2.48E-05 9.38E-04 3.65E-04 2.81E+01 1.84E+01 2.81E+01 1.84E+01
H,O 3.70E-03 1.02E-03 4.00E-03 1.10E-03 4.91E+00 2.70E-01 4.91E+00 2.70E-01
SAr 3.13E-11 1.60E-11 2.98E-02 1.52E-02 6.60E+03  6.05E+03 6.60E+03 6.05E+03
YKr 4.09E-13 2.22E-13 4.68E-02 2.54E-02 5.06E+06 4.64E+06 1.64E+04 1.50E+04
'Xe 3.84E-14  3.15E-14  2.72E-03 2.24E-03 7.10E+05 6.51E+05  6.57E+02  6.02E+02

Table S5

Elemental ratio Protosolar nebula Amorphous ice Clathrates

BAr/Xe 3.28E+05 8.20E+03  7.57E+00
SAr/AKr 2.47E+03 3.09E+01 9.98E-02
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3.3. ARTICLE EVOLUTION OF ATMOSPHERIC XENON AND OTHER NOBLE GASES INFERRED FROM THE STU

3.3 Article Evolution of Atmospheric Xenon and other Noble
Gases Inferred from the Study of Archean to Paleoproterozoic

rocks

This article is in preparation for a submission to the journal Geochimica et Cosmochimica Acta. It is
divided in a main text and a Supplementary Material that contains additional descriptions of methods and
supplementary figures. This paper is focused on the characterization of the 3.2 Ga-old atmosphere and on

the evolution of the isotopic composition of atmospheric Xe with time.



In preparation for a submission to Geochimica et Cosmochimica Acta

Evolution of atmospheric xenon and other noble gases inferred

from the study of Archean to Paleoproterozoic rocks

G. Avice', B. Marty'

'CRPG-CNRS, Université de Lorraine, UMR 7358, 15 rue Notre-Dame des Pauvres, BP 20, 54501

Vandoeuvre-lés-Nancy Cedex, France.

Abstract

Our understanding of the origin and temporal evolution of the Earth's atmosphere is still
very limited. We have analyzed ancient atmospheric gases (noble gases and nitrogen) trapped in
Archean to Paleoproterozoic 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.

In this study, we show that selected rocks and minerals with ages ranging from 3.2 Ga to
500 Ma have kept a record of the isotopic composition of the ancient atmosphere. The isotopic
compositions of noble gases and nitrogen in the 3.2 Ga-old atmosphere were determined precisely
by analyzing samples from the Barberton greenstone belt.

Ar-N, correlations are consistent with a partial pressure of nitrogen in the Archean
atmosphere (py,) similar to, or lower than, the modern one, thus requiring other processes than a
high py, to keep the Earth's surface warm despite a fainter Sun. The nitrogen isotope composition
of the atmosphere at 3.2 Ga was already modern-like, attesting for inefficient nitrogen escape to
space at that time.

3.2 Ga ago, atmospheric xenon was isotopically fractionated (enriched in the light isotopes)
relative to the modern atmosphere, by 13 + 1 (10) %o.u" whereas krypton was isotopically
identical to modern atmospheric Kr within =~ 2 %c. The specific and progressive isotopic
fractionation of Xe during the Archean, proposed by Pujol et al. (2011), is now well established.
Xe isotope fractionation marked a pause for at least 400 Ma between 3.2 Ga and 2.7 Ga, then
evolved again to reach the modern-like atmospheric Xe composition around 2.1 Ga ago. Our
results provide definitely an explanation for the long-standing paradox of xenon.

Xenon is the second atmospheric element, after sulfur, to show a secular isotope evolution
during the Archean that ended up at the Archean-Proterozoic transition. We speculate that the
Xe isotope evolution was the result of interactions between EUV photons from the young Sun and

the electronic structure of xenon, in which the rise of atmospheric oxygen might have played a
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role, either by killing organic haze, and/or by neutralizing xenon rapidly before Xe ions could
reach the exobase.

Analyses of samples of various ages confirm that the starting isotopic composition of
atmospheric Xe was specific to this reservoir - the U-Xe composition of Pepin (1991) - and was
progressively isotopically fractionated over geological times. This composition appears different
from that of mantle xenon, thus outlining the need for at least two cosmochemical sources -

Chondritic and possibly Cometary - for this element on Earth.

1. Introduction

The origin of the volatile elements in the Earth's atmosphere and mechanisms responsible
for its subsequent evolution remain poorly understood (Marty, 2012). The elemental and isotopic
composition of the Earth's atmosphere has been shaped by numerous events in the history of our
planet, such as contributions of diverse extraterrestrial sources, meteoritical impacts, mantle
degassing, subduction with crustal recycling of volatile-rich lithologies, atmospheric escape etc.
Furthermore, only little is known about the state of the atmosphere during the Archean (3.8 - 2.5
Ga), an epoch covering one third of Earth's history and during which early forms of life emerged
and evolved (Mojzsis et al., 1996). Some isotopic signatures in ancient sediments are already
pointing to major differences for the composition of the atmosphere in the Archean and early
Paleoproterozoic. For example, sulfur isotopes measured in rocks older than =~ 2.2 Ga carry a
mass-independent fractionation signature (MIF) whose production and conservation in the rock
record require the intervention of photochemical reactions involving UV photons in the
atmosphere (Farquhar and Wing, 2003). Such photochemical reactions appear to be possible only
in an O,-poor atmosphere, ensuring low levels of ozone (O;) that may have absorbed UV-light,
and with abundant methane (CH,) an important greenhouse gas (Catling (2014) and refs.
therein). Furthermore, an atmospheric composition very different from the modern one seems to
be required to keep a warm temperature 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 powerful 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 of its isotopes have also been
contributed by extinct (*I, T, ,, = 15.7 Ma; *'Pu; T, , = 82 Ma) and extant (**U; T,, = 4.47 Ga)
radioactivities. Terrestrial atmospheric Xe presents two unique features. Firstly, it is elementally
depleted relative to other noble gases (Ne, Ar and Kr) and compared to Chondritic. This
depletion factor is of about 23 (Marty, 2012). Secondly, atmospheric xenon is strongly enriched in
the heavy isotopes relative to the light isotopes with a mass-dependent fractionation factor of 30
to 40 %o.u" (computed on light isotopes) compared to other known solar system components such
as AVCC-Xe (Average Carbonaceous Chondrite Xe) or SW-Xe (Solar Wind Xe) (Ott, 2014).

These two features form the so-called "xenon paradox" (Ozima and Podosek, 2002).
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An additional striking feature of atmospheric Xe is that it cannot be directly related
neither to chondritic Xe nor to solar Xe. When corrected for mass-dependent isotope fractionation
(using light Xe isotopes not contributed by radioactivities), the heavy Xe isotopes *'Xe and "“Xe
are depleted relative to both Solar and Chondritic signatures (Pepin, 1991). This is a serious issue
since no known nuclear process can selectively decrease the abundance of these isotopes in the
atmosphere. Furthermore, spontaneous fission of extinct *‘Pu (T, , = 82 Ma) and extant **U (T, ,
= 4.47 Ga), which produce these isotopes in the silicate Earth, would have led to an increase of
"Xe and '"Xe abundances in the atmosphere with time due to mantle and crustal degassing,
making the situation even worse. An alternative and mathematically-derived Xe component,
labeled U-Xe, has thus been defined in previous studies (Pepin, 1991; Takaoka, 1972) and is
considered as the starting isotopic composition for the Earth's atmosphere. To date, this exotic

component has not been found elsewhere in the solar system.

Even assuming U-Xe as the starting isotopic composition 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; Tolstikhin and O'Nions, 1994), and/or late addition of cometary gases to a residual,
fractionated atmosphere (Dauphas, 2003). In these models, Xe processing and fractionation
occurred during Earth's forming events (Dauphas and Morbidelli, 2014). Some recent studies call
into question these models and propose instead that the depletion and isotopic fractionation of Xe
took place progressively during geological eons. This model is based on the analysis of xenon in
ancient rocks (Pujol et al., 2011; 2009; Srinivasan, 1976) that showed a stable isotope composition
of xenon intermediate between those of the potential cosmochemical ancestors and of the modern
atmosphere. Pujol et al. (2011) thus proposed that the isotope fractionation of atmospheric xenon
was a long-term process that was still active during the Archean eon. This fractionation had to be
specific to Xe, since other noble gases did not appear to be fractionated. Because xenon is the
heaviest noble gas, only non-thermal (not mass-related) escape could be possible, possibly related
to the specific electronic structure of this element, which makes it more prone to ionization by
solar UV photons than other noble gases. These results have thus been subsequently interpreted
as an evidence for a continuous escape of Xe during the Archean accompanied by an
instantaneous isotopic fractionation (Marrocchi et al. (2011); Kuga et al. (2015)) when Xe is
ionized and enters in contact with organic matter (Hébrard and Marty, 2014; Marty, 2012).
Hébrard and Marty (2014) built a 1D photochemical model of the Archean atmosphere suggesting
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 corresponds also to the
maximum production of organic haze from photochemistry of H, - CH, mixtures (two species
often advocated to have been present in the Archean atmosphere). Independently, laboratory
experiments involving Xe ions trapped in forming organic matter (Kuga et al., 2015; Marrocchi et
al., 2011) have shown a Xe mass-dependent instantaneous fractionation (a) of 1.0 £+ 0.4 %.u" in
favor of the heavy isotopes. Such a value is similar to the one needed to yield an integrated

fractionation of 3 - 4 %.u" for a Xe depletion of a factor of 23 in a leaking atmosphere, assuming
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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.

Even if these 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 only
two samples from the same location (barite from North Pole, Pilbara craton, Australia, for
Srinivasan (1976) and Pujol et al. (2009), fluid inclusions in quartz also from North Pole for Pujol
et al. (2011)). (ii) The atmospheric origin of trapped Xe has been questioned (Pepin, 2013). (iii)
Assuming that the model is correct, the physical processes behind the escape of Xe atoms and/or
ions are still unknown. (iv) The similarity of Xe on Mars and on Earth is a major issue for the
"haze-Xe" model (Hébrard and Marty, 2014) since there is no evidence for the existence of such
haze production in the early Martian atmosphere (but it cannot be excluded either, since CH, has
been detected there (Formisano et al., 2004)). (v) Finally, the exact timing of the evolution of the
isotopic composition of atmospheric Xe remains unconstrained and it is up to now, difficult to
link this evolution to other geochemical cycles such as progressive oxidation of the atmosphere for
example. In order to document these issues, we present new high-precision analyses of Xe
contained in fluid inclusions in quartz of different ages (3.2 Ga to 530 Ma) and from different
geological areas (Table 1), A comprehensive study of noble gases (Ne, Ar, Kr, Xe) and nitrogen in
3.2 Ga-old samples from the Barberton area permits also to define the isotopic composition of the

atmosphere at that time.

2. Samples and Analytical Methods
Brief descriptions of the analyzed samples, of geological age constraints and of analytical

methods are presented in this section (more details also appear in Chapter 2 "Samples and
Analytical Methods").

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 from Isua (Greenland) that are meta-
carbonates consisting of a mixture of carbonate and quartz crystals. The high quantity of fluid
inclusions ensured that quantities of gas released during crushing experiments were high enough
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 producing Xe isotopes (Pujol et al., 2009)).

Geological provenances of the analyzed samples are listed in Table 1.

Samples from the Barberton greenstone belt were recovered from quartz veins cutting cores
recovered during an ICDP drilling project (PI: N. Arndt (UJF Grenoble)) and are described in a
previous publication (see Chapter 2 "Samples and Analytical Methods" and the paper presented
in the previous section of Chapter 3). Ar-Ar dating permitted to define an age of 3.2 + 0.1 (10)
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Ga (see previous paper in Chapter 8 "Results and Implications”) in agreement with the age of the
main deformation event "D," defined for this geological area that led to regional-scale fluid
circulations (de Ronde and Wit, 1994).

Samples from the Boongal and Maddina formations (Fortescue Group, Hamersley Basin,
Australia) are from quartz-bearing pods located in pillow-basalts. Comparable quartz pods in the
North Pole 3.49 Ga-old area had already been considered as being derived from early
hydrothermal circulations after lava emission (Foriel et al., 2004). Ar-Ar dating did not permit to
constrain the age of these samples because of too low abundances of potassium and of *’Ar excess
that is not simply correlated with the chlorine content as usually seen in other studies (Kendrick
et al., 2001). A maximum age of 2.74 Ga is thus inferred from U-Pb dating of the rocks (Trendall
et al., 2004).

Some 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 collected in the southern
part of the belt and consisted in quartz crystals mixed with carbonates probably of metasomatic
origin (Rose et al., 1996). An early Archean age for these quartz is thus doubtful and the
widespread resetting event at 2.3 + 0.2 Ga identified by Sm-Nd dating on metamorphic garnets
from the same area (Blichert-Toft and Frei, 2001) might be a more probable age for the fluid

circulation 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 intruded in meta-greywackes dated at
ca. 2.7 Ga (Davis et al., 1990). The true age of the veins is unknown and could be 2.65 Ga, the
age of the metamorphism almost synchronous to the onset of late plutonic intrusions (Card,
1990).

Quartz samples located in veins from the Gaoua mine district (Burkina Faso) are linked to
the early stages of a porphyr deposit (Baratoux et al., 2015) and have an age of 2.10 £ 0.07 Ga
(1o) inferred from Re-Os dating of pristine pyrite minerals located in the same veins (Le Mignot
et al., 2014).

Samples from Carnaiba (Brazil) are quartz crystals from emerald-hosting veins linked to the
intrusion of Proterozoic leucogranites in 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
experiments on associated phlogopites (Cheilletz et al., 1993).

Samples from Caramal (Australia) are from quartz breccia zones located in the

1.8 - 1.7 Ga-old Kombolgie sandstones. Quartz formed probably slightly later than accompanying
illites crystals dated at 1.6 - 1.7 Ga by the Ar-Ar method (Kyser et al. (2000) and refs. therein).
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The sample from Avranches (France) is from quartz veins intruded in the western part of
the Mancellian batholith. This geological area underwent several orogenic episodes but
radiometric dating results in the sampling area permit to estimate an age of 530 £ 10 Ma (1o) for

this sample ((Chantraine et al., 1994) and refs therein).

The sample from Rhynie (Scotland) is a cherty (microcrystalline quartz) sample that already
provided information about the ancient atmosphere with a trapped paleo-atmospheric “Ar/*Ar
ratio of 294.1 £+ 1.5 (10) (renormalized to the revised value of 298.56 for the modern atmospheric
ratio (Lee et al., 2006)) and an age of 396 + 12 Ma (10) obtained with the Ar-Ar dating method
(see Rice et al. (1995) and refs. therein).

2.2 Analytical methods

Descriptions of the N,-Ar-Ne measurements are given in the Supplementary Material.

For Xe-Kr measurements, gases were extracted from fluid inclusions contained in 2-3 mm-
sized grains by using a modified VAT® valve. The below was replaced by a cylinder crushing
grains (up to 1 g), placed on a stainless steel pastille, when the valve is closed. Online Ti-sponge
getters ensured the removal of reactive gases and especially water, the major constituent of fluid
inclusions. Xenon was condensed on walls of a glass tube plunged in liquid N, (77 K) during
20 mn. Part of the krypton also condensed on this tube. The remaining fraction was then pumped
out during 10 mn. Around 10 dilutions of the volume of the glass tube into the whole line and
under static vacuum followed by pumping were necessary to decrease the partial pressure of Ar
(mainly “’Ar usually found in excess in fluid inclusions) before introduction of the gas in the mass
spectrometer. The Xe analysis was carried out on a Helix MC Plus Thermofisher® 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 permitted to obtain the high precision
on the data presented here. Xe blanks were typically around 10" mol of Xe and thus had a
negligible contribution (usually < 1 %) on the Xe abundance measured during crushing (10" to
10" mol "Xe). Kr 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 internal 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. Mass spectrometer sensitivity was calibrated with
known amounts of atmospheric noble gases following the same procedure as reported by Marty
and Zimmermann (1999). Recent quartz samples (0 to 35 Ma) have been analyzed to check that

there was no isotopic fractionation during gas extraction and purification.
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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 (Supplementary Material). The error-weighted mean for each isotopic ratio
and the corresponding Mean Standard Weighted Deviation (MSWD) appear in bold. MSWD
values are usually close to or lower than 1, meaning that sometimes errors may have been
overestimated. Mean values were not computed for some *"*"Xe/"Xe ratios that are presenting
various fissiogenic excesses. Mean isotopic ratios of Xe in Barberton quartz appear in the first line
of Table S1 (Supplementary Material).

Except for some fissiogenic "'"'*Xe 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 %o.u™
(o).

a Barberton (3.2 Ga) b Fortescue Group (2.7 Ga)
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Figure 1: Isotopic spectra of Xe released from fluid inclusions of Barberton (a), Fortescue Group (b), Isua
(c) and Gaoua (d) samples (see Table S1 in Supplementary Material). Isotopic compositions are given with

the delta notation normalized to *’Xe and to the isotopic composition of the modern atmosphere (8'Xe,;, =
ixe
i (" f130x¢) I
0 %o): 6'Xeqyr = 1ooox(w
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areas correspond to 1o error ranges. Errors at 1o.

—1). Red lines correspond to the isotopic fractionation and blue
130y ) air
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Isotopic spectra normalized to the isotopic composition of the modern atmosphere for
xenon in Barberton, Fortescue Group, Isua and Gaoua samples are presented in Fig. 1la, b, ¢ and
d, respectively. Note the differences in scale in Fig. la-b compared to Fig. 1lc-d. Isotopic spectra,
without "*Xe/"""Xe ratios altered by fissiogenic excesses, for Quetico Belt (2.7 - 2.65 Ga) and
Carnajba (2.1 Ga) samples are displayed in Fig. S1 and S2 (Supplementary Material),

respectively.

For each spectrum in Fig. 1, light isotopes (**'*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. 1d) where only some '"Xe excess is definitely present and where
Xe/"Xe and '""Xe/"Xe ratios are higher than the atmosphere although imprecise. For
Barberton (Fig. 1a) and Fortescue Gp. (Fig. 1b) samples, heavy isotopes (**"'*Xe) are also
depleted relative to the isotopic composition of the modern atmosphere. Isua (Fig. 1c¢) and Gaoua
(Fig. 1d) samples present "*"**Xe excesses, which might be attributed to the spontaneous fission
of U although fission spectra are imprecise (Fig. S3 & S4, respectively, in Supplementary
Information). Such light isotopes excesses and depletions on heavy isotopes are consistent with a
mass-dependent isotopic fractionation recorded in these quartz of different ages in a similar
manner to what was measured in previous studies of ancient atmosphere trapped in fluid
inclusions in quartz and barite samples (e.g. Pujol et al. (2011)). Results presented here cannot be
interpreted in terms of mixing between an atmospheric and a mantle-derived component (Pepin,
2013) since no analysis revealed the presence of significant "Xe excess relative to the modern
atmosphere (6.8 % of radiogenic "Xe* excess from the decay of extinct ™1 in the modern
atmosphere). Such radiogenic excess would be expected if a mantle-derived component was
present (Caffee et al., 1999). In fact, after correction for isotopic fractionation relative to U-Xe,
there is a 'Xe* excess of 6.0 + 0.4% (10) in Barberton quartz relative to total "Xe. This
observation demonstrates that Barberton samples are records of an ancient atmosphere containing
lower amounts of radiogenic gases 3.2 Ga ago, which were subsequently degassed by the mantle
and ended in the modern atmosphere. N,-Ne-Kr isotope systematics on Barberton samples also
argues against any significant mantle influence on fluids trapped in these samples (see next
section). Analyses presented here appear to be records of the isotopic composition of xenon in

ancient atmospheres.

The isotopic fractionation of Xe (8Xe,;,) of 13.3 + 0.9 %o.u" (10) measured in Barberton
(3.2 + 0.1 Ga) samples is obtained by computation on "****"**'*'Xe isotopes (Table 1). This very
precise value is in agreement with previous data obtained for 3.0 - 3.1 Ga-old quartz from North
Pole (Australia) (Pujol et al., 2011; 2013b). More interestingly, it confirms that the isotopic
fractionation of the atmosphere 3.2 Ga ago was lower than the isotopic fractionation of
21 + 3 %o.u" measured in 3.5 Ga-old barite samples (Pujol et al., 2009) suggesting an evolution of
the isotopic composition of atmospheric Xe with time. Fortescue Gp. quartz samples (= 2.7 Ga)

gave Xe results compatible with an isotopic fractionation of 13 & 1 %o.u" (10) identical within
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errors to the fractionation measured in Barberton samples plus some addition of *"***Xe from the
spontaneous fission of **U (see Fig. S5 in Supplementary Material). Furthermore, Xe results for
Fortescue Gp. samples confirm that the only possible starting isotopic composition for the Earth's
atmosphere is similar to U-Xe (see the three-isotope plot in Fig. S6 in Supplementary Material).
Mass-dependent fractionation of this component and addition of products of the spontaneous
fission of **U are the only ways to reproduce the measured “**Xe'"*’Xe ratio.

2"Xe depletion, relative to any plausible mass-dependent fractionation computed by using
other light non-radiogenic/fissiogenic isotopes, is observed in the case of Barberton (3.2 Ga) and
Fortescue Group (2.7 Ga) samples. This depletion is unlikely to be due to an isotopic
fractionation phenomenon during extraction, purification and analysis of the gas since crushing
experiments of more recent quartz crystals (Tables S1) did not reproduce such depletion and gave
atmospheric *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 remain hard to explain since there are only few processes (radioactive decay or neutron
capture) able to selectively decrease the abundance of this isotope. Radioactive decay of **Xe may
occur by double electron capture. However the half-life (t,,) of “Xe is higher than 4.10” a
(Suhonen, 2013) and there is no reason to expect that this process occurred only in-situ and not
in all cosmochemical or terrestrial reservoirs including the terrestrial atmosphere that is used here
to normalize isotopic spectra. Thermal neutron capture on *'Xe leads to the production of *Xe
decaying rapidly (t,, = 18 hr) in "1 that is also unstable and decays (t,, = 60 days) in "*"Te
(Bresesti et al., 1964). Because the modern atmosphere, after correction for mass-dependent
isotopic fractionation, does not carry such depletion in 'Xe relative to potential primordial
components, neutron capture might have taken place in-situ. However, average thermal neutron
flux in the crust is not sufficient to explain this observation (see details on the computation in
Supplementary Material). Because the origin of the depletion in "*Xe remains unknown, mass-
dependent fractionations computed for Barberton and Fortescue Group samples (Table 1) did not
take into account the measured '*'Xe/'"""Xe ratios. It must be noticed here that, in the case of
Fortescue Group Xe for example, propagation of mass fractionation computed with **Xe toward
heavy isotopes (*""Xe) leads to ""'*Xe excesses that are not compatible with neither
spontaneous fission of **U nor 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 rather than overestimated **Xe and "*Xe excesses.

Samples from Isua present an isotopic fractionation of 5.8 + 1.5 %o.u’ (Table 1, Fig. 1c)
and late additions of products of the spontaneous fission of **U (Fig. S3). This isotopic
fractionation is lower than the fractionation recorded in Barberton (3.2 Ga) and Fortescue Group
(2.7 Ga) samples (=13 %o.u™).

Samples from the Quetico Belt (2.7 - 2.65 Ga) display small **Xe excesses relative to the
modern atmosphere but uncertain **'**Xe/"™Xe ratios prevent any precise determination 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 10™ a') since concomitant double-beta decay of *’Te

(A = 2.6x10* a™) would have produced significant ""Xe excess that is not observed here (Pujol et
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al., 2009). Neutron capture on "I followed by beta decay of **I ("*'I(n, v)"**I(f’)) is another way
to produce mono-isotopic **Xe excesses (Srinivasan et al., 1971). However, the abundance of
iodine in Quetico Belt samples is unknown preventing us to check this hypothesis. A slight
isotopic fractionation of 3.8 & 2.5 %o.u is still possible even if it only relies on this '*Xe excess of
doubtful origin. Similarly, the isotopic fractionation of 2.5 4 1.6 %o.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 if "Xe/'"Xe and "“"Xe/'""Xe ratios are imprecise, they are also

compatible with an isotopic fractionation of this magnitude.

Carnaiba samples (2.0 - 1.9 Ga) do not show any resolvable isotopic fractionation (1.8 +
2.2 %o.u") and present only a *Xe excess of unknown origin (Fig. S2 in Supplementary Material)

since possible cosmogenic productions would have led to comparable *'Xe excesses (Pujol et al.,
2009) not present in that case.

Samples from Caramal (1.7 Ga) (Fig. S7 in Supplementary Material) present only some
"Xe excess maybe due to neutron capture on "I (similarly to Quetico Belt samples). All other
isotopes are compatible with a modern-like isotopic composition. The maximum isotopic

fractionation is 0.32 £ 0.78 %o.u" (Table 1).

Xe in sample from Avranches (530 Ma) (Fig. S8 in Supplementary Material) does not show
any resolvable deviation relative to the isotopic composition of the modern atmosphere.

Sample from Rhynie (396 Ma) does not present any deviation from the isotopic
composition of the modern atmosphere on light isotopes, apart from slight, but very imprecise,

212X e excesses, and can thus be considered as having an isotopic composition of Xe identical to

the modern atmosphere. Maximum fractionations and

their associated errors for Caramal,
Avranches and Rhynie samples are listed in Table 1.
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Figure 2: Isotopic composition of Kr released from fluid inclusions in Barberton samples (Table S2).

Isotopic ratios are normalized to ®Kr and to the isotopic composition of the modern atmosphere and

X . X 3 . (lKr/sthT)sample . .
expressed with the delta notation (in permil): 5‘Krair=1000><(im——1). The isotopic

( 84Kr)air
composition does not show any deviation from the isotopic composition of the atmosphere. Propagation for

Kr of the isotopic fractionation measured for Xe in Barberton quartz and following a mass fractionation
law in m'? is given as the dashed line.
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3.2 Neon, Argon and Krypton Isotopes

Isotopic compositions of krypton in Barberton samples are reported in Table S2
(Supplementary Material) and displayed in Fig. 2 where isotopic ratios are normalized to *Kr and
expressed with the delta notation relative to the isotopic composition of the modern atmosphere.
The isotopic composition of krypton in Barberton quartz samples is identical to the atmospheric
one, and very different from what would be expected if the mass fractionation recorded by Xe
(13 %o.u") was extended to Kr considering a fractionation law proportional to the square root of
the masses (('Kr/""'Kr)"?). Therefore, the isotopic fractionation recorded by Xe is specific to this
noble gas and does not affect other noble gases. It also indicates 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 in sample BMGA3-9 (Barberton) are listed in Table 2. All results are given in the table
and in the text with 1o error ranges. “"Ar/*Ar ratios are elevated with a maximum value of
978 + 82 (crushing step #5 for sample BMGA3-9 B) and a reproducible mean value around 700
with also very reproducible *Ar contents of 1.16 x 10" mol.g". This elevated *Ar/*Ar ratio
relative to the modern atmospheric ratio of 298.56 (Lee et al., 2006) cannot be explained by
simple addition of “’Ar produced in-situ by the radioactive decay of “K (see previous paper in
Chapter 8 "Results and Implications”). This demonstrates that fluids trapped in these quartz
samples do not correspond directly to seawater equilibrated with the atmosphere. If the initial
fluid was derived from seawater, its isotopic and elemental compositions were modified when it
leached the crust and enriched in radiogenic “Ar, fissiogenic *"*Xe etc. Hopefully, the isotopic
composition of non-radiogenic/fissiogenic isotopes of xenon did not change since crustal noble
gases are dominated by the atmospheric component (Drescher et al., 1998). Similarly to Kr,
#®Ar/*Ar ratios of 0.190 + 0.004 and 0.188 + 0.009 for samples BMGA3-9 B and BMGA3-9 A,
respectively, do not show any resolvable deviation from the isotopic composition of the modern
atmosphere (0.1885 £ 0.0003, Lee et al. (2006)).

Ne/Ar ratios (0.03-0.04) are intermediate between seawater (0.015) and air (0.053) values
(Holland and Ballentine, 2006). This difference may be explained by the mixing between air or
seawater and another crustal component of unknown elemental composition. However, it must be
noticed 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). Elemental ratios are thus poor tools here to decipher the origin of gases trapped in these
fluid inclusions.

Neon isotopic ratios are displayed in a three-isotope plot and compared to the mantle component
(*Ne/*Ne = 12.7 - 13.4, (Marty, 2012)) and to the modern (Kennedy et al., 1990) and Archean
crustal mixing lines (Holland et al., 2013; Lippmann-Pipke et al., 2011) (Fig. 3). Crushing steps
and bulk results are close to the atmospheric composition. Some data points present ’Ne/*Ne
and *'Ne/*Ne ratios that are lower than the atmosphere's. This is probably due to some

underestimation of the correction on *Ne for **CO,"" contribution (see Supplementary Material).
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One may consider that one result (*Ne/*Ne = 10.35 4 0.35, crushing step #7 for BMGA3-9 A)
seems to tend toward a mantle component. However this represents only 7.5 % of the total *Ne
released from fluid inclusions during the crushing experiment and bulk neon isotopic ratios for
sample BMGA3-9 A (*Ne/*Ne = 9.79 £ 0.008, *Ne/*Ne = 0.032 £ 0.002) are, similarly to the

#®Ar/®Ar ratio, very close to atmospheric values.

a | Air b 1 B Air
@ Mantle 10.8 4 B (O BMGAB-9-A steps
13 O BMGA3-9-A steps . 2 Smgﬁgigfé t;;a;s
@ BMGA3-9-A total 10.6 &/ BMGA3-9-B total
B ’ © BMGA3-9-B steps N
: 4 BMGAS-9-B total 1
A Holland et al. (2013) 10.4 4
@ Lippmann-Pipke et al. (2011)

Mantle

10.2

10.0

2ONe/ ?2Ne
20Ne/ 22Ne
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9.2+

Figure 3: Three-isotope plot of Ne for crushing experiment on BMGA3-9 subsamples (green (A) and blue
(B)) (see data in Table 2). Empty symbols correspond to crushing steps and filled symbols to total
extractions. The blue range corresponds to possible mantle *’Ne/*Ne ratios (12.5 to 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 1o.

3.3 Nitrogen

Marty et al. (2013) already demonstrated by using N,-Ar isotope systematics on 3.5 Ga old
quartz samples (Australia) that, at this epoch, the partial pressure of atmospheric nitrogen (py,)
was modern-like and thus unlikely to be 2-3 times higher than the modern one as it was originally
advocated to partially solve the faint young Sun paradox (Goldblatt et al., 2009). Here we used
the same approach on results obtained on the 3.2 Ga old samples from Barberton (Table 2).
“Ar/*Ar isotopic ratios versus N,/*’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 would be a crustal/hydrothermal component with
elevated N,/*Ar and “Ar/*Ar ratios (Marty et al., 2013). The second end-member would be from
the 3.2 Ga-old atmosphere with a "’Ar/*Ar lower than modern air (= 298.56) and a N,/*Ar ratio
similar or even lower than the modern atmosphere ((N,/*Ar),, = 1.02 - 1.31 x 10" for ocean

temperatures between 2°C and 70°C (Marty et al., 2013) and refs. therein). In details, the
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correlation defined by measurements in Fig. 4 (a) only permits to define an upper limit of
6.6 x 10” for the N,/ Ar ratio (considering a maximum value of 298.56 for the atmospheric end-
member) since the “Ar/**Ar ratio of the atmospheric component is not well known. In any case
this upper limit for the atmospheric-derived N,/*Ar ratio recorded in Barberton quartz suggests
that the partial pressure of nitrogen in the 3.2 Ga-old atmosphere might have been lower than the

modern one, possibly by a factor of about 2.
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Figure 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
lo error range defined by dashed lines) between a modern-like atmospheric end-member 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-mixing diagram. 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.

Nitrogen isotopic compositions are displayed in a nitrogen-mixing diagram (8N vs.
“Ar/N,) in Fig. 4b. Nitrogen isotopic compositions are expressed with the delta notation (8"N)
relative to the isotopic composition of the air (8N, =0 %o). Values for crust and sediments (3<
8'"N <18) are from Cartigny and Marty (2013) and refs. therein. Crushing steps and total
extractions are clustered on *’Ar/N, values around 2 x 10 with a total 8N of 1 + 2 %o (10).
Similarly to Marty et al. (2013) (green-filled circles in Fig. 4 (b)), our results are consistent with a
mixing between an ancient atmospheric component with 8N = 0 %o and a crustal/sedimentary
end-member. This modern-like isotopic composition of nitrogen for the Archean atmosphere
argues for the presence of a magnetic field 3.2 Ga ago preventing erosion and isotopic
fractionation of atmospheric nitrogen through electron impacts, charge exchanges and

photoionization (Lichtenegger et al., 2010).
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4. Discussion

Overall N,-Ar-Ne measurements demonstrate that fluids trapped in the analyzed quartz
samples correspond to fluids derived from the atmosphere and modified by the interaction with
surrounding crustal rocks. Neon and krypton isotopic results do not show any hint of a mantle-
derived component (Pujol et al., 2013a) as already demonstrated by the absence of *Xe excesses
from the decay of extinct 'I (see previous section). The unique element showing large isotope

differences with respect to modern atmospheric composition is therefore xenon.

4.1 Evolution of the Isotopic Composition of Atmospheric Xe

Previous studies
* Solar (SW-Xe) & U-Xe e Pujol et al. (2009) Pujol et al. (2011)
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Figure 5: Evolution of the isotopic fractionation of atmospheric Xe with time. Red-filled and empty red
stars represent the isotopic fractionation computed on light isotopes of Solar-/U-Xe and Chondritic Xe,
respectively, relative to the modern atmosphere (Ott, 2014). Black-filled to white-filled circles 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 blue dashed curve is a schematic view of the evolution of the
isotopic fractionation of Xe with time. The question mark symbolizes the fact that, up to now, the mode of
transition from primordial components toward Archean Xe is unknown.
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Xe results obtained in this study are summarized in Fig. 5 with the values of isotopic
fractionation (8Xe,, in %o.u') computed for Xe released from fluid inclusions in samples of
different ages. These values are also listed in Table 1. Results from previous studies (Holland et
al., 2013; Meshik et al., 2001; Pujol et al., 2013b; 2011; 2009; Srinivasan, 1976) are also displayed.
Results obtained in this study permit to precisely define the evolution (schematically represented
with the blue dashed curve) of the isotopic composition of atmospheric Xe with time.
Interestingly, samples from Barberton (South Africa) dated at 3.2 £ 0.1 Ga display a similar
fractionation (13.3 £+ 0.9 %o.u") than samples from the Fortescue Group (Australia) (13.0 + 1.2
%o.u") that are younger than 2.74 Ga. This observation suggests that the isotopic evolution of
atmospheric Xe marked a stop during at least 400 Ma. The isotopic fractionation of
5.8 & 1.5 %o.u" recorded in samples from Isua is intermediate between the isotopic fractionation
recorded at 2.7 Ga (=13 %o.u") and 2.1 Ga (=2.1 %o.u"). In a model of a progressive decrease of
this isotopic fractionation with time (see next section), this observation tends to confirm that Isua
metacarbonate samples are more likely ca. 2.3 Ga old than >3.7 Ga old. This age of 2.3 Ga may
correspond 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 present value and
stopped between 2.1 Ga (8Xe,, = 2.1 + 1.6 %o.u" for samples from Gaoua) and 1.7 Ga (0.32 +
0.89 %o.u" for samples from Caramal). Because of the scarcity of well-preserved rocks formed
during the Hadean, there is, up to now, no constraints on the early isotopic evolution of
atmospheric Xe (represented by the question mark in Fig. 5).

A possible analogy to interpret the evolution represented in Fig. 5 is a Rayleigh's
distillation (Hébrard and Marty, 2014; Marty, 2012). During this process, the progressive escape
of Xe atoms from the atmosphere to space is accompanied by an instantaneous isotopic
fractionation a (Hébrard and Marty, 2014; Marty, 2012; Pujol et al., 2011). Fractionation could
occur during Xe ion trapping in forming organic haze (Hébrard and Marty, 2014; Kuga et al.,
2015; Marrocchi et al., 2011) or directly during the escape mechanism (Zahnle and Kasting,
1986). The Rayleigh distillation's equation writes:

(‘xe/13%xe), = f(130-Da [Eqn. 1]

(lxe/lsoxe)initialA.Sé Gaago

where f is the depletion factor of the reservoir (the atmosphere), a is the instantaneous
fractionation factor (%.u"), and (‘Xe/*3°Xe), and (‘Xe/*3°Xe)iitia 456 caago are the isotopic
ratios of Xe normalized to """Xe for the atmosphere at age t and for the initial composition, that

is U-Xe, 4.56 Ga ago, respectively.
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Figure 6: Remaining fractions (a) and depletion factors (b) for isotopic fractionations of Xe measured in
this study if the atmosphere evolved following a Rayleigh's distillation process (see Table 1). Dotted lines
correspond to the lo error on the fractionation measured for Barberton Xe (Table 1). A result from a
previous study (Pujol et al., 2011) is shown for comparison (thick black dashed line).

Remarkably the isotopic composition of Xe in the modern atmosphere together with its 23
fold depletion (f = 0.043) (Pepin, 1991) are compatible with a Rayleigh distillation evolution with
an instantaneous fractionation factor o around 1.2 %.u" (Fig. 6 (a) and (b)). This value perfectly
matches the range of isotopic fractionation (1.0 + 0.4 %.u") observed in laboratory experiments
when ionized Xe is trapped in organic matter (Kuga et al., 2015; Marrocchi et al., 2011). It is
worth mentioning that Eqn. (1) assumes a constant instantaneous fractionation factor, which may
not be the case since the physico-chemical process(es) behind selective atmospheric escape of Xe
might have varied (see next section). The instantaneous fractionation factor of 1.2 %.u" computed
for the modern atmosphere must thus be considered as an integrated isotopic fractionation over
the whole depletion. Furthermore this simple model makes the assumption that the original
Earth's atmosphere contained chondrite-like abundances of noble gases. However, a cometary
contribution for the Earth's atmosphere during late stages of planetary accretion (e.g. during the
Late Heavy Bombardment) appears possible (Marty and Meibom, 2007) and heavy noble gas
elemental abundances in this possible cometary contribution are unknown. By wusing the
generalized notation 8Xeyy,, which is the measured isotopic fractionation relative to U-Xe, a
plausible starting composition (Pepin, 1991), the remaining fraction f can also be expressed

following Eqn. (2):

_ __ 6Xey—xe ;—
f = (1 - Seuey [Eqn. 2]

Figure 6 (a) depicts the remaining fraction of Xe in the atmosphere (the depletion factor
(1/f) appears in Fig. 6 (b)) versus the instantaneous fractionation factor (a) for each set of

samples analyzed in this study. Error ranges at 1o are shown for Barberton in both sub-panels.
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Remaining fractions and depletion factors of the atmosphere for o = 1.2 %.u" are listed in Table
1 with an error bar at 1o corresponding to the propagation of the incertitude on the isotopic
fractionation relative to the starting U-Xe composition. Xe in Barberton and Fortescue Group
samples present identical isotopic fractionations corresponding to a remaining fraction of the
original atmosphere of 11 £ 1 %. Such a value means that, in this simple model, 3.2 Ga ago, = 89
% of atmospheric Xe was already lost through this process. This would also mean that escape and
isotopic fractionation of Xe marked a pause during at least 400 Ma between 3.2 Ga and 2.7 Ga.
The depletion factors computed for Xe in Quetico Belt, Isua, Carnaiba, Gaoua samples (2.1 Ga)
are indistinguishable 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 also important implications for interactions between the Earth's mantle and the atmosphere.
Parai and Mukhopadhyay (2015) noted that including a fractionated Archean air component in
the mantle fails to explain the isotopic composition of mantle-derived gases. Even if the presence
of a recycled fractionated ancient air in the present mantle appears unlikely, this component
might have been initially subducted in the early Earth's mantle and thus re-degassed in the
atmosphere during mantle overturn (Coltice et al., 2009). Furthermore, Parai and Mukhopadhyay
(2015) considered only the replacement of the atmospheric component by a fractionated
component similar to what was measured by Pujol et al. (2011). There is maybe still some space
for a progressive addition of a subducted component with an evolving isotopic composition going

toward modern values.

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
the outer space. However, the simple model of Rayleigh's distillation presented in the previous
section does not take into account the mechanism responsible for Xe escape.

Early models of xenon-hydrogen escape built to solve the xenon paradox required a very
high 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 differential degassing
and/or Xe retention in the silicate Earth were necessary to selectively deplete and isotopically
fractionate Xe (Pepin, 1991; Tolstikhin and O'Nions, 1994). In a hydrodynamic escape model, the
escape flux of heavier species (i = Xe) lifted up by escaping hydrogen is governing by Eqn. (4):

i— b(i,H
¢ = (¢ - TR CD) 1 [Eqn. 4]

where f;, my and f,, m; are the escape fluxes (cm™ s') and masses of hydrogen and of specie i
respectively, g the gravity (980.65 cm’ s™), k the Boltzmann constant, T the temperature of the
exobase (K) and b(i,H) the binary diffusion coefficient (cm™ s) equal to 4.5 x 10" T*™ (Zahnle
and Kasting, 1986) in the case of *’Xe escaping with H,. Such a high value and the high mass of
"Xe lead to extreme fy values required for Xe escape. Zahnle (2015) concludes that Xe escape in

its neutral form was possible only in the first 100 Ma of Earth's history when EUV flux from the
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young Sun was high enough (>300 times the modern one) to drive a significant hydrogen-driven
escape of neutral Xe. However, our results demonstrate that, if the escape and fractionation
hypothesis is true, then a mechanism for Xe escape, still ongoing ca. 2.1 Ga ago, has yet to be
found.

In 2015, K. Zahnle provided a theoretical framework explaining the progressive escape of
Xe from a hydrogen-rich early atmosphere (Zahnle, 2015). In his model, Xe is no more neutral
but easily ionized due to enhanced EUV flux from the young Sun (Claire et al., 2012).
Furthermore Xe' radiative recombination in neutral Xe is presented as a slow process. When
ionized, Xe is prone to interact with H™ via Coulomb interactions decreasing the binary diffusion
coefficient b(Xe',H') by several orders of magnitude compared to the case where Xe is in its
neutral form. In these conditions a hydrogen escape flux similar to the modern one may have been
sufficient to escape Xe™ ions. The presence of a strong magnetic field in the past (Tarduno et al.,
2014) may have also favored this escape. Indeed, Zahnle (2015) advocated than Xe' ions could
migrate toward FEarth's magnetic poles where open magnetic lines would allow the escape of ions.
However, most of the parameters governing this coupled hydrogen/xenon escape model that are
hydrogen mixing ratio in the atmosphere, Xe' scale height, ionization efficiency, magnetic field
strength etc., are still poorly constrained and require further modeling (see the discussion on these
parameters following the Supplementary Material of this paper).

Zahnle et al. (2013) argued that hydrogen-escape is the main mechanism that drove the
oxidation of the Earth's atmosphere. Even if oxygenic photosynthesis may have taken place
before the great oxygenation event (e.g. Eigenbrode and Freeman (2006)), H, oxidized the surface
reservoirs later, until O, was stable in the atmosphere. If it is true, progressive isotopic
fractionation of Xe in the past might have had an evolution that was concomitant with the
progressive oxidation of surficial reservoirs of the Earth.

Figure 7 depicts the evolution of the isotopic composition of Xe determined in this study
(cf. Figure 5) compared to: (a) the record of A*S in sedimentary rocks (Johnston, 2011); (b)
recent models of the progressive oxygenation of the Earth's atmosphere (Lyons et al., 2015) and;
(c) impact and superplume events occurring over Earth's geological history (Abbott and Isley,
2002; Reimold and Koeberl, 2014). Sulfur mass-independent isotopic fractionation (S-MIF)
stopped around 2.45 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
oxygenation of the Earth's atmosphere (Fig. 7(b)) because only minute amounts of oxygen in the
air prevented the efficient separation of sulfur-bearing species required to preserve a A*S record in
sedimentary rocks (Farquhar and Wing, 2003). Sulfur isotopes are thus powerful tracers of the
very beginning of the oxygenation. If hydrogen escape was driving xenon escape and isotopic
fractionation as proposed above, stop of the isotopic fractionation of Xe around 2.0 Ga may sign
the end of hydrogen escape and the onset of moderate oxygen levels (between 10 and 10 the
present atmospheric level, Fig. 7(b)). It is worth noting that these moderate oxygen levels would
also have prevented the development of organic hazes that might be necessary to fractionate Xe
isotopes (Hébrard and Marty, 2014). In this context, the quiescent time between 3.2 Ga and 2.7
Ga for Xe isotopic fractionation (Fig. 5), also present for the S-MIF signatures (Fig. 7(a)), might

135



be linked to whiffs of oxygen (Anbar et al. (2007), blue arrows in Fig. 7(b)) causing brief stops of
the production of organic hazes and preventing the penetration of UV photons in the atmosphere

responsible for ionization of Xe and photolysis of sulfur.
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Figure 7: Evolution of the isotopic composition of xenon (in a, b & c¢) 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. (2015). Blue
arrows indicate possible whiffs of oxygen (Anbar et al., 2007). The blue range depicts a classical two-step
view of the evolution whereas the blue range depicts the model presented by Lyons et al. (2015). (c)
Occurrences of spherule beds (compiled by Reimold and Koeberl (2014)) indicative of major impacts
(vertical red lines) and time series of superplume events compiled by Abbott and Isley (2002).
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4.3 Mars-Xe and Alternative Models

The case of Xe in the Martian atmosphere is interesting here since it seems to present an
isotopic fractionation relative to the solar composition that is similar to the Earth's modern
atmosphere (=40 %o.u" relative to the solar composition) (Bogard et al., 2001). A 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 hydrodynamic escape mechanisms (Ramirez,
2013).

However, it is very surprising 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 position relative to the Sun and to the very
different geological histories of both planets. One may thus expect to measure different isotopic
fractionations of Xe for both planetary atmospheres. The similarity for Xe in the atmosphere of
Mars and Earth leaves the possibility that the evolution of the isotopic signature of atmospheric
Xe presented here is linked to a progressive contribution of volatile-rich bodies to the terrestrial
atmospheres. In this model, these atmospheres started with chondritic or solar Xe signatures.
Volatile-rich bodies may have carried a U-Xe (or solar for Mars) component that was already
isotopically fractionated like modern atmospheric xenon but with a process that took place in the
solar nebula for example (Kuga et al., 2015). Progressive contribution of these bodies to the
atmosphere would have shifted the isotopic fractionation from chondritic/solar to modern values.
It must be noticed here that, in that 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
measured in the Martian meteorite Chassigny (Mathew and Marti, 2001). If this progressive
contribution of fractionated Xe is true, major impacts events inferred from the presence of
spherule beds (Reimold and Koeberl, 2014) potentially releasing fractionated U-Xe in the Earth's
atmosphere and mantle degassing episodes of chondritic-derived Xe are two important parameters
to scrutinize (Fig. 7 (c)). Interestingly, important shifts in the isotopic composition of atmospheric
Xe seem to be temporally correlated with major impact events present in the 3.5 Ga to 3.2 Ga
and 2.7 to ca. 2 Ga intervals, for example. In this scenario the isotopic plateau for Xe between 3.2
Ga and 2.7 Ga would be explained by a stop in the delivery of fractionated Xe to the Earth's
atmosphere. It is worth noting here that the absence of spherule beds between 3.5 Ga and 3.2 Ga
might be simply due to a sampling bias. For mantle activity, there is no straightforward
correlation between the evolution of the isotopic composition of atmospheric xenon and the
occurrence of super-plume events (Abbott and Isley, 2002).

Measuring the isotopic composition and the abundance of Xe (and Kr) in the Venusian
atmosphere would be of great interest here since a comparison with Earth and Mars would help
to constrain what are the physical processes behind this progressive isotopic fractionation. The
three planets present very different characteristics (mass, distance from the Sun, degassing
history, atmospheric composition, magnetic field) so that a similar composition of Xe on these

three terrestrial planets would favor the model of a progressive isotopic evolution of planetary

137



atmospheres due to a progressive contribution of wet-rich material carrying a fractionated Xe

component to an originally chondritic or solar atmosphere.

5. Conclusions

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

The isotopic composition of xenon had a long-term evolution from a primordial
composition similar to U-Xe, as shown by Barberton and Fortescue Gp. Xe, toward the isotopic
fractionation of the modern atmosphere. Isotopic fractionation of Xe marked a stop between 3.2
and 2.7 Ga and the present-day isotopic composition was probably acquired between 2.1 and 1.7
Ga. Such a long-term evolution calls for a modification of models built to solve the xenon paradox
(elemental depletion and isotopic fractionation) 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. The end of the isotopic fractionation of Xe might be due to the end of the hydrogen
escape also advocated to explain the progressive oxygenation of the Earth's atmosphere (Zahnle
et al., 2013). Atmospheric Xe might thus be an indirect proxy of this progressive oxidation.

A modeling effort of coupled Xe'-H" escape may provide important keys to estimate if this
is a viable mechanism for long-term escape and isotopic fractionation of Xe. In addition,
measuring 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 necessary to progressively fractionate atmospheric Xe.
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Description of the N,-Ar-Ne Experiment

Samples were crushed with the same crushers than for Xe-Kr gas extractions. Crusher
volume was directly in contact with a double-walled glass tube system plunged in liquid nitrogen
in order to condense water and a major part of other reactive gases (except nitrogen, T=100 K)
on the walls of the tube. After waiting for gas equilibration, the original aliquot was divided in
two sub-aliquots by closing a valve. One aliquot was dedicated to Ne-Ar measurements and the
other aliquot to N, measurement. In the first aliquot, Ar was trapped on a charcoal held at liquid
nitrogen temperature (77 K) ensuring no trapping of Ne. Neon was then analyzed on a VG 5400
mass spectrometer. After monitoring of CO2" (m=44) quantities at the beginning and the end of
each analysis, some corrections on *Ne (m=21.991) were applied for double ionization of CO,"
(m=21.995) following Eqn. (S1), for the *’Ne/*Ne ratio for example,

One [2ONe]
22Ne  [22Ne]-pxcof

[Eqn. S1]

where CO," is the signal of CO," in the mass spectrometer during the analysis, [*'Ne| and [**Ne]
are the signals detected on the electron multiplier and f is the double ionization ratio
(CO,”"/CO,") with a value of 0.5 % determined during the experiment. Corrections for “Ar"
(m=19.981) were not necessary because of an efficient separation of Ar and a sufficient resolution
allowing shifting of the mass where measurement was done in order to prevent any contribution
of “Ar"" to the *Ne (m=19.992) signal.

During Ne measurement, Ar was released from the charcoal and analyzed in a subsequent
run. Separation and purification of nitrogen were made following the method described in a
previous study (Zimmermann et al., 2009). It consisted in dissociation and oxidation of all
impurities into CO,, H,0, SO, and NO, species with a high partial pressure of oxygen (pg,)
produced by heating a CuO to 800°C. After oxidation, all oxides except NO, were trapped in a
cold trap held at -183°C. The py, was then reduced by cooling the CuO to 300°C a temperature

sufficient for the complete transition from NO, to N,. N, was then introduced in the mass
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spectrometer. Results were corrected for CO" and HC"' contribution following the method
described by Hashizume and Marty (2004).

Computation of the Depletion in '**Xe by Thermal Neutron Capture

The rate of depletion in '**Xe depends on both the thermal neutron capture cross-section of
*Xe and on the crustal neutron flux. Interestingly, the thermal neutron capture cross-section of
*Xe is high (165 + 11 barns) compared to other Xe isotopes (0.26 to 85 barns) (Bresesti et al.,
1964). Following the rationale presented in Ballentine and Burnard (2002), the depletion in "**Xe
by thermal neutron capture is given by Eqn. (S2):

124X€nc = Py XN X F124Xe [Eqn. S2]

where P, is the probability for neutrons to be thermalized (0.8), N is the neutron flux in the crust
(11.2 neutrons.g’.a™), F,yx is the probability that **Xe will capture a thermal neutron. It
corresponds to the neutron capture probability of **Xe (abundance in quartz (<10 mol.g™ cf.
Table 1) multiplied by the thermal neutron capture cross-section (165 barns)) divided by the
total neutron capture probability in the crust (0.00979 mol.barns). All values, except the thermal
neutron capture cross-section of **Xe, are from Ballentine and Burnard (2002). Calculations led
to a rate of removal of *'Xe atoms by thermal neutron capture of 7.10°" mol.g".a™" corresponding
to only 2.10%" mol.g” of **Xe removed by this process during 3.2 Ga (time of fluid-entrapment).
This first-order estimate demonstrates that thermal neutron capture on '*Xe is unlikely to be the
process responsible for the depletion in '**Xe recorded in Barberton and Fortescue Group quartz

samples.
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Figure S1: Isotopic spectrum of xenon released during crushing experiment on quartz samples from the
Quetico Belt (error bars and range at 10). Isotopic ratios ("**'*'Xe/'*Xe) are expressed with the delta

notation and normalized to **Xe and to the isotopic composition of the modern atmosphere.
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Figure S2: Isotopic spectrum of xenon released during crushing experiment on quartz samples from
Carnafba (error bars and range at 106). Isotopic ratios (*"*'Xe/'*Xe) are expressed with the delta notation

and normalized to ***Xe and to the isotopic composition of the modern atmosphere.
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Figure S3: Fission spectrum for xenon in Isua samples once corrected for isotopic fractionation (Errors at
10). Except for some *'Xe excess, the fission spectrum is compatible with the spontaneous fission of **U.

Fission spectra for **U and *'Pu are from Porcelli and Ballentine (2002).
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Figure S4: Fission spectrum for xenon in Gaoua samples once corrected for isotopic fractionation (errors at
10). Uncertainties are too large to decipher between spontaneous fission of **U or *'Pu. Fission spectra are

from Porcelli and Ballentine (2002).
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Figure S5: Fission spectra of Xe extracted from Fortescue Group samples once corrected for the mass-
fractionation relative to U-Xe computed with **Xe (green dots) or without (red dots) "**Xe. When "**Xe is
used to compute the isotopic fractionation, the fission spectrum does not correspond neither to
spontaneous fission of ***U nor to spontaneous fission of **Pu. Fission spectra are from Porcelli and

Ballentine (2002). Errors at 1o.

148
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H U-Xe @ Fortescue Group

Figure S6: Three-isotope plot of Xe demonstrating that ancient atmospheric xenon trapped in Fortescue
Group quartz samples can only be reproduced by mass-related isotopic fractionation (black plain line) of a
starting isotopic composition similar to U-Xe (purple square) followed by the addition of xenon from the
fission of **U (brown line). Mass-dependent isotope fractionation (dashed and dotted lines) of SW-Xe
(Solar Xe, blue square) and of Q-Xe (chondritic Xe, green square) cannot lead to the isotopic compositions

of Fortescue Group or of the modern atmosphere. Error bars at 1o.
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Figure S7: Isotopic spectrum of xenon released during crushing experiment on quartz samples from
Caramal (error bars and range at 10). Isotopic ratios ("**'*Xe/'*Xe) are expressed with the delta notation

and normalized to "*Xe and to the isotopic composition of the modern atmosphere (8Xe,;,=0 %o).
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Figure S8: Isotopic spectrum of xenon released during crushing experiment on the quartz sample from
Avranches (error bars and range at 10). Isotopic ratios (**"*Xe/'"""Xe) are expressed with the delta

notation and normalized to “"*Xe and to the isotopic composition of the modern atmosphere (8Xe,,=0 %o).
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Table S1: Abundances and isotopic ratios of Xe released during crushing experiments on samples (Table 1)
analyzed during this study. The mean isotopic ratios for Barberton Xe (from previous paper in Chapter 3)
are indicated in the first line. Mean values for the isotopic ratios are in bold together with their respective
Mean Standard Weighted Deviation values. Isotopic ratios for the atmosphere and cosmochemical
components are from Basford et al. (1973); Busemann et al. (2000); Meshik et al. (2014) and Pepin (1991).

Errors at 20.

Samp]es lJUXe + 124Xe lzhxe IZXXe IZQXe ISI)(e ISZXC 134Xe IJGXe
(x10"" mol.g™) B0Xe=1

Barberton 0.0245  0.0002 0.0228 0.0002 0.4847 0.0020 6.537 0.017 5.135 0.013 6.448 0.014 2.476 0.007 2.081 0.006

Fortescue Gp (Australia) '

Pi03-17 A 1.72 0.07 0.0250 0.0020 0.0225 0.0017 0.4736 0.0202 649  0.18 519 014 652 016 256 0.08 218 0.07
Pi03-17 B 2.05 0.05 0.0240 0.0012 0.0225 0.0010 0.4789 0.0092 6.45 0.09 510 007 645 008 252 003 216 0.03
Pi03-44 A 18.27 0.17 0.0244 0.0006 0.0230 0.0004 0.4854 0.0048  6.58 0.05 5.14 0.03 6.48 0.04 252 0.02 2.15 0.01
Pi03-44 B 12.45 0.13  0.0242 0.0006 0.0228 0.0007 0.4867 0.0052 6.57  0.05 5.17 0.04 650  0.05 254 002 215 0.02
Pi03-17C 2.69 0.03  0.0238 0.0008 0.0219 0.0008 0.4880 0.0069  6.55 0.06  5.17 0.05 649 0.05 256 002 218 0.02
Pi03-44 C 6.11 0.14 0.0246 0.0015 0.0228 0.0010 0.4830 0.0134 646 0.10 506 008 642 009 250 004 211 0.04
Pi03-44 C2 3.74 0.09 0.0244 0.0019 0.0223 0.0011 0.4793 0.0155 6.46  0.11 508 009 638 010 247 0.05 212 0.04
Pi03-44 C3 1.66 0.05 0.0224 0.0021 0.0203 0.0014 0.4789 0.0199 6.40 0.17 5.05 0.13 6.34 0.14 245 0.07 2.06 0.06
Pi03-44 D 9.07 0.12 0.0242 0.0005 0.0228 0.0005 0.4827 0.0060  6.55 0.05 515 004 648 004 252 002 213 0.02
Average 0.0242  0.0003 0.0227 0.0004 0.4846 0.0025 6.541 0.038 5.143 0.026 6.474 0.026 2.528 0.017 2.148 0.018
MSWD* 0.64 23 0.71 1.9 1.7 1.4 2.7 35

Isua (Greenland)

BMO0406-DE 2.18 0.03  0.0242 0.0008 0.0225 0.0007 0.4790 0.0061  6.55 0.07 5.21 0.05 6.618 0.056 2.600 0.028 2233 0.023
BM0406-A 1.28 0.03  0.0235 0.0018 0.0224 0.0015 0.4734 0.0135 6.55 0.12 5.21 0.10  6.557 0.103 2.621 0.049 2256 0.041
BM0406-BC 1.59 0.04 0.0240 0.0016 0.0226 0.0015 0.4771 0.0102  6.53 0.08 519 008 6566 0.076 2.609 0.039 2243 0.033
Average 0.02406 0.0007 0.02252 0.0006 0.4779 0.0048 6.543 0.047 5.205 0.037 6.593 0.041 2.606 0.02 224  0.017
MSWD* 0.25 0.016 0.3 0.091 0.12 0.89 0.28 0.5

Quetico Belt (Canada)

QTBM-01-A 0.30 0.01  0.0236 0.0020 0.0221 0.0015 0.4768 0.0178 6.57  0.20 527 016 704 016 316 009 289 0.09
QTBM-01-B 3.30 0.09 0.0235 0.0015 0.0217 0.0012 0.4723 0.0120 647 0.14 531 0.11 747  0.12 385 012 376 0.14
BGBBM2 1.69 0.05 0.0239 0.0016 0.0239 0.0014 0.4825 0.0113  6.31 0.12 5.26 0.09 6.90 0.10 3.19 0.07 295 0.07
Average 0.0237 0.0009 0.0225 0.0029 0.4775 0.0073 6.41 032 528 0.06 - - - - - -
MSWD* 0.057 3 0.77 3.1 0.29

Gaoua (West Africa)

DF087-B 1.09 0.03 0.0242 0.0021 0.0218 0.0016 0.4826 0.0155 6.62 0.13 524 0.11 6.72 0.12 2.64 0.05 226 0.05
DF087-A 111 0.03  0.0240 0.0021 0.0247 0.0024 0.4749 0.0136  6.51 0.13 5.23 0.11 6.65  0.12 259 006 223 0.05
DF087-C 0.53 0.01  0.0235 0.0018 0.0212 0.0016 0.4738 0.0139  6.52 0.13 5.25 0.11 6.66  0.12 2,67 006 231 0.05
DF086-A 0.48 0.02  0.0248 0.0025 0.0224 0.0025 0.4775 0.0169 6.53 0.17 5.27 0.14 668 0.15 264 007 226 0.06
DF088 A 0.50 0.02  0.0217 0.0022 0.0223 0.0021 0.4725 0.0202 6.51 016 520 0.14 657 014 257 007 220 0.06
DF087D 0.55 0.02 0.0225 0.0028 0.0227 0.0023 0.4884 0.0205 6.58 0.19 533 0.15 6.81 0.17 2.72 0.08 235 0.07
DF085-A 1.06 0.03  0.0235 0.0016 0.0212 0.0014 0.4772 0.0122  6.48 0.10 519 0.08 664 009 256 004 225 0.03
Average 0.0235 0.0008 0.0220 0.0010 0.4775 0.0057 6.53 0.05 523 0.04 6.67 0.05 262 005 226 0.04
MSWD* 0.81 1.4 0.37 0.6 0.57 0.95 34 26
Carnaiba (Brasil)

G2Ga-A 0.60 0.01  0.0237 0.0011 0.0226 0.0014 0.4718 0.0107  6.57 0.11 526 009 692 010 297 005 267 0.05
G2Ga-B 1.33 0.07 0.0227 0.0016 0.0232 0.0018 0.4813 0.0161 646  0.17 5.23 0.14 684 017 292 008 264 007
Average 0.02339 0.0009 0.0228 0.0011 0.4747 0.0087 6.537 0.092 5.255 0.074 - - - - - -
Caramal (Australia)

QAnt-1 2.63 0.06 0.02412 0.0016 0.02108 0.0014 0.47608 0.0109 6.48326 0.0915 5.1623 0.0795 6.5569 0.0812 2.54493 0.0398 2.18 0.0332
QAnt-2 1.58 0.04 0.02358 0.0019 0.02151 0.0019 0.48435 0.0135 6.50755 0.1156 5.24393 0.0979 6.6361 0.1052 2.56763 0.0504 2.19 0.0441
Average 0.02391 0.0012 0.02128 0.0011 0.47958 0.0087 6.4888 0.0724 5.19565 0.0617 6.5876 0.0651 2.55336 0.0313 2.1845 0.0264
Avranches (France)

GM-B 1.33 0.04 0.0239 0.0016 0.0223 0.0019 0.470 0.015 6.45 0.15 5.19 0.12 6.56 0.13 2.54 0.06 2.15 0.05
Rhynie (Scotland)

R115B-A 0.51 0.01 0.0253 0.0031 0.0231 0.0022 0.477 0.023  6.55  0.18 517 015 666 016 258 0.08 2.19 0.07
Modern quartz (0-35 Ma)

G35-A (Colombie) 2.10 0.04 0.0238 0.0010 0.0218 0.0009 0.4743 0.0086 6.52 0.08 522 0.07 6.60 0.07 2.55 0.03 2.20 0.03
LG3-A (Alpes, France) 0.84 0.06 0.0227 0.0026 0.0233 0.0025 0.4679 0.0469 6.45  0.61 517 049 685 047 309 028 292 026
K1-A (Rhine graben, France) 15.46 0.46 0.0233 0.0011 0.0220 0.0010 0.4687 0.0203 649  0.26 5.21 021 661 019 257 010 218 0.09
Average 0.0235 0.0007 0.0220 0.0006 0.4733 0.0077 6.516 0.074  5.21 0.06 - - - - - -
Air* 0.0234 0.0001 0.0218 0.0002 0.4715 0.0014 6.496 0.019 5213 0.017 6.607 0.010 2.563 0.009 2.176 0.006
Q-Xe" 0.0281 0.0003 0.0251 0.0002 0.5077 0.0031 6.436 0.034 5056 0.022 6.177 0.023 2335 0.016 1954 0.014
SW-Xe* 0.0298 0.0009 0.0252 0.0011 0.5103 0.0044 6306 0.033 5.004 0.028 6.061 0.029 2237 0.014 1.819 0.011
U-Xe! 0.0293  0.0001 0.0253 0.0001 0.5083 0.0006 6.286 0.006 4.996 0.006 6.047 0.006 2.126 0.004 1.657 0.003

'Fortescue Gp samples are labeled Pi03-17 XY and Pi03-44 XY with X the 1-3 mm granulometric sub fraction and Y the crushing step.
“Basford et al. (1973)

*Busemann et al. (2000)

‘Meshik et al. (2014)

Pepin (1991)

*MSWD (for Mean Standard Weighted Deviation)
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Table S2: Isotopic composition of krypton (normalized to *Kr) released during crushing experiments on
quartz samples from the Barberton greenstone belt. Locations of samples in the BARB3 core are indicated.

Errors at 20.

Samples Location (m) __ *Kr + SKr + SKr + SKr +
PKr=1

BMGA3-13-G 555 0.0396 0.0004 0.2021 0.0018 0.2013 0.0016 0.3074 0.0017
BMGA3-13 B 555 0.2031 0.0015 0.2021 0.0013 0.3056 0.0025
BMGA3-13 C - 0.2020 0.0017 0.2019 0.0016 0.3020 0.0027
BMGA3-13 D - 0.2031 0.0015 0.2021 0.0013 0.3056 0.0025
BMGA3-13 E - 0.2022 0.0009 0.2012 0.0007 0.3059 0.0028
BMGA3-4 A 715 0.1992 0.0021 0.1979 0.0024 0.3015 0.0041
BMGA3-4B - 0.2019 0.0020 0.2018 0.0015 0.3042 0.0024
BMGA3-4 B2 - 0.2021  0.0091 0.1995 0.0083 0.3034 0.0132
BMGA3-4C - 0.2023 0.0078 0.2016 0.0016 0.3042 0.0035
BMGA3-5 A 784 0.2017 0.0025 0.2015 0.0025 0.3028 0.0032
BMGA3-5B - 0.2012 0.0063 0.2015 0.0055 0.3058 0.0105
BMGA3-5C - 0.2024 0.0018 0.2021 0.0013 0.3044 0.0030
Average 0.20217 0.0005 0.20151 0.00042 0.30499 0.00082
MSWD* 1.05 1.2 1.7

'Barberton samples are labeled BMGA3-XX-YZ with XX the core samples,
Y the 1-3 mm granulometric sub fraction and Z the crushing step.
*MSWD (for Mean Standard Weighted Deviation)
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3.3.1 Additional Comments and Research Perspectives

The article presented above demonstrates the need for a long-term mechanism of Xe escape operating
at least until 2.1 Ga and the end of the discussion is focused on the possibility for xenon to escape under

an ionized form together with hydrogen ions (Zahnle, 2015). This section is focused on the evaluation of
parameters that probably control this escape mechanism.

Parameters controlling Xe escape

The escape mechanism proposed in the discussion of the third paper (section 3.3) in chapter 3 (Results
and Implications) is schematically represented in Fig. 3.1 adapted from Zahnle (2015). In this model, Xe
ions are dragged by hydrogen ions in the upper atmosphere and can escape along open magnetic field lines.

Even if numerical simulations are necessary to evaluate if this is a viable mechanism to escape Xe, some of
the key parameters controlling this escape can be listed:

e solar EUV flux at the top of Earth’s atmosphere ;
e presence and intensity of a the magnetosphere ;

e ability of Xe to be and stay ionized ;
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Fig. 3.1: Schematic view of the H-Xe escape process. Brown dashed lines represent magnetic field lines from the
terrestrial magnetosphere. The H-bearing species in the atmosphere may be Hz, HoO or CH4. In the dead zone,
only H ions/neutrals can escape by diffusion and successive recombinations. Open magnetic field lines at the Earth’s
magnetic poles provide pathways for escape of Xe' ions. Adapted from Zahnle (2015).
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Fig. 3.2: Solar irradiance spectra (0 to 2400 nm) for the modern and 4.4 Gyr-old Earth and Mars. The subpanel
depicts the irradiance spectra between 0 and 200 nm with the dashed and dotted lines representing the wavelength
for ionization of Xe (102.23 nm) and H (91 nm), respectively. Data are from Claire et al. (2012).

Informations on these parameters over Earth’s geological history are listed in the next paragraphs.

Solar irradiance

The evolution of solar irradiance with time is of primordial importance here since this parameter controls
the nature and extent of the terrestrial ionosphere. Solar irradiance may thus have a severe impact on
ionization rate of Xe and on its escape from the atmosphere. The young Sun is often described as a
weaker source of luminosity (Ulrich, 1975). This is true but only for wavelengths higher than ca. 200 nm
corresponding to near-UV, visible and infra-red bands. This progressive increase in the luminosity with
time for high wavelengths is due to the nuclear reaction of hydrogen burning which is producing helium in
our star. This nuclear process is releasing large amounts of heat favoring the H burning activity that, in
turns, produces more heat etc. Far/Extreme UV (FUV/EUV) bands intensities depend on different factors.
Their emission is controlled by the magnetic activity of the star. The intensity of the solar magnetosphere
directly depends on its rotational speed that is decreasing with time in order to keep the same angular
momentum despite the energy released by the emission of solar winds (Claire et al., 2012). The emission of
EUV radiations is thus decreasing since Sun’s formation.

Observations of luminosities of stars considered as solar analogs of different ages permitted to follow the
evolution fo the irradiance spectrum with time. Ribas et al. (2005) confirmed that EUV flux were higher in
the past than today by several orders of magnitudes. Claire et al. (2012) modeled a full irradiance spectrum
of the Sun with time based on observational data and on statistical analyses. Figure 3.2 represents the full
spectrum of solar irradiance at the top of the terrestrial atmosphere. The subpanel (note the log scale)
represents the solar irradiance spectrum between 0 and 200 nm i.e. in the EUV region with the dashed line
indicating the wavelength at which Xe is ionized (A = 102.23 nm). The EUV solar flux, impacting Earth’s
upper atmosphere, was 2 orders of magnitude higher 4.4 Ga ago compared to the present flux. It must be
noticed here that, for all times considered, the flux impacting the martian atmosphere (Fizqrs) is linked to
the solar flux impacting the Earth (Fga¢,) by the relation Fujars = Frartn/1.52 where 1.5 is the distance
(in astronomical units) of Mars from the Sun. This means that, 4.4 Ga ago, the EUV flux received by Mars

was also two orders of magnitude higher than the present one.
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Fig. 3.3: Evolution of the solar flux with time for two wavelengths (A = 101.5 nm and 102.5 nm). The enhancement
of the solar flux in the past highly depends on the considered wavelength. See emission peaks in Figure 3.2. Data
are from Claire et al. (2012).

About xenon, its energy of ionisation of 12.15 eV corresponds to a wavelength of 102.23 nm. Claire et al.
(2012) provided estimations of the solar irradiance spectrum in the past with a resolution of 1 nm. Figure
3.3 depicts the enhancement of the solar flux with time compared to the present solar flux. For example for
a range of A\ between 101.5 and 102.5 nm, the solar flux at the top of Earth’s atmosphere 3.2 Ga ago was
2.5 to 5 times higher than the present flux. At 4.4 Ga the EUV flux was 10 to 63 times higher.

These observations suggest that the EUV flux at the top of the atmosphere was indeed very high during
the Archean eon. Such a high flux promoted an extension of the atmosphere together with its heating and

probably favored ionization of H and Xe and their efficient escapes (Zahnle et al., 1988).

Magnetic field on the early Earth

The intensity of the terrestrial magnetic field plays a major role in the potential escape of Xet ions
because escape would have been restricted to the polar regions where magnetic field open lines are present.
Recently, Tarduno et al. (2014) provided a comprehensive review of the intensity of the paleo-magnetic field
for the early Earth (Fig. 3.4). Even if data are scarce, a magnetic field seems to have been present as early as
3.5 Ga ago even if the magnetosphere was probably generated uniquely by intense mantle convection rather
than core-induced dynamo since the solid-core nucleation probably occurred later (Tarduno et al., 2014).
Biggin et al. (2015) analyzed a wide set of paleo-magnetic data and concluded that there was a decrease in
magnetic field strength until 1.3-2.4 Ga ago due to progressive decrease of the originally vigorous convection.
This observation is in favor of an intense atmospheric escape of ions before 2.4 Ga. About 1.3 Ga ago, the
magnetic field strength increased, possibly due to inner-core nucleation and the beginning of very efficient

decoupled convection alimenting the geodynamo.
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Fig. 3.4: Evolution of the magnetic field strength with time. Data obtained on single crystals suggest the presence of
a magnetic field similar to the modern one 3.2 Ga ago. The grey range represents modern variations of the magnetic
field strength (~5 to 11 x 10** Amp.m?, Muscheler et al. (2005)). Modified after Tarduno et al. (2014) and see

references therein.

Ionization of Xe in the Earth’s atmosphere

An enhanced EUV flux in the past is not sufficient to guarantee efficient ionization of Xe in the Earth’s
atmosphere. Indeed, xenon had to be ionized but more importantly it had to stay ionized despite radiative
recombination and interactions with other possible ions or neutrals (dissociative recombination). Zahnle
(2015) notes that, contrary to Kr, Xe™ do not interact with Hy. This means that Xe would not be too much

concerned by the following dissociative recombination process:

Xet + Hy - HXet + H
HXet +e~ — H+ Xe

Most of the loss of Xet would thus be due to the radiative recombination presented as a slow process by
Zahnle (2015):

Xet +e” = Xe+ hv

All parameters governing Xe escape seem to have been in favor of a vigorous Xe ionization and escape
in the past. However, a thorough numerical model is required here to quantitatively estimate if ionization
of Xe in the Archean atmosphere and its escape through interactions with escaping hydrogen is a viable

mechanism for long-term escape.

3.4 Article The iodine-plutonium-xenon age of the Moon-Earth
system revisited, published in 2014 in Phil. Trans. Roy. Soc.
A, Vol. 372, p.202/
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The iodine—plutonium—xenon
age of the Moon—Earth system
revisited

G. Avice and B. Marty

CRPG-CNRS, Université de Lorraine, 15 rue Notre-Dame des Pauvres,
BP 20, 54501 Vandoeuvre-les-Nancy Cedex, France

Iodine—plutonium—xenon isotope systematics have
been used to re-evaluate time constraints on the
early evolution of the Earth-atmosphere system
and, by inference, on the Moon-forming event. Two
extinct radionuclides (%1, Ty 2 =15.6Ma and 244py,
T1/2 =80Ma) have produced radiogenic '*Xe and
fissiogenic 1317136Xe, respectively, within the Earth,
the related isotope fingerprints of which are seen
in the compositions of mantle and atmospheric Xe.
Recent studies of Archaean rocks suggest that xenon
atoms have been lost from the Earth’s atmosphere
and isotopically fractionated during long periods
of geological time, until at least the end of the
Archaean eon. Here, we build a model that takes
into account these results. Correction for Xe loss
permits the computation of new closure ages for the
Earth’s atmosphere that are in agreement with those
computed for mantle Xe. The corrected Xe formation
interval for the Earth-atmosphere system is 40:%8 Ma
after the beginning of Solar System formation. This
time interval may represent a lower limit for the age
of the Moon-forming impact.

1. Introduction

The age of the Solar System is well established at 4.568 Ga
[1-3]. Extant and extinct radioactive series indicate
that not only primitive bodies but also differentiated
planetesimals and planetary embryos, including Mars,
formed within a few million years after the beginning of
condensation in the Solar System (inferred from the age
of calcium—aluminium-rich inclusions, CAls, in primitive
meteorites). By contrast, the formation age of the Earth—
Moon system is uncertain and is presently debated
within a time interval of 30-200Ma after CAI (this
issue). Deciphering the details of the early chronology of

@© 2014 The Author(s) Published by the Royal Society. All rights reserved.
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the Earth requires the development of adequate extinct radioactivity chronometers. Because
the Earth’s interior has been well mixed by mantle convection over 4.5Ga, most of the early
reservoirs have been rehomogenized, even if some remnants of past heterogeneities might still
be present [4-7]. However, information on ancient reservoirs is still held at the Earth’s surface, in
old terranes, and, in the case of noble gases, in the terrestrial atmosphere.

Xenon, the heaviest noble gas, has a large number (nine) of isotopes, and extant and extinct
radioactivity products have contributed several of them. Iodine-129 decays with a half-life of
15.7 Ma into '2%Xe [8], resulting in 1??Xe excesses in primitive meteorites relative to the potential
primordial Xe isotopic compositions [9]. Atmospheric Xe presents a monoisotopic excess of 12°Xe
(compared with adjacent ?8Xe and '3°Xe isotopes) of about 7% [10] attributed to the decay of
extinct 1. Some natural gases and mantle-derived rocks [11-13] have 129% e /130X e ratios (where
130Xe is a stable isotope of xenon that is used for normalization) higher than the atmospheric
value. Altogether, these observations demonstrate that the Earth formed and differentiated while
1297 was still present, thus within a few tens of millions of years. Most (more than 80% of)
terrestrial Xe is now in the atmosphere ([11] but see [14] for an alternative view), so that
atmospheric Xe is to first order representative of total terrestrial Xe. Consequently, a 2?1-129Xe
age of the Earth can be constrained from estimates of the initial abundance of iodine, inferred from
the present-day abundance of the stable isotope 2’1 [15]. Although the latter is not well known
(probably no better than a factor of 2, see below), the exponential nature of radioactive decay
makes the result less sensitive to this uncertainty. Thus, the I-Xe age of the Earth’s atmosphere,
which is in fact the time interval Atjp9 of reservoir closure, can be expressed as

1 129IINI
At129 = 1129 In (129)(9(1) ’ (11)

where X129 is the decay constant of 1291(4.41 x 1072 Ma 1), and 12Ijyy is the initial 12°T abundance
in the reservoir. The latter is computed from the (12°1/127T)\1 initial ratio from meteorite data
(1.1 x 107*) [16] and estimates of terrestrial '?’T abundance (greater than 3 ppb, up to 13 ppb, see
§2). 129Xe(I) represents the 2?Xe excess resulting from the decay of 1?°I in the atmosphere (2.8 x
10" mol of '2?Xe(I) [10]). Within these assumptions, the Earth would have become closed for Xe
isotope loss at 100-120 Ma after CAl, this range depending mostly on the initial abundance of
iodine (for further discussion of these parameters, see reviews [10,15,17-19]). This is the classical
‘age’ of the atmosphere found in textbooks.

The other short-lived nuclide of interest here is 2#4Pu (half-life of 80 Ma [20]) which, in addition
to a-decay, presents a weak (0.125%) branch for spontaneous fission and produces 131132134136 X
isotopes (represented hereafter by 13°Xe(Pu)). These heavy Xe isotopes are also produced in the
Earth by the spontaneous fission of extant 2*U. However, the contribution of 233U fission to Xe
isotopes was minor compared with that of ?*Pu during the periods of time characterizing the
Earth’s formation and its early evolution. Contrary to iodine, plutonium has no stable isotope,
so that the initial abundance of ?**Pu is inferred from comparison with U in meteorites and the
Earth [21], because both are refractory and lithophile elements. Fissiogenic Xe from ?**Pu has
been found in the Earth’s interior [4,12,22]. The detection of fissiogenic Xe in the atmosphere is,
however, not straightforward, as the original composition of atmospheric xenon is not directly
measurable. In fact, atmospheric xenon is isotopically fractionated by 3-4% per atomic mass
unit relative to potential primordial candidates [23]. Furthermore, even after correction for such
mass-dependent isotope fractionation, neither chondritic nor solar Xe can be directly related
to atmospheric Xe, because both chondritic and solar Xe are rich in the heavy Xe isotopes
(134Xe and 13°Xe) compared with ‘unfractionated” atmospheric Xe [24]. Takaoka [25] and Pepin
& Phinney [26] extrapolated, from meteorite data, a primordial Xe component (labelled Xe-U
by Pepin & Phinney [26]), from which atmospheric Xe could be derived by mass-dependent
isotopic fractionation. Xe-U has an isotope composition close to solar Xe for its light masses but is
depleted in 13*Xe and '3*Xe. This U-Xe component has still not been found in meteorites, possibly
because of the presence of superimposed components of nucleosynthetic origin. Indeed, xenon
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trapped in different meteoritic phases presents variations in its s-, p- and r-process isotopes (e.g.
the P3, P6 and HL components trapped in nanodiamonds [27,28]). Thus, the heavy Xe isotope
difference between potential Xe ancestors and solar Xe could be the result of different mixes
of nucleosynthetic Xe isotopes in primitive reservoirs, with the possibility that solar Xe was
contributed more by s-process isotopes than by other Xe primordial progenitors [29]. Whatever
the composition of the progenitor of atmospheric Xe, this reservoir appears poor in 2*#Pu-derived
Xe isotopes.

Estimates of 13°Xe excess in the atmosphere due to the contribution of extinct ?#Pu vary
between 4.6% and 2.8%, according to Pepin & Phinney [26] and Igarashi [30], respectively.
136X e(Pu) gives another possibility to estimate closure ages for the Earth-atmosphere system.
Both the I-Xe and Pu—Xe systems can be combined, yielding an I-Pu-Xe time interval At129-244
of

(1.2)

1 129%e(1) /136 Xe(Pu
At129-244 = [ )/ ( )136Y244 ,

A244 — A129 (1291/244Pu)Ng

where X244 is the decay constant of 244py (8.45 x 1073 Ma_l), and 130Y5yy is the production yield
of 136Xe from 2#*Pu fission (7 x 107°) [31]. The 2°Xe(I)/13¢Xe(Pu) ratio of the atmosphere has
been estimated to be 4.6 [32], which yields an atmospheric At1p9_244 closure time of about 100 Ma
after CAI, consistent with the I-Xe age. The fact that these two closure ages are comparable is not
merely a coincidence, because Atj9—244 depends in large part on the residual amount of 129%e(1)
in the Earth’s atmosphere (of the order of 1%) rather than on that of 136X e(Pu) in this time interval,
given the much shorter half-life of 12T compared with that of 24Pu. A more interesting constraint
arises from a direct comparison of the amount of 136X e(Pu) left in the Earth (atmosphere) with
that potentially produced by initial ?*4Pu. Although the latter also has a significant uncertainty,
it appears that a large fraction of 130Xe(Pu) (greater than or equal to 70%) is missing in the
present-day Earth’s atmosphere [17,32-34]. Given the half-life of 2#*Pu of 80 Ma, this discrepancy
suggests that Xe was lost from the atmosphere after the giant impact phase of the Earth’s
accretion [17,33].

Atmospheric xenon not only is isotopically fractionated (enriched in heavy isotopes by 3-4%
per atomic mass unit) compared with potential primordial Xe, but also is elementally depleted
by one order of magnitude relative to other noble gases (e.g. Kr) compared with the abundance
pattern of meteoritic noble gases. These dual characteristics, known for a long time as the “xenon
paradox” (elementally depleted in heavy elements, isotopically enriched in heavy isotopes), have
not yet found a satisfactory explanation. The Xe depletion and the lack of Pu-produced Xe
isotopes in the atmosphere suggest that, after a last giant impact event, there might have been
more xenon in the atmosphere, which would have been lost through a process that fractionated
Xe isotopes (if both features were related). Therefore, the I-Pu—Xe ages should be corrected for
Xe loss, and the scope of the correction would depend on the timing of loss relative to I and Pu
decays. The apparent deficiency of 13¢Xe(Pu) in the atmosphere (see previous paragraph) may
indeed be a consequence of prolonged selective loss of atmospheric Xe.

Recent studies of noble gases in Archaean (3.5-3.0 Ga old) rocks may provide a solution to
the xenon paradox. Isotopically fractionated Xe has been found in Archaean barite [35,36] and
hydrothermal quartz [37,38]. The Xe isotopic spectrum is intermediate between the primordial
and the modern atmospheric Xe isotope patterns, and the isotopic fractionation (relative to the
modern composition) tends to decrease with decreasing age (figure 1). Together with Xe data
from ancient basement fluids of presumed Proterozoic age [40], the evolution of Xe isotopic
fractionation with time is consistent with a Rayleigh distillation in which Xe has been lost
from the atmosphere with an instantaneous fractionation factor of about 1.1% per atomic mass
unit [38]. The magnitude of the latter is in agreement with experimental studies of Xe isotope
fractionation upon ionization [41]. The exponential decrease of Xe isotope fractionation with
time is qualitatively consistent with that of the far-UV light (FUV) flux from the evolving Sun
with time ([39]; figure 1), suggesting that Xe was selectively ionized and lost from the atmosphere
to space through time [42,43] at a rate that followed the declining FUV flux.
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Figure 1. Relationship between the evolution of the solar EUV flux with time and the progressive isotopic fractionation of
atmospheric xenon. (a) Evolution of the solar flux with time. Figure and data are from [39]. The wavelength of ionization of
Xe atoms corresponds to the range 9201200 A. (b) Progressive isotopic fractionation of atmospheric Xe from cosmochemical
components [10] to modern atmosphere [31]. Ancient rocks record intermediate isotopic compositions: 3.5 Ga-old barites [35,36];
quartz samples [37,38]; Proterozoic deep fracture fluids [40].

In this study, we investigate the possibility to reproduce the current features of atmospheric
Xe (elemental and isotopic compositions), taking into account this long-term escape. We develop
a three-box model (solid Earth, atmosphere, space) that allows us to correct the abundances of
radiogenic/fissiogenic Xe isotopes for Xe loss. Previous computed ages are therefore not valid any
more and their values and meaning have to be revisited. Doing so, we follow Podosek & Ozima
[17], who predicted that ‘if allowance is made for the possibility that most of the Xe, including
radiogenic Xe, that should be in the atmosphere, has somehow be removed or hidden, the I-Xe
and Pu—Xe formation interval could be reduced to perhaps 60 Ma’. We now have observational
evidence for such Xe loss through geological time. Because the atmosphere is probably very
sensitive to impact-driven erosion [44,45], corrected closure ages may be related to the end of
the giant impact epoch that led to the formation of the Moon [46].

2. Building of the model

The model consists of three reservoirs: the silicate Earth, the atmosphere and outer space
(figure 2). We aim to estimate the closure time of the atmosphere At, defined here as the time
after CAI when the atmosphere became closed to volatile loss (except for Xe preferentially
lost during the Hadean and Archaean eons). Between time 0 (CAI) and At, volatile elements

160

09206107 2L ¥ 205§ ‘U iy BioBulysygndiaposeforerss



(@) escape +
fractionation
|
atmosphere Xe
E A
20 & degassing
3 £
= )
X :
= 15 x
= .
£ n
= z
S 10 17
N $
% current abundance of Xe
% in the atmosphere
05 1
O L 1 L L 1 1
At =40 100 1000 4568
t (Ma)
(b)
=
<
ol 121
o S
2|2
el
XX 11
Y
124
® Xe-U
B Archaean atmosphere (3.5 Ga)
# modelled present-day atmosphere

Figure 2. (a) Schematic explanation of the model and evolution of the budget of atmospheric Xe over time. The model is built
with three boxes: solid Earth, atmosphere and space. Some Xe isotopes are produced by radioactive decay of 1, **Pu and
B3| (see text). After a time interval At (40 Ma, one outcome of the model), the Earth begins to retain its volatile elements
and accumulates xenon degassed from the solid Earth to the atmosphere without isotopic fractionation. Xenon atoms escape
from the atmosphere to outer space with isotopic fractionation. The evolution of the budget of atmospheric xenon shows
the progressive escape of Xe atoms with time. The escape lasts until the end of the Archaean eon (t = 2 Ga). At this time,
the abundance has almost reached the current abundance of xenon in the atmosphere. The process is completed by further
degassing of the xenon atoms. (b) Isotopic spectrum of xenon relative to the current isotopic composition of the Earth’s
atmosphere using *°Xe as a reference isotope. Xe—U is the starting isotopic composition (circles). The fractionated Archaean
atmosphere (around 1% amu~") is shown with squares and the ‘artificial current isotopic composition of the reference solution
is shown with stars. The current isotopic composition is reproduced within 0.7% or better.

are contributed to the proto-Earth by accreting bodies, and partially lost through collision and
atmospheric erosion. Between At and present, only Xe is lost to space, the other volatile elements
being conservative in the atmosphere. We correct for this secondary Xe loss using the depletion

of xenon relative to other noble gases in the atmosphere.
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Xenon is degassed without isotopic fractionation from the Earth’s interior to the atmosphere
through magmatism. Between At and the end of the Archaean eon, xenon escapes from the
atmosphere to outer space, and is isotopically fractionated during this escape. Three radioactive
series are involved: 12°Xe produced by the B-decay of 12°T (T2 = 15.6Ma), and 131132134136
from the fission of 2*4Pu (T} 2 =80Ma) and 28U (T, 2 =4.47Ga). As 136Xe, compared with other
xenon isotopes (131132134Xe) is a major product from the fission of 2#4Pu, it will be considered as
a proxy for the entire fission component in the following discussion.

The following mass balance exemplifies the evolution of the atmospheric 2?Xearn (mol)
with time:

d?Xeam(t)

5 = 20 Xemant(h) = B+ dtese) * Xearm(®): 1)

Here 12Xearpm(#) is the abundance of 12?Xe in the atmosphere at time ¢; 129X epant(f) represents
the abundance of 2?Xe atoms in the mantle at time t; ¢(f) and f(t) are the degassing and escape
parameters, respectively; and oesc is the isotopic fractionation factor described below (equation
(2.4)). The evolution of the mantle ??XepanT (mol) with time is expressed by

d'?Xemant(t)

T = —p(H'PXemant(t) + 1120 21(t), (2.2)

where ¢(t) is the degassing parameter at time f, A129 is the decay constant of '?°T into 12?Xe, and
1291(t) is the abundance of iodine-129 in the mantle at time ¢. Similarly, equations for 1247136Xe
are defined taking into account the decays of the different radioactive nuclides (>**Pu, 238U). For
example, for 136X epanT, the equation is

d36Xepant(H)

T —(H) 1 XepmaNT(H) + 2244B24a 30 Y 244> Pu(t) + A238B2ss >0 V23520 U(t), (2.3)

where 13¢XepanT(t) is the abundance of 1%6Xe in the mantle at time #, 2**Pu(t) and 238U(¢) are the
abundances of parent nuclides in the mantle at time f, Bpgq (1.25 x 1073) and Bazg (5.45 x 1077)
are the branching ratios for 2*4Pu and 238U, respectively, and 130Y44 (6.3%) and 136Y 35 (5.6%) are
the yields of fission [31].

Equations are resolved with 1 Ma step using an original code written with the MATHEMATICA
programming language. Results of the model comprise, for each temporal step, the amount of
each stable isotope in each reservoir plus the amount of each radiogenic/fissiogenic isotope
(e.g. 13°Xe in the atmosphere coming from the fission of 2#4Pu).

(a) Degassing from the Earth’s interior

The rate of Xe degassing (¢(t) in equations (2.1)—(2.3)) from the Earth’s interior through time
can be anticipated from thermal and geochemical considerations. Having a constant degassing
parameter ¢(f) through Earth’s history would result in a too severe Xe loss from the mantle.
We have tested different functions for ¢(t), and the model results that best fit the data are
those obtained using three different values (p; > @2 > ¢3) for the respective intervals of time
[At, 100Ma], [100Ma, 1000 Ma], [1000 Ma, 4500 Ma] (table 1). An exponential decrease of ¢(t)
could also fit the data but not as well as this stepped function.

The choices of these steps and of the related time intervals have some physical grounds. Owing
to a higher thermal regime of the solid Earth, the degassing rate during the Hadean eon was
probably an order of magnitude higher than the modern one [18,47-49]. During the Archaean
eon, the degassing rate was also probably higher than at present, as indicated for example by
the ubiquitous presence of komatiitic lavas, presumably originating from a mantle hotter than
today (although some authors argue that a hotter mantle does not necessarily imply a higher
convection rate [14,50]). Isotopic fractionation of xenon during magma generation and degassing
could only be kinetic, if any, and is neglected here. The model is built in such a way that the mantle
is degassing Xe into the atmosphere from the time of Earth’s accretion, which is mathematically

162

0920£107 :22€ ¥ 205y supi] iyg B1o‘Buisiqndiranosjeorens:



Table 1. Input parameters of the model. Italicized values are adjusted parameters using multiple runs of the model.

parameter literature

equivalent, during the short time interval of a few tens of millions of years, to adding Xe from
impacting bodies directly to the atmosphere.

(b) Loss of xenon to outer space

As introduced above, Archaean rocks of surficial origin contain mass-fractionated Xe
isotopically intermediate between chondritic/solar and modern atmospheric (figure 2).
Data are scarce because they are extremely difficult to obtain (owing to the need to
date confidently the host phases). Available data are consistent with a time evolution
of the Xe isotopic fractionation, presumably in the ancient atmosphere. This evolution
can be fitted with a Rayleigh distillation model in which Xe isotopes are escaping from
the atmosphere through time with mass-dependent instantaneous isotopic fractionation.
The exponential evolution of the isotopic composition of atmospheric xenon with time
predicted by Rayleigh distillation is consistent with the decline of FUV light flux from
the ancient Sun (figure 1), suggesting that interactions between atmospheric Xe and FUV
light from the Sun played a role in Xe escape. The Rayleigh distillation equation can be
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written as

(i+1 Xe/ixe)t:4.56 Ga, today
(+1Xe/Xe)i=o

= foresc=1 ~ 1,035, (2.4)

where the factor 1.035 relates to the isotopic difference between solar/chondritic and modern
air and f is the depletion factor of Xe in modern air corresponding to a factor of ~20 relative to
carbonaceous chondrites (CCs) [23]. The instantaneous fractionation factor aesc is then ~1.011%
per atomic mass unit. This isotope fractionation is large for an inert gas with such a high
mass. Thus, either Xe isotopic fractionation resulted from a specific process during atmospheric
escape, which is not yet documented, or it involved ionization of xenon, which, from laboratory
experiments, has been shown to yield isotopic fractionation of the order of 0.8-1.6% per atomic
mass unit [41,51-55]. Among most volatile species that were potentially present in the ancient
atmosphere (e.g. noble gases, CO, CO;, Ny, CHy, ...), xenon has the lowest ionization potential.
Hébrard & Marty [42] have investigated the possible behaviour of atmospheric Xe, taking into
account the inferred distribution of FUV light wavelengths of the ancient Sun. Hébrard & Marty
proposed that Xe was ionized at an atmospheric height comparable to that of organic haze
formation in the Archaean atmosphere, so that ionized heavy Xe isotopes were preferentially
retained in the lower atmosphere, whereas ionized light Xe isotopes could escape from the upper
atmosphere. This possibility is certainly not unique, and other processes may be explored, but,
whatever the origin of this isotopically fractionating Xe loss, it remains firm that Xe isotopically
intermediate between primordial Xe and modern atmospheric Xe has been found trapped in
Archaean rocks.

In our model, we use an instantaneous fractionation factor aesc allowed to vary within 1.0-1.5%
per atomic mass unit. The rate of escape of xenon atoms is scaled using FUV decay curves
corresponding to the wavelength at which xenon atoms are ionized (102.3 nm) [39]. The intensity
of escape (B(t) in Ma~!) with time  is given by

BO= 0 x 1Y, 2.5)

where b and c are constant parameters from [39] and d is an adjusted constant. Parameter values
are shown in table 1, and the decay of atmospheric Xe with time is shown in figure 2.

3. Key parameters

The key parameters of the model are either taken directly from the literature (e.g. 2127y )
when the value is widely accepted or are adjusted testing a range of values when the value
is badly known (e.g. Iing). Table 1 contains canonical values for parameters of the model and
adjusted values.

(a) lodine content of the Earth

Because of its volatility, the precise iodine content of the Earth, and thus 1297151, is not well known.
A large range between 3 and 13 ppb is proposed in the literature [56-58]. The lower value of 3 ppb
is computed with iodine data from the depleted mantle [58], which, by definition, is poor in
incompatible elements such as iodine. Thus, it represents a lower limit of the iodine budget of
the Earth. Here, we use a value of 6.4 ppb in our reference solution, which gives model results
consistent with observed Xe data, and permits a good match between the two chronometers
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(I-Xe and I-Pu—Xe). The range of I\ values is used as an uncertainty and is propagated in
the age calculation. An abundance of 6.4 ppb for 1?’I together with the initial 12°1/1?"I ratio of
1.1 x 10~* obtained from meteorite data [16] yields an initial amount of terrestrial 1291 (1297p)
of 3.8 x 1012 mol.

(b) U—Pu content of the Earth

The range of present-day abundances for 233U is between 16 and 20 ppb [18], corresponding
to initial values, 4.57 Ga ago, between 33 and 41 ppb. Here, we take a value of 38 ppb for the
initial 238U content as in [18]. The average value of 6.8 x 1073 for (?**Pu/%8U); is derived from
the analysis of meteorites [21,59] and is consistent with data obtained from ancient terrestrial
zircons [18,60-62].

(c) Initial amount and isotopic composition of xenon

Xenon is under-abundant in the terrestrial atmosphere relative to other noble gases by a factor of
23 £ 5 relative to Kr [23]. Thus, the present-day atmospheric inventory (6.15 x 10" mol of 130Xe
[31]) can be corrected for selective escape of xenon atoms by multiplying the current abundance
by this factor, which leads to an initial 3*Xe amount of 1.41(40.36) x 103 mol. It is beyond the
scope of this study to evaluate the starting isotopic composition of primordial xenon and we refer
to discussions elsewhere [17,26,32]. The U-Xe [23] is, so far, the only initial isotopic composition
that permits the reproduction of the current isotopic composition of atmospheric Xe, including
fissiogenic and radiogenic contributions [63], and its composition is adopted as a starting isotopic
composition for the model.

(d) Optimization of the parameters

The model is constrained using the initial Xe amount for the Earth and the U-Xe composition,
on the one hand, and the present-day amount and composition of atmospheric Xe and, for
some of the isotopic ratios, of mantle Xe, on the other. The silicate Earth contents of parent
elements (I and Pu) are additional parameters that can be adjusted within a plausible range of
values. The model must yield ancient Xe isotopic compositions that are consistent with data from
Archaean rocks.

Key parameters from the literature are 130X emnt, (12°1/1%7 Iy, 28U, (*4Pu/28U) i and the
starting isotopic composition (U-Xe). Other parameters are adjusted following multiple runs.
130, the stable isotope of reference, is used to scale the degassing and escape rates over time. The
different degassing rates ¢1, 92 and ¢3 (table 1) are fitted in order to respect the 130xe depletion
over time and to take into account variations in the degassing rate of the mantle. The ¢1, ¢»
and ¢3 values that best fit the data are 890, 15 and 1 times the modern rate between At and
100Ma, 100 Ma and 1Ga, and 1Ga and present, respectively. The variation of the atmospheric
Xe escape rate (equation (2.5)) is scaled to the variation of the FUV light flux over time. Once
the degassing and escape rates of 13Xe are scaled, it is possible to optimize other key parameters,
such as the instantaneous fractionation factor aesc and the initial iodine abundance Iyng. The aim of
this final step of optimization is to reproduce the modern and the Archaean isotopic compositions
of atmospheric Xe to better than 1% (figure 2).

(e) Outcomes of the model

In addition to optimization of the degassing and escape parameters, the model allows one to
determine the atmospheric closure time At that best fits the observations. Time At corresponds
to the time after CAI when the atmosphere became closed (except for Xe, whose escape to space
continued over eons).
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Table 2. Reference solution of the model compared to values from the literature.

parameter dimension literature reference solution
Xearm mol 1537 x 10° a 15184 x 10"

(124Xe/13°Xe)ATMmoImoI*1 ..................... o S o
(126Xe/13°Xe)ATM— ................................ o S S
(128Xe/13°Xe)ATM— ................................ e S e
(‘29Xe/‘3°Xe)ATM— ................................ e S oy
(131Xe/13°Xe)ATM— ................................ e S e
(BZXe/BOXe)ATM— ................................ o S B
(134Xe/13°Xe)ATM— ................................ o S e
(136Xe/13°Xe)ATM— ................................ S S S
129Xe(I)ATM(0RR ......................................... o o T I
(‘29Xe (I)/136Xe ( PU))ATM ............................ e e Co s o
(‘29Xe(|)/136Xe(Pu))ATMCORR—— .................................... e o
XeMANT ..................................................... e T
(‘24Xe/‘3°Xe) MANT ..................................... e e
(‘26Xe/“°Xe)MANT— .................................................................................................... o
(”8Xe/13°Xe)MANT— .................................................................................................... s
(129Xe/‘3°Xe)MANT— .................................................................................................... oo
(131Xe/13°Xe)MANT— .................................................................................................... T
(BZXE/BOXE)MANT— .................................................................................................... B
(]34XE/130XE)MANT— .................................................................................................... e
(‘36Xe/‘3°Xe)MANT— .................................................................................................... e

2The total inventory and isotopic ratios of Xe are from [31].

b Amount of " Xe in the atmosphere coming from the decay of 2| and corrected for loss.
“Ratio of radioactivity products uncorrected for loss from [64].

dRatio corrected for loss.

4. Discussion

The long-term escape affects the global budget of xenon atoms in the Earth’s atmosphere
and therefore the amount of radioactive products, which have to be corrected as shown
in table 2.

(a) Corrected |I-Xe age of the Earth—atmosphere system

The I-Xe closure age of the atmosphere, corrected for long-term escape of atmospheric Xe,
becomes 41 Ma after CAI, instead of 110 Ma, with our reference I content of 6.4 ppb. For a
possible range of 3-13ppb for terrestrial iodine [56-58], the range of closure age becomes
21-62Ma (see ranges of solutions in figure 3). It must be noted that the I abundance of 3 ppb
[57] and the corresponding closure age of 21 Ma after CAI are likely to be lower limits, so
that a possible range of ~30-60Ma, corresponding to a terrestrial I content of 6-13 ppb, is
preferred.
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Figure 3. (a) Evolution of the atmospheric content of *Xe derived from the decay of | with time. The non-corrected amount
gave a closure age of 98 Ma for the |-Xe system. After correction for subsequent loss, the age becomes 41 Ma. (b) Evolution with
time of the ratio of radioactive products in the atmosphere (’Xe(I) and *Xe(Pu)). The non-corrected ratio gave a closure age
of 66 Ma for the I-Pu—Xe system. After correction, the age becomes 34 Ma, in agreement with the time of closure of the I-Xe
system and with the closure age of the mantle given by the mantle samples [4,32].

(b) 1-Pu—Xe closure age

The I-Xe closure age given above is in fact a mass balance between the residual amount of
radiogenic 12?Xe in the atmosphere and the amount of initial 2°I, with the underlying assumption
that the former derived from the latter. In fact, the whole amount of 2?Xe(I) could have been
added to a ‘dead’ Earth (i.e. an Earth closed after the complete decay of 12I) by an accreting
primitive body formed just after CAls and having therefore a high 129Xe(I)/1 ratio. In such an
extreme case, the ‘closure’ age based on I-Xe would not have any chronological meaning for
the Earth. Here, it becomes interesting to make use of the [-Pu—Xe system in addition to the
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I-Xe system. The (129Xe(I)/l%Xe(Pu))ATM,CORR ratio depends on two decay constants having
contrasting values. Thus, this ratio is time-dependent and decreases with age. In the example
given above, the (12?Xe(I)/!3Xe(Pu))arm,corr ratio should yield a very young age, contrary to
the I-Xe chronometer. In other words, the two chronometers all together have the faculty to give,
or not, ‘concordant’ closure ages.

The atmospheric '2Xe(T)/13*Xe(Pu) ratio, corrected for Xe escape, becomes 21.7 instead of 4.6
(table 2), yielding a closure age of 34 Ma using equation (1.2), with a possible range of 13-58 Ma.
However, the lower time limit is based again on an unrealistically low terrestrial amount of iodine.
This range is ‘concordant” with the I-Xe range of 30-60 Ma and both methods converge to a
revised closure age of %401“%8 Ma for the atmosphere, instead of about 100 Ma previously thought
(figure 3). Interestingly, the 12?Xe(I)/136Xe(Pu) ratio has also been estimated for the mantle from
the precise Xe isotope analysis of mantle-derived CO,-rich gases [32]. Estimates of this ratio vary
between 20 and 64, depending on the parameters (e.g. I/Pu/U ratios, primordial Xe isotopic
composition) chosen to derive them. This range of values leads to a possible interval of 20-50 Ma
for a major episode of mantle degassing [32]. Thus, it is tempting to link such an event to a major
catastrophic impact that affected the interior of the proto-Earth and its atmosphere and that led
to the formation of the Moon. However, it must also be noted that Xe isotope data for mid-
ocean ridge basalts (MORBs) seem to define lower 129X (1) /130 Xe(Pu) ratios around 6-10 [4,5],
which could represent another giant event [32], or, in our opinion, fractionation of volatile iodine
with respect to refractory plutonium/uranium for the mantle source of MORBs, during Earth’s
building episodes.

The range of closure ages (30-60 Ma after CAI) is consistent with hafnium-tungsten (Hf-W)
model ages for the Moon’s formation predicting an ancient fractionation (25-50 Ma) from the
W isotope difference between chondrites and the Earth [65-68]. However, it is only marginally
consistent with those based on the similarity of the W isotope ratios between the Earth and
the Moon, which requires the Moon formation event to have taken place 60 Ma or more after
CAlIs [69]. The former case would reinforce the link between the last episode of major loss of the
atmosphere and the formation of the Moon.

(c) Physical significance of closure ages and the epoch of the formation
of the Earth—Moon system

The model presented here permits the xenon budget of the Earth’s atmosphere to be corrected
for long-term escape to space. This correction leads to a reconstruction of the xenon isotopic
composition of the atmosphere just after the last episode of major loss. After correction, the
I-Xe and the I-Pu—Xe systems converge towards a common range of closure ages within 30-60 Ma
after CAI, suggesting that they have indeed recorded common catastrophic event(s). In fact, the
closure ages estimated here probably result from the integration of a suite of events occurring
during the accretion and where primitive and differentiated bodies with variable volatile contents
contributed to the building of the proto-Earth.

The fraction of the proto-atmosphere removed during a giant impact is debated [45,70]. New
modelling results based on the Moon-forming scenario with a fast-spinning Earth [71] suggest
that a large part (if not the whole) of the atmosphere could have been removed during this major
event [72]. Our reconstructed Xe budget indicates that about 23% of the total 129xe(1) produced
by terrestrial 12T was left in the atmosphere after completion of the Earth. The possibility that
~77% of initial volatile elements would have been lost before the atmosphere’s closure is not
unreasonable in regard to possible atmospheric erosion during terrestrial accretion [45]. This
mass balance implies that the proto-Earth could have hosted a factor of ~4 more volatiles than at
present, if these volatiles were supplied before the last giant impact event. Because the present-
day terrestrial inventory of volatile elements is estimated to be equivalent to about 2 & 1% of
CC material [73], this mass balance suggests that the proto-Earth could have been contributed
by up to #10% CC material before the last giant impact. Alternatively, terrestrial volatiles could
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have been supplied from bodies having Xe/I ratios higher than those observed presently in CC
(e.g. cometary material?).

The conclusions drawn here have to be taken carefully, as there all still too many shady areas in
the early accretional history of the Earth. Our model does not pretend to describe such accretional
processes, which will require a continuous accretion/degassing simulation. The main result of
this study is nevertheless that the age of the terrestrial atmosphere appears closer to ~40Ma
rather than to 100 Ma as previously thought.

5. Conclusion

The I-Pu—Xe system gives useful, yet not fully understood, time constraints ‘on establishment of
global chemical inventories’ [17] for the Earth and, presumably, for the Moon. After geological loss
of Xe from the atmosphere, the closure ages derived from the I-Xe and I-Pu—Xe systematics are
more ancient than previously proposed and suggest major forming events around 40 Ma (range
30-60 Ma) after CAIL. A more comprehensive approach of this chronology will need to integrate
the I-Pu—Xe system into n-body simulations of terrestrial accretion, parametrized with gain and
loss of volatiles, especially during the giant impact epoch.
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3.4.1 Additional Results and Research Perspectives

The model published in 2014 needs some modifications and refinements because of recent discoveries and

investigations even if the conceptual basis and main results (correction of closure ages) remain the same.

Scientific discussions with the authors (S. Jacobson and A. Morbidelli) of a recent publication on the age
of the Moon-forming impact inferred from dynamical simulations of the terrestrial planets and estimations
of the late veneer on Earth (Jacobson et al., 2015), led to a refinement of the model. First, a partial
removal of the atmosphere during the giant impact that led to the formation of the Moon is possible
even if the exact amount of atmospheric loss is uncertain (Genda and Abe, 2003, 2005; Schlichting et al.,
2015). Secondly the chondritic late veneer (2.92 + 0.98 x10%5g, see estimates by Jacobson et al. (2015)
and refs. therein) inferred from the abundances of siderophile elements in the Earth’s mantle might have
added some Xe in the atmosphere during its delivery to the Earth. A simple additional model with three
degrees of freedom and two constraints has thus been constructed to take into account these two important
parameters. The three free parameters are tgy, D and F. tgy is the time of the last giant impact. D is the

dilution factor of the Earth’s originally degassed atmosphere prior to/during the last giant impact D, that
s D Mol of atmosphere before impact
is D =

- . F is the fraction of carbonaceous chondritic material in the late
Mol of atmosphere after impact

veneer. The two constraints are estimates of the radiogenic isotope abundance to parent element abundance

ratio of 122Xe* ... /12 L;nse and 136Xe* ., /244 Pu;yi:. The two relevant equations (Eq. 3.1 & 3.2) are:

129 * _ p—A120tcr 129 *
0.17 = — XCeorr _ 1 7€ e dutar 4 XLy (3.1)
: 1297, . D 1297 . :
wnat it
136 v % —Dewta 136 v %
0.56 = Xecorr 12 astar Xepy (3.2)
244 Py By 136Yo D 244 Py By, 136 Yoy,

where the left-hand side for equation 3.1 is the radiogenic ionization/escape-loss-corrected abundance

129Xe*

% Telative to the initial abundance of parent isotope '2°1;,,;;. The left-hand side for equation 3.2 is

the abundance of 13Xe? .. relative to the initial abundance of parent isotope 2*4Pu;,;; multiplied by the
branching ratio for spontaneous fission of 244Pu (Bagy=1.25 x 1073) and by the yield of fission of 2*4Pu
producing ¥%Xe atoms (}*0Y544=6.3 %) (Ozima and Podosek, 2002). Values of 0.166 and 0.556 are used for
the 129Xe* .o /12 Tinss and 36Xe* o, /244 Py Tatios and are from Avice and Marty (2014). These values
highly depend on the initial amounts of parent nuclides in the silicate Earth and on the model used to correct
the abundance of isotopes of xenon in the atmosphere for subsequent selective loss. However, the model
built here aims to explore the effect of partial removal of the atmosphere during the giant impact and/or the
addition of late accreting material on the Xe chronologies whatever the model considered. The first term on
the right-hand side of equations 3.1 and 3.2 is the xenon produced from radioactive decay of the respective
parent nuclides on the Earth before the last giant impact and diluted by a factor D during this giant impact
relative to the initial parent abundance. D depicts the dilution of the abundance of radiogenic xenon atoms
induced by the successive impacts that ended up with the Moon’s formation. The process of atmospheric
escape following giant impacts does not concern only radiogenic isotopes. D is thus identical to the dilution
of bulk atmospheric Xe (all isotopes) during to the giant impact phase. The second term is the xenon atoms
produced from radioactive decay of the parent nuclide in the Earth after the last giant impact relative to
the initial parent abundances. The third term is the contribution of radiogenic/fissiogenic xenon from the

late accretion relative to the initial parent concentrations on Earth.

If the late veneer consists of a fraction F of AVCC material (bearing Q noble gases plus a radiogenic
fraction (Pepin, 1991)) and a fraction 1-F of U-Xe gas bearing material (i.e. depleted in radiogenic isotopes),

then the third terms of equations 3.1 and 3.2 can be rewritten in:
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—F (3.3)
129[init 129Xezo 129[Z,mt
136 * 136 * 136 *
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The other fraction made of U-Xe gas bearing material does not contribute significantly to the abundance
of radiogenic xenon atoms as it matches the isotopic composition Xe in Solar Wind for light isotopes and
it is depleted in heavy isotopes (Pepin, 1991). The last terms in equations 3.3 and 3.4 are the same as the
left-hand sides ones of equations 3.1 and 3.2. For the same quantity of total xenon gas, the proportions
of radiogenic xenon in AVCC material are different from those of the corrected Earth’s atmosphere (Avice
and Marty, 2014; Pepin, 1991). Numbers in equations 3.5 and 3.6 are estimated by computing the excess of
129Xe and '¥%Xe in each component (AVCC and corrected atmosphere) relative to the isotopic composition
of Xe in Solar Wind (Meshik et al., 2014) after correction for the isotopic fractionation of the chondritic and

atmospheric components relative to the SW composition (Marrocchi et al., 2011).

B Xet oo = 0.87 x12? Xe (3.5)

corr

B0 X et voo = 5.9 x130 Xek (3.6)

corr

Using the above relationships, the third term in the constraint equations is re-written as a function of F

only:

1— e—)\129tcl

- + e Mier L 014 x F = 0.17 (3.7)

1 — e~ A2aatcr

5 4 e 2alGr 133 % F = (.56 (3.8)

Figure 3.5 describes the relations between the three parameters of the model (tgy, D and F). Of course, it
is not possible to evaluate the exact timing of the giant impact by using only these two equations governing
the three parameters. Interestingly, Fig. 3.5(a) demonstrates that only a minor fraction of the late veneer
had an AVCC-Xe composition otherwise the time of last giant impact would have switched rapidly to very
high values >120 Ma in disagreement with other estimations of the age of the giant impact (Jacobson et al.,
2015). This result means that, if the late veneer delivered matter to the Earth, it was enriched in Xe and
depleted in iodine (producing '2Xe). This may correspond to a cometary delivery since these objects have
high gas/silicate ratios. Figure 3.5(b) demonstrates that, if the atmosphere was only partially removed
(Genda and Abe, 2003) during the final giant impacts, the age of 40 (+20/-10) Ma was underestimated.
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Fig. 3.5: Influence of the mass of the late veneer accreted on Earth and of the dilution factor induced by the giant

impact on the time of the giant impact recorded in I-Pu-Xe systematics.

Even if this is a first-order simple model, it demonstrates that correct I-Pu-Xe closure ages can be
estimated only if the amount of atmosphere removed during giant impacts and the composition and amount
of the matter accreted by the Earth during the final stages of accretion are known. However, it must be
noticed that the model presented in the previous section (Avice and Marty, 2014) was focused on taking into
account the progressive escape of Xe atoms from the atmosphere to the outer space. Some modifications are
now needed to consider partial removal of the atmosphere during impacts and effects of the addition of the
late veneer to the Earth’s atmosphere/mantle system.

A second important and recent observation is that the study presented in section 3.1 demonstrates that
mantle Xe has a chondritic origin and is different from the atmosphere probably derived from U-Xe (section
3.2). In the previous version of the model, U-Xe was first incorporated in the silicate Earth during accretion
and subsequently vigorously degassed into the atmosphere. Because of the dichotomy between the mantle
and the atmosphere (chondritic vs. U-Xe), the model needs to be modified in order to incorporate U-Xe in
the atmosphere and Q-Xe or AVCC-Xe in the silicate Earth. Subsequent degassing of radiogenic (}29Xe) and
fissiogenic (1317136Xe) products from the silicate Earth would also have carried an AVCC-Xe component.
This may create a major issue since mixing AVCC-Xe with U-Xe (depleted in *6Xe relative to SW-Xe)
in the atmosphere may have enhanced the abundance of non-fissiogenic atmospheric **Xe. One way to
circumvent this issue would be to escape a major part of a primitive atmosphere degassed by the mantle

and, then, to bring a volatile-rich body with a U-Xe like composition to the Earth’s atmosphere.



Chapter 4

Conclusions and Perspectives

Results of this study, and described in papers listed in Chapter 3, deal with the different origins of xenon
and volatile elements in both the mantle and the atmosphere. They also put important constraints
on the elemental and isotopic composition of noble gases and nitrogen in the Archean atmosphere and
on the long-term evolution of atmospheric xenon. This final Chapter aims to summarize and detail
these findings in order to build a coherent picture of the origin(s) and evolution of volatile elements on
Earth. Some research opportunities relevant to solve the remaining issues are presented at the end of

the Chapter.
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4.1 Main Results of this Study

The outstanding issues which orientated this study were: What is/are the origin(s) of Xe on Earth? What
is the isotopic composition of the ancient atmosphere? and what is the evolution this isotopic composition
with time?

High-precision analyses of nitrogen and noble gases, specially xenon, contained in ancient quartz samples
(3.2 Ga to 500 Ma) permit to answer, at least partially, these three questions.

Isotopic ratios of Xe contained in samples from Barberton (3.2 Ga) and determined with a precision at
the permil level demonstrate that the precursor of Archean atmospheric xenon had an isotopic composition
similar to the theoretical U-Xe (Pepin, 1991). This result is illustrated in Fig. 4.1(a) (extracted from paper
in section 3.2 of Chapter 3) where only the mass-related fractionation of U-Xe followed by the addition
of products of the spontaneous fission of 228U can reproduce the isotopic composition of Xe measured in
Barberton quartz samples. However, U-Xe has never been measured in any extraterrestrial material. Such
an unusual starting composition might reflect a different nucleosynthetic mix for this component compared to
other known Solar System components and comets could be the carrier phase of this composition. Conversely,
isotope systematics on mantle-derived gases demonstrates that mantle Xe has a Chondritic, not Solar nor

U-Xe, precursor. There is thus a dual origin of Xe on Earth: Chondritic Xe in the silicate Earth and U-Xe
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in the atmosphere. This dichotomy for the origin of terrestrial Xe probably reflects the contribution of at
least two cosmochemical sources (chondrites and maybe comets) to the budget of terrestrial heavy noble
gases (Ar, Kr, Xe).

Precise results for Xe in Barberton samples permit also to compute a degassing rate of the mantle of 9
+ 5 mol.a™! (10) of 1?9Xe; during the last 3.2 Ga. This degassing rate is far higher than the modern one
(0.45 £ 0.02 mol.a~!), maybe for two reasons. Firstly, the modern degassing rate is computed for the upper
mantle only (Bianchi et al., 2010). However, the long-term degassing rate, determined for the first time in
this study, takes into account the total input from the Earth’s mantle during the last 3.2 Ga. Plume-related
magmatism, degassing the deep mantle, might thus have contributed significantly to this high degassing
rate. Secondly, the high heat flux produced by radioactivities in the early silicate Earth (Korenaga, 2008)
may have maintained a higher convection regime in the past compared to Present promoting degassing of
Xe from the Earth’s interior.

This study permitted also to precisely define the elemental and isotopic compositions of other noble
gases (Ar, Kr) and nitrogen in the 3.2 Ga-old atmosphere. Firstly, the partial pressure of Ny in the Archean
atmosphere was at least similar or maybe even lower than in the modern atmosphere. This results is
in agreement with previous studies (Marty et al., 2013) excluding a higher partial pressure of Ny as a
solution to the faint young Sun paradox. Furthermore, the isotopic composition of nitrogen in the Archean
atmosphere was probably similar to the modern one (6'°N = 0 %o) demonstrating the presence of a magnetic
field protecting atmospheric nitrogen from ionization and escape as such an escape would have modified the
isotopic composition of atmospheric nitrogen. An Archean atmospheric 4°Ar/3%Ar ratio of 200 & 58 (20)
is in agreement with models calling for an intense crustal extraction between 3.8 and 2.5 Ga (Pujol et al.,
2013b). Finally, krypton has an isotopic composition similar to the modern atmosphere demonstrating that
the isotopic fractionation recorded for Xe is specific to this noble gas.

Xe contained in samples of ages comprised between 3.2 Ga and 2.1 Ga presents an isotopic composition
intermediate between those of U-Xe and of the modern atmosphere. This evolution is reported in Fig.
4.1(b) (extracted from the paper in section 3.3 of Chapter 3). New results from this study (color-filled
circles) constrain the evolution of the isotopic fractionation of atmospheric Xe (blue dashed-line) with a
much higher precision than in previous studies. Xe isotope fractionation marked a pause for at least 400
Ma between 3.2 Ga and 2.7 Ga with an isotopic fractionation of 13 & 2 %o.u™! (20) relative to the modern
atmosphere, then evolved again to reach the modern-like atmospheric Xe composition around 2.0 Ga.

Xenon, similarly to sulfur (Farquhar and Wing, 2003), shows a secular isotope evolution during the
Archean that ended up at the Archean-Proterozoic transition. The Xe isotope evolution was maybe the
result of interactions between EUV photons from the young Sun and the electronic structure of xenon
(through ionization), in which the rise of atmospheric oxygen might have played a role, either by killing
organic haze able to trap fractionated Xe (Hébrard and Marty, 2014), and/or by neutralizing xenon rapidly
before Xe ions could reach the exobase. As hydrogen escape might have driven the progressive oxygenation
of the Earth’s atmosphere (Zahnle et al., 2013), the evolution of the fractionation of Xe might be an indirect
tracer of this major change in FEarth’s geological history. A theoretical framework for escape and isotopic
fractionation of Xe is proposed during which escaping hydrogen ions are lifting xenon ions. Even if it requires
further modeling, it appears promising to explain the unique isotopic evolution of atmospheric xenon among
other volatile elements.

Most of the results obtained during this study call for a contribution of volatile-rich material during the
last stages of Earth’s accretion and the two papers in sections 3.2 and 3.3 of Chapter 3 propose a cometary
contribution to the Earth’s atmosphere to explain the peculiar starting isotopic composition of atmospheric
Xe (U-Xe) and the dichotomy between mantle Chondritic Xe and atmospheric Xe. The next section is
focused on the test of this hypothesis.
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Fig. 4.1: Main results of this study. (a) Three-isotope plot demonstrating the need for U-Xe as the starting isotopic
composition of the Earth’s ancient (3.2 Ga-old) and modern atmosphere. Errors at 20. (b) Evolution of the isotopic
fractionation of atmospheric Xe with time. The question mark indicates the uncertainty on the mode of transition
from U-Xe to an isotopically fractionated 3.5 Ga-old atmospheric Xe. Errors at 1o.

4.2 The Potential Contribution from Comets

The paper presented in section 3.2 of Chapter 3 demonstrates that atmospheric Xe cannot be derived
from Chondritic or Solar sources. The starting isotopic composition of the Earth’s atmosphere was similar to
the theoretical U-Xe component (Pepin, 1991). This isotopic composition, depleted in the r-process nuclides
134X e and '3%Xe, probably originated from a different nucleosynthetic mix compared to the Chondritic or
Solar components. Comets are objects from the outer regions of our solar system that might carry such
an unusual starting isotopic composition since some of them may have formed nearby other stars in the
Sun’s birth cluster and have been subsequently captured by our Sun (Levison et al., 2010). But how does a
cometary contribution to the Earth’s atmosphere fit with the abundance and isotopic composition of volatile
elements on Earth?

Marty and Meibom (2007) partly answered this question by using a simple mass balance model and
concluded that 0.5 % of cometary objects in the Terrestrial Late Heavy Bombardment (TLHB) (2 x 10?3 g)
is sufficient to bring all noble gases (Ne, Ar, Kr, Xe) in the Earth’s atmosphere (Fig. 4.2) without altering
the terrestrial D/H and N /N ratios (elevated in comets compared to the Earth’s atmosphere, see section
1.1.1). However, this study was based on estimates of the Ar/H,O ratio in comets inferred from experiments
during which noble gases were trapped in growing amorphous ice. The absence of a direct measurement of
this ratio in comets prevented to confirm the cometary origin of terrestrial noble gases.

The ESA Rosetta space probe orbiting around comet 67P /Churyumov-Gerasimenko (67P/C-G) provides
an unique opportunity to further explore this hypothesis of a cometary contribution to the Earth’s atmo-
sphere. Recently, the ROSINA mass spectrometer on-board the Rosetta spacecraft measured a D/H ratio of
(5.3 + 0.7) x 10~* (Altwegg et al., 2015) as well as a Ar/H,O ratio of (0.1 to 2.3) x 10~° (Balsiger et al.,
2015) for gases emitted by the coma. These in-situ measurements of cometary D/H and Ar/H,O ratios per-
mit to put constraints on the amount of cometary matter potentially delivered to the Earth’s atmosphere.
Results of this mass balance are presented in a co-authored paper (Marty et al., 2016) published in 2016
in Earth and Planetary Science Letters and placed in Annexe 5.4. Main results of this study are presented
below.

One of the major outcomes of this study is that, based on isotope compositions, any cometary contribution

to the Earth’s water, carbon and nitrogen inventories must have been minor. Figure 4.3 (Marty et al. (2016);
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Fig. 4.2: Effect of the Terrestrial Late Heavy Bombardment (2 x 10%* g) containing 0.5 % comet on the volatile
abundances of the atmosphere normalized to Chondritic. Two different formation temperatures for cometary material
are considered (25 K and 50 K). Note that a pure asteroidal contribution during the late heavy bombardment has a
negligible contribution to the Earth’s atmosphere and hydrosphere. Adapted from Marty and Meibom (2007).

Annexe 5.4) represents the percent of cometary contribution to explain the Ar/H20O (a) and Ar/N (b) ratios
of the Earth’s atmosphere by a mixing between Chondritic and cometary material. In this model, less than
1 % of water and maximum few percent of nitrogen can have been delivered by comets.

However, a cometary contribution to the terrestrial atmosphere might have been significant, at least for
argon and maybe for all noble gases, since the Rosetta space probe measured a high Ar/H»O ratio of 0.1 to
2.3 x 107" for gases emitted by comet 67P/C-G (Balsiger et al., 2015). Figure 4.4(a) (Marty et al. (2016);
Annexe 5.4) represents the effect on terrestrial reservoirs of a Terrestrial Late Heavy Bombardment (2 x 1023
g) composed of 10 % comets and 90 % primitive meteorites (carbonaceous chondrites). This late addition has
only a negligible effect on terrestrial C, N and water abundances but the whole amount of atmospheric argon
might have been contributed to the Earth’s atmosphere during this final stage of accretion. The absence of
measurements of the Xe/Kr/Ar ratios in comets prevents a clear estimation of the amount of Xe delivered
to the Earth during the final stages of terrestrial accretion. However, rough estimates have been computed
during this study based on experimental results of Xe trapping in amorphous ice (e.g. Notesco (2003)) and
on numerical models of clathrates formation (Mousis et al., 2010). Results are presented in Fig. 4.4(b) and
tables with abundances of noble gases in comets appear at the end of the paper in section 3.2 of Chapter
3. If cometary ices are composed of clathrates, the TLHB would have overwhelmed by a factor of 40 the
whole atmospheric budget of Xe corrected for subsequent escape. This not too much an issue here since
there is no certainty on the starting abundance of atmospheric Xe. If Xe is trapped in amorphous ice, the
TLHB would not have been sufficient to deliver all atmospheric Xe. Based on these estimates, a cometary
contribution to the budget of atmospheric Xe cannot be ruled out. This possible cometary contribution
to the whole budget of atmospheric noble gases may explain one major result of this study, that is, the
dichotomy for the origin of terrestrial Xe (Chondritic Xe in the mantle and U-Xe in the atmosphere). The
exotic component for the Earth’s atmosphere could have been carried out by icy bodies initially located
in the outer regions of the solar system. The dichotomy between mantle Chondritic Xe and atmospheric
fractionated U-Xe would thus be a record of the change in the nature of extraterrestrial matter contributed
to the growing Earth. The proto-Earth would have started accreting Chondritic-like material and its surface

would have been subsequently contributed by volatile-rich cometary bodies carrying U-Xe.
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bulk Earth inventories from Halliday (2013), Dauphas and Morbidelli (2014) and Marty (2012) are represented. A
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compositions of C, N and H. Adapted from Marty et al. (2016). (b) Effect of a ~10% cometary contribution in
the TLHB for the budget of atmospheric 1**Xe once corrected (x20) for subsequent long-term escape. If cometary
ice is in the form of clathrates, this cometary contribution would have overwhelmed the budget of atmospheric Xe.
Conversely, if cometary ices are composed of amorphous ice, such a cometary contribution would have not been
sufficient to bring all terrestrial Xe. See papers in section 3.2 of Chapter 3 and in section 5.4 (Annexes) for details
on the budget of volatile elements in terrestrial reservoirs and on the effect of this late addition.

4.3 An Emerging Picture for the Origin and Evolution of Terrestrial

Xenon

Major outcomes of this PhD work and data from the literature can be used to build a scenario for the
origins and evolution of terrestrial Xe. This scenario is schematically represented in Fig. 4.5 and can be

divided in 5 major steps:

e A: Initial state. The Earth system started with Chondritic Xe in the undifferentiated mantle (see paper
in section 3.1 of Chapter 3). Some 2?Xe(I) was probably transferred early to the Earth’s atmosphere

during vigorous degassing of the magma ocean following giant impacts;

e B: The giant impact phase ended with the Moon-forming event that removed most of the Earth’s
atmosphere. I-Pu-Xe systematics (Avice and Marty, 2014) corrected for subsequent selective Xe escape
(step D) dates this event at 4.54 to 4.47 Ga (30 to 100 Ma after the solar system formation). Estimates
of the age depend on the amount of loss during the giant impact phase and on the amount of Chondritic
Xe delivered during the late veneer (see Avice and Marty (2014) and discussion in section 3.4.1 of
Chapter 3).

e C: A late contribution, potentially containing cometary material, might have delivered the whole
budget of atmospheric Ar (Marty et al. (2016); Annexe 5.4) and maybe Xe with a starting isotopic
composition similar to U-Xe (paper 3.2 in Chapter 3). This cometary contribution might have taken
place as late as 3.8 Ga when the Terrestrial Late Heavy Bombardment ended. This time corresponds to
the establishment of the dichotomy for the origin of Xe on Earth: Chondritic Xe in the Earth’s mantle
and U-Xe in the Earth’s atmosphere. For the mantle, two reservoirs isolated from each other at least
for Xe. The time of isolation might be around 4.45 Ga even if it highly depends on the initial iodine

content of the mantle. Isotope systematics also demonstrates that the air component dominating Xe



182 CHAPTER 4. CONCLUSIONS AND PERSPECTIVES

129%g(l) Q B O
O Moon-formi Cometary contributi

e giant impact e.g.2 x 102
with high X
» ~—Afterd 47

453 -4.47 Ga
40 %o.u-1
Xet+ escape Isolation
4.45 Ga
U-Xe d
Subduction and
degassing

of fractionated ai

I

per mantle

Subduction

of modern air Whole mantle

129Xe(l) degassing

(I) degassing 9 5 mol.a
+0.02 mol.a! 20to integrated over the
last 3.2 Ga

3.5Gato2Ga

Fig. 4.5: Schematic view of the scenario proposed for the origin and evolution of terrestrial xenon. See text for
details on steps A, B, C , D and E. The Earth’s core is not represented. Brown: mantle. Blue: atmosphere. Not to
scale.



4.4. OPEN ISSUES AND RESEARCH PERSPECTIVES 183

in mantle-derived samples has an isotopic composition similar to the modern atmosphere (see paper
in section 3.1, Parai and Mukhopadhyay (2015)). It means that if ancient air with fractionated Xe
had been introduced in the upper mantle by early onset of subduction (e.g. Smart et al. (2016)), it
was subsequently degassed (green arrows) suggesting several mantle overturns as shown, for example,
by the low *6Xep, /13Xey ratio of this reservoir. Whatever the iodine content, the upper mantle
presents a I (volatile) /Pu (refractory) ratio higher than the lower mantle suggesting a more important

contribution from volatile-rich material to the upper mantle during the final stages of Earth’s accretion.

e D: The mode of transition from an atmosphere with an unfractionated U-Xe to an isotopic fractionation
around 20 %o.u~! at 3.5 Ga is not known (green question mark in Fig. 4.5). Analyses of Xe contained
in samples of various ages permit to define the evolution of the isotopic composition of atmospheric Xe.
Details on the isotopic fractionation mechanism are still missing but an hydrogen escape mechanism
coupled with ionization of Xe by the high EUV flux from the young Sun is tentative (paper 3.3 in
Chapter 3). The mechanism responsible for the isotopic fractionation marked apparently a pause
between 3.2 and 2.7 Ga and ended around 2 Ga. This is roughly the epoch of oxidation of the Earth’s
atmosphere and it is tempting to see a link between the evolution of the isotopic composition of
atmospheric Xe and the onset of high oxygen levels in the atmosphere since hydrogen escape might
have driven both processes (Zahnle et al., 2013; Zahnle, 2015). A low 12Xe(I) excess for the 3.2 Ga
atmosphere compared to the modern one indicates a much more vigorous degassing rate of 129Xe(I)
from the mantle for the last 3.2 Ga (9 + 5 mol.a™!) than at Present (0.42 & 0.05 mol.a™1).

e E: The modern Earth system is an integration of all events and processes described in steps A to D.
Atmospheric Xe originates from U-Xe, isotopically fractionated by 40 %c.u=!'. The Earth’s mantle
contains Chondritic gases and is contaminated by modern atmospheric Xe (purple arrow) through

subduction (Parai and Mukhopadhyay, 2015) and continues to degas radiogenic 129Xe(I).

Results obtained during this PhD work are thus useful to refine our views on the origins and evolution
of terrestrial volatile elements. They demonstrate the need for U-Xe to build the Earth’s atmosphere. Some
volatile elements on Earth, for example Xe in the mantle, might have been brought by Chondritic material
during Earth’s accretion (Marty, 2012). However, a cometary input, already proposed by several authors
(Marty and Meibom, 2007; Dauphas, 2003; Marty et al., 2016), with a starting isotopic composition similar
to U-Xe appears necessary. A long-term isotopic evolution of atmospheric Xe demonstrates that the isotopic
fractionation of atmospheric Xe cannot have been established during the first hundreds of Ma of Earth’s
history as originally proposed (Pepin, 1991; Dauphas, 2003; Tolstikhin and O’Nions, 1994). Hydrogen escape
that might have lasted for long, driving Earth’s oxygenation (Zahnle et al., 2013), appears to be viable process
for escaping Xe ions to space (Zahnle, 2015).

4.4 Open Issues and Research Perspectives

Although our knowledge on the origin and evolution of terrestrial volatile elements is progressing through
the study of Earth’s xenon, some shadow zones remain. This section presents some remaining questions and
research opportunities that would probably help to solve these issues.

The exact time of the end of the isotopic fraction of atmospheric xenon remains unknown because of the
difficulty to precisely date the quartz samples containing Xe by the Ar-Ar method. Indeed, such samples
generally have low potassium contents and high quantities of “°Ar excess. Analyses of barite samples are
promising here since these crystals contain significant amounts of Xe and can be dated by using a combined
U-Ba-Xe dating technique (Pujol et al., 2009). A collection of barite samples of various ages has been
collected by A. Hofmann (Univ. of Johannesburg, South Africa) and is readily available for step-heating
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experiments. A new induction furnace has been recently developed at CRPG and can easily heat these
samples to temperatures higher than 1600°C, the temperature of barite dissociation. Purification issues due
to the large amount of sulfur that transformed into corrosive HsS in the purification line may be solved by
using the on-line getter described in section 2.2 of Chapter 2 and already successfully tested on gases released
during step-heating experiment on meteoritic sulfides.

On major remaining issue for Xenology is that the origin of U-Xe remains enigmatic. Estimates of
134,136 X6 depletions are only based on the hypothesis of starting solar 1247132Xe /130X e ratios for this com-
ponent. This leaves space for a totally different nucleosynthetic mix for the starting isotopic composition of
Xe. Comets are ideal candidates for carrying this unusual isotopic composition since some of these objects
might have formed close to other stars and have subsequently been captured by our Sun (Levison et al.,
2010). Is there a way to measure this starting isotopic composition free of all these isotopic fractionation
and radiogenic/fissiogenic effects observed in the modern and ancient atmosphere? A preliminary study by
Michel and Eugster (1994) demonstrated the presence of a trapped component in the Tatahouine diogenite,
maybe originating from asteroid (4) Vesta (e.g. Mittlefehldt (2015)), released at 1200°C and very similar to
U-Xe. A new step-heating experiment on 5 g of the same meteorite will be conducted in order to precisely
determine the isotopic composition of this component.

The genetic relationship between Chondritic Xe (Q-Xe) and Solar Xe (SW-Xe) is still debated (e.g. Mar-
rocchi et al. (2015); Meshik et al. (2014); Crowther and Gilmour (2013)). For light Xe isotopes (124=130Xe)
the only resolvable difference between the two components seems to rely on a '?4Xe depletion of Q-Xe relative
to SW-Xe (Busemann et al., 2000; Meshik et al., 2014) even if an isotopic fractionation of Q-Xe relative to
SW-Xe cannot be excluded (Kuga et al., 2015; Marrocchi et al., 2011). Furthermore, Q gases are ubiquitous
in Chondritic meteorites but also in differentiated meteorites such as iron meteorites (Matsuda et al., 2005)
and even in "Hypatia" a diamond-rich extraterrestrial pebble of unknown origin (Avice et al. (2015), Annexe
5.1). Much more work is needed here to understand the conditions of formation of Q gases from a gas of
solar composition and to constrain the mode of survival of this Q component in melted differentiated bodies.

If one assumes that U-Xe has been delivered to the Earth’s atmosphere by cometary objects, a precise
determination of the relative abundances of heavy noble gases, Kr & Xe, relative to Ar and water in these
objects is necessary. At this time, evaluation of Xe quantities brought by comets only relies on trapping
ice experiments or on theoretical models of clathrates formation. Evaluation of these abundances in gases
released by comet 67P/C-G would be possible by using the ROSINA mass spectrometer on-board of the
Rosetta spacecraft. It is worth noting that, up to now, corrections of the abundance of atmospheric Xe rely
on the assumption that there is a twenty fold depletion of Xe in the Earth’s atmosphere. This is based on
the comparison between the abundance pattern of noble gases in the Earth’s atmosphere and in Chondritic
meteorites. However, if atmospheric Xe has been brought by comets, there is space for a much higher
initial abundance of Xe in the early atmosphere (see Fig. 4.4(b)). In that case, a moderate instantaneous
fractionation during long-term escape of these large amounts of Xe would be sufficient to end up with the
isotopic composition of the modern atmosphere.

Similarities between Martian and terrestrial xenon (comparable Kr / Xe ratios and isotopically frac-
tionated Xe) are still intriguing. Measurements of the abundance and isotopic composition of xenon in the
Venusian atmosphere would be decisive to definitively understand what are the mechanisms that built the
peculiar abundance and isotopic composition of xenon in planetary atmospheres. There is, up to now, only
an upper limit of 120 ppb for the abundance of Xe in the Venusian atmosphere and no data on its isotopic
composition (Donahue et al., 1981). Measuring abundances and isotope compositions of atmospheric gases in
the atmosphere of Venus has already been identified as the highest scientific priority for forthcoming spatial

missions (Crisp et al., 2002).
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Glass strewn field. This pebble, called Hypatia, is composed of almost pure carbon. Transmission
Electron Microscopy (TEM) and X-ray diffraction (XRD) results reveal that Hypatia is mainly made of
defect-rich diamond containing lonsdaleite and multiple deformation bands. These characteristics are
compatible with an impact origin on Earth and/or in space. We also analyzed concentrations and

Keywords: isotopic compositions of all five noble gases and nitrogen in several ~mg sized Hypatia samples. These
meteorites data confirm the conclusion by Kramers et al. (2013) that Hypatia is extra-terrestrial. The sample is
noble gases relatively rich in trapped noble gases with an isotopic composition being close to the Q component
nitrogen found in many types of meteorites. “°Ar/>6Ar ratios in individual steps are as low as 0.4 & 0.3. Cosmic-
PhﬂSEAtQ ray produced “cosmogenic” 2!Ne is present in concentrations corresponding to a nominal cosmic-ray
graphite

exposure (CRE) age of roughly 0.1 Myr if produced in a typical meter-sized meteoroid. Such an atypically
low nominal CRE age suggests high shielding in a considerably larger body. In addition to the Xe-Q
composition, an excess of radiogenic 129Xe (from the decay of short-lived radioactive '2°I) is observed
(129%e/132Xe = 1.184-/—0.03). Two isotopically distinct N components are present, an isotopically heavy
component (§"°N ~ +20%o) released at low temperatures and a major isotopically light component
(8N ~ —110%0) at higher temperatures. This disequilibrium in N suggests that the diamonds in Hypatia
were formed in space rather than upon impact on Earth (§'"°Nam = 0%o). All our data are broadly
consistent with concentrations and isotopic compositions of noble gases in at least three different types
of carbon-rich meteoritic materials: carbon-rich veins in ureilites, graphite in acapulcoites/lodranites and
graphite nodules in iron meteorites. However, Hypatia does not seem to be directly related to any of
these materials, but may have sampled a similar cosmochemical reservoir. Our study does not confirm
the presence of exotic noble gases (e.g. G component) that led Kramers et al. (2013) to propose that
Hypatia is a remnant of a comet nucleus that impacted the Earth.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction ~70 wt% carbon, and has a hardness comparable to diamond, rem-
iniscent of carbonados. Kramers et al. (2013) named the stone “Hy-
patia” in honor of a 4th century female philosopher from Alexan-
dria (Egypt). These authors performed an exploratory analytical
study on Hypatia, including XRD, SEM, Raman spectroscopy, TEM,
and analyses of C and noble gas isotopes motivated by the fact
that this stone was found in the area of the Libyan Desert Glass
* Corresponding author. Tel.: +33 3 83 59 42 46. (LDG), the origin of which remains enigmatic (Reimold and Koe-

E-mail address: gavice@crpg.cnrs-nancy.fr (G. Avice). berl, 2014). Noble gas isotope analysis is central to the study of

In 1996 a very unusual ~30 g sized pebble was found in the
Libyan Desert Glass strewn field where abundant fragments of
impact-related silica-rich glass are found (Barakat, 2012; Reimold
and Koeberl, 2014). This brittle black stone (Fig. S1) consists of

http://dx.doi.org/10.1016/j.epsl.2015.10.013
0012-821X/© 2015 Elsevier B.V. All rights reserved.
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meteorites because these rocks formed from multiple components
with distinct noble gas isotopic signatures that help to constrain
their origin and evolution. Among these components, the so-called
Q phase dominates the budget of heavy noble gases (Ar, Kr Xe) in
chondrites originating from the asteroid belt. Although the chemi-
cal nature (Marrocchi et al., 2015) and mode of formation (Kuga et
al., 2015; Ott, 2014) of Q are debated, this component is chemically
and isotopically fractionated relative to the isotopic composition
of the Solar Wind (Meshik et al., 2014) possibly due to ioniza-
tion processes (Marrocchi et al., 2011) and is ubiquitous in pristine
to moderately metamorphosed chondrites (Busemann et al., 2000).
Other minor noble gas components (e.g. the P3 and G components)
are found in presolar materials (for example SiC) trapped in me-
teorites (Ott, 2014). These components are derived from sources
external to the solar system and carry isotopic signatures charac-
teristic of nucleosynthesis in stars. Kramers et al. (2013) concluded
that Hypatia is extra-terrestrial, based on 4°Ar/3®Ar ratios as low
as about 40. They noted that O/C ratios (0.19-0.51) in Hypatia are
higher than in chondritic Insoluble Organic Matter (IOM). In ad-
dition, they reported that the trapped Ne, Kr, and Xe in Hypatia
indicate the occurrence of the nucleosynthetic P3 and G compo-
nents of presolar origin known from meteorites (Ott, 2014), while
the Q (and HL) components ubiquitous in chondrites were absent
in Hypatia. The combined evidence led them to conclude that Hy-
patia did not originate in the asteroid belt where chondrites likely
formed. They suggested instead that it formed in a more external
region of the solar accretion disk, such as the Kuiper Belt, where
presolar components might be more abundant, i.e., that Hypatia
could be of cometary origin. They further proposed that the air-
burst of the parent comet of Hypatia resulted in the formation of
the Libyan Desert Glass. This interpretation was subsequently crit-
icized by Reimold and Koeberl (2014), although a cometary origin
for the Libyan Desert Glass has been advocated many times, start-
ing with Urey’s seminal paper (Urey, 1957).

In this work we extend the study by Kramers et al. (2013)
with isotopic analyses of all five noble gases in several mg-sized
fragments of Hypatia in two different laboratories (CRPG Nancy,
France and ETH Ziirich, Switzerland) and with a nitrogen isotope
investigation performed both at CRPG (Nancy) and IPG-Paris. We
also describe results from X-ray diffraction (XRD) experiments and
transmission electron microscopy (TEM) observations performed at
the University of Jena (Germany). An attempt to determine the
oxygen isotopic composition in Hypatia by the Nancy Cameca 1280
ion probe failed because of the reduced size of oxygen-bearing
phases and because of the presence of contaminants and important
amounts of water. This new study confirms and provides new ev-
idence for the earlier conclusion that Hypatia is a fascinating new
type of extra-terrestrial material. In contrast to the exploratory
work reported by Kramers et al. (2013), we did find noble gases
with isotopic signatures closely resembling the Q component. We
also found nitrogen with an isotopic signature clearly distinct from
primitive chondrites and closely resembling those of various differ-
entiated meteoritic materials. In particular, we compare our data
with noble gas and nitrogen signatures in three known types of
carbon-rich extraterrestrial materials: carbon-rich veins in ureilite
meteorites, graphite nodules in iron meteorites, and carbon-rich
lithologies in acapulcoites and lodranites, and we discuss a possi-
ble link of Hypatia with each of these materials.

2. Samples and methods

X-ray diffraction and Transmission Electron Microscopy (TEM)
techniques used in this study are described in the supplementary
material.
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Table 1
Analytical techniques and list of chemical species analyzed in Hypatia samples dur-
ing this study.

Samples Id. Mass Analyzed species Extraction method
(mg)

H-N1 8.52 N3, Ne, Ar stepwise CO, laser extraction

H-N2 1.07 - -

H-N3 2.35 - -

H-N4 8.4 Ar, Kr, Xe stepwise induction furnace

extraction (400-2200°C)

H-Z1 1.0 He, Ne, Ar single step IR laser extraction

H-Z2 29 - -

H-Z3 29 - single step furnace extraction

H-Z4 1.0 - -

H-Z5 2.8 - -

H-P1 1.6 Ny, C on-line combustion

H-P2 1.6 Ny, C -
Samples analyzed in Nancy labeled “H-N...”, samples analyzed in Ziirich labeled
“H-Z..."”, samples analyzed in Paris labeled “H-P...”. In all cases, all stable isotopes

of the listed species were analyzed, although in some cases large blank corrections
inhibited a meaningful determination of gas amounts and/or isotopic ratios (see
Results section).

2.1. Noble gas and nitrogen analyses

Table 1 indicates the samples analyzed and the analytical tech-
niques used in Nancy, Zirich and Paris. Samples are from the
same group of samples (~1 g) as used by Kramers et al. (2013).
In Nancy, noble gases and nitrogen were extracted conjointly in
samples H-N1, H-N2 and H-N3 upon heating in high-vacuum with
an infra-red (IR) CO, laser (Humbert et al., 2000). Extracted gases
were subsequently split into an aliquot for nitrogen analysis and
another one for noble gas analysis. The nitrogen was purified in a
glass line and analyzed using a VG 5400 mass spectrometer fol-
lowing the procedure reported in Zimmermann et al. (2009). The
noble gas aliquot was purified using Ti-sponge getters and Ar was
trapped on charcoal held at liquid N, temperature. Following N
analysis, Ne and Ar were sequentially analyzed using the same
mass spectrometer. Sample H-N4 was heated in five extraction
steps (400, 850, 1400, 1800 and 2200°C) in a Ta crucible using
an induction furnace. Extracted gases were purified on three Ti-
sponge getters. Xe and Kr were trapped on a quartz tube cooled
to 77 K. Xe and Kr were then sequentially analyzed on a Helix
MC Plus mass spectrometer. Mass spectrometer sensitivity was cal-
ibrated with known amounts of atmospheric noble gases following
the same procedure as reported in Marty and Zimmermann (1999).

In Paris, the nitrogen content and isotope composition of two
Hypatia diamond samples were investigated following methods
described previously (Boyd et al., 1995). Importantly, the two ana-
lyzed Hypatia pieces (about 1.5 mg) were pre-combusted, over 6 h
at 600°C in order to remove any organic matter and/or graphite
and, therefore, ensuring that the analyzed carbon phase consisted
essentially of pure diamonds. The two samples were weighed be-
fore their analysis and CO, yield was used to determined the abun-
dance of carbon.

In Ziirich, noble gases were extracted from samples Z1 and Z2
with a 30 W continuous-wave IR laser (A = 1064 nm) heating the
samples for about 60 s (Vogel et al., 2003). Noble gases in sam-
ples Z3, Z4, and Z5 were extracted at ~1800°C during 30 min
in a Mo crucible heated by electron bombardment. For all analy-
ses, the respective sample chamber had been preheated at 100 °C
for ~24 h to remove adsorbed atmospheric gases. Extracted gases
were cleaned by various getters before Ar was frozen onto charcoal
at liquid nitrogen temperature. The He-Ne and the Ar fractions
were sequentially analyzed in a custom-built sector-field noble gas
mass spectrometer equipped with an ion counting multiplier and
a Faraday detector. Additional details of the analytical procedure
are given in Wieler et al. (1989). An additional step after the main
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extraction was done for samples H-Z1, H-Z2, and H-Z3 and demon-
strated complete gas extraction during the main step. Blank gas
amounts for the laser extractions (H-Z1 and H-Z2) were deter-
mined by firing the laser at an empty spot of the sample holder
for 60 s. For the furnace extractions (for H-Z3 to H-Z5) a piece of
Al foil of the same mass as used to wrap samples was melted at
the same temperature and for the same duration as the samples.
Mass spectrometer sensitivity was calibrated with known amounts
of pure standard gases as described in Heber et al. (2009).

3. Results
3.1. XRD results and TEM observations

The X-ray diffraction pattern of Hypatia is characterized by
broad, low-intensity peaks (Fig. S2) indicating the poor crystallinity
of the material. A comparison with the pattern of well-crystallized
synthetic diamond shows that the main X-ray reflections in the
pattern of the Hypatia sample are fully compatible with the di-
amond structure. X-ray diffraction tails on both sides of the 111
diamond peak were also observed and can be interpreted as the
1010 and 1011 peaks of the hexagonal high-pressure polymorph
lonsdaleite. The position of the 0002 peak of lonsdaleite would
thereby coincide with the 111 peak of diamond. The lattice pa-
rameter a refined from the X-ray diffraction pattern of the Hypatia
diamond is 3.57 A, identical to the lattice constant of normal di-
amond. Besides diamond and lonsdaleite no other phase could be
identified on the basis of X-ray diffraction.

X-ray line broadening analysis of Hypatia was additionally used
to obtain clues to the causes for the poor crystallinity. This analysis
revealed that the limited long-range order of Hypatia diamond is
not only due to small crystallite size, but is also partly attributable
to considerable internal strain, indicative of numerous lattice de-
fects.

The defect microstructure was, therefore, examined by TEM.
Conventional TEM imaging shows that Hypatia is composed of
numerous diamond grains with sizes on the order of a few mi-
crometers. Some grains exhibit multiple 100 nm wide bands with
alternating diffraction contrast (Fig. S3). Although this alternating
contrast suggests a twin configuration, electron diffraction dis-
proves this possibility for the diamond structure. Similar multiple
bands have only been found in impact diamonds from various
craters and could be attributed to shock-induced mechanical twins
of the graphite precursor (Langenhorst et al., 1999). The multiple
twinning must have occurred just before the solid-state transfor-
mation when the shock wave entered into graphite (Langenhorst
and Deutsch, 2012).

High-resolution TEM images reveal that diamond is associated
with some graphite discernible by the typical 0001 spacing of
3.35 A. The graphite can be onion-shaped and covers the surface
of diamond (see Fig. S4 in supplementary material). The graphite-
like areas are mostly <10 nm in size explaining why they were
not detected by X-ray diffraction.

The coating of diamond surfaces with graphite and the absence
of an epitactic orientation relationship between the two phases
(e.g. (0001)graphite does not coincide with (111)gjamond) suggest that
the graphite flakes are probably a result of retrograde annealing of
diamond.

3.2. Noble gas and nitrogen results

Concentrations and isotopic compositions of noble gases and ni-
trogen extracted in Nancy, Ziirich and Paris are shown in Tables 2,
3 and S1 (supplementary material) respectively. Abundances and
isotopic composition of nitrogen and carbon extracted in Paris are
shown in supplementary material (Table S1). In this section we
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Fig. 1. Isotopic composition of neon in Hypatia samples. Empty symbols are for indi-
vidual heating steps and filled symbols for bulk samples. The isotopic compositions
of Ne in Earth’s atmosphere, Ne-HL, Ne-Q and Ne-G are shown as references (Ott,
2014). Arrow shows the tendency toward the cosmogenic component (2! Ne/22Ne ~
0.9; Leya et al.,, 2001). Errors at 1o.

will first discuss isotopic compositions and then gas abundances
and elemental ratios.

3.2.1. Helium

The 3He/*He ratios in all five Hypatia “Z” samples are very
similar to values observed for He-Q, with a weighted average of
(1.55 £ 0.11) x 1074, While this value is slightly higher than the
“canonical value” of He-Q of ~1.23 x 10~# (Busemann et al., 2000;
Ott, 2014) values around ~1.6 x 10~* for He-Q-rich samples have
also been reported (Wieler et al., 1991). Remarkably, the measured
3He/*He ratios do not vary systematically with “He concentration
(the somewhat higher value of sample H-Z1 of 2.1 x 10~ has an
untypically large uncertainty). This also suggests that He in Hypatia
is essentially trapped and of Q origin, as otherwise contributions
from cosmic-ray produced (3He-rich) and radiogenic “He in each
of the samples would have to add up fortuitously to a Q-like ra-
tio. This seems very unlikely, although it needs to be noted that
the #He/3®Ar ratios in Hypatia (~15-20) are higher than the mean
value of &5 for Q (Ott, 2014). However, “He/36Ar ratios in Q vary
over a wide range of values (1-11; Busemann et al., 2000). To
explain this latter observation by variable concentrations of radio-
genic “He in different pieces of Hypatia would require U and Th
concentrations of roughly half the values in ordinary chondrites
(assuming an age of Hypatia of 4.56 Ga). This is unlikely given
that only a few percent of Hypatia is non-carbonaceous mate-
rial. Together with the fact that all analyzed samples show similar
3He/*He ratios, we can thus exclude that the Q-like value of He
in Hypatia is due to radiogenic and cosmogenic He fortuitously
adding up. The majority of the He in Hypatia must be trapped
with an isotopic composition close to that of He-Q. This means
that a reliable concentration of cosmogenic >He cannot be easily
derived in any of our samples, as the exact isotopic composition
of the trapped Q-like He remains unknown. See next section for a
discussion about the abundance of cosmogenic >He.

3.2.2. Neon
All temperature steps and total extractions are listed in Tables 2
and 3, and the totals and some selected data from individual steps
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Table 2
Data of Ne, Ar, and N measured in Hypatia samples H-N1 to H-N3. Errors at 1o.

Sample Extraction  22Ne + 20Ne/2Ne  + 2INe/2Ne  + 36Ar + OArBAr  + 3BAr0Ar + Ny + 515N +
step (mol/g) (mol/g) (mol/g) (%o)

H-N1 (8.52 mg) #1 14E-14 3E-15 9.7 0.8 0.071 0.011 < blk nd. nd. 2.23E-08 2E-10 -9 57
#2 < blk nd. nd. 4.32E-13 9.4E—14 178.3 151.5 0.244 0.085 2.97E-08 2E-10 14 8
#3 13E-14 3E-15 nd. 0.084 0.015 < blk nd. nd. 5.19E—-09 2E-10 2 40
#4 11E-14 2E-15 9.9 09 0.015 0.009 195E-12 5.7E-14 8.9 30.8 0.205 0.016 1.48E—-08 2E-10 9 14
#5 4.9E—-14 1E-14 9.1 0.6 0.033 0.011 8.32E-12 51E-14 24 0.6 0.187 0.001 8.00E—-08 3.E-10 —-111 3
#6 4.0E—-14 5.E-15 8.2 0.6 0.011 0.008 145E-11 8.7E—-14 0.4 0.3 0.185 0.001 2.16E-07 8E-10 —-112 1
#7 21E-14 3.E-15 10.5 0.6 0.037 0.019 442E-12 3.3E-14 8.2 1.1 0185 0.002 5.75E—-08 3.E-10 —107 5
#8 3.9E-14 2E-15 8.9 03 0.010 0.008 126E-11 8.6E—-14 0.2 0.4 0.185 0.002 2.08E—-07 7E-10 —105 2
#9 11E-14 2.E-15 9.7 0.9 0.056 0.013 1.35E-12 2.0E-14 1.2 3.5 0194 0.005 1.09E-08 2.E-10 —65 23
#10 16E-14 2E-15 8.2 0.6 0116 0.023 141E-13 7.7E-15 nd. 0173 0.024 1.48E—09 2E-10 116 145
Total 21E-13 3.E-14 10.1 13 0.041 0.011 437E-11 18E-13 35 1.7 0.187 0.001 6.46E—07 1E-09 -95 2

H-N2 (1.07 mg) #1 6.2E-15 2E-15 n.d. nd. 6.90E-13 1.0E-14 198.7 6.3 0.180 0.006 7.23E-08 3.E-10 -29 46
#2 111E-13 3E-15 nd. nd. 147E-13 5.1E-15 58 259 0.169 0.019 6.37E—-09 2E-10 40 25
#3 2.06E-13 4E-15 n.d. nd. 1.45E-12 1.6E-14 nd. 0.188 0.004 1.70E-08 2E-10 1 1
#4 3.6E-14 2E-15 9.8 0.4 0.037 0.005 6.39E—12 52E-14 228 0.6 0.183 0.001 4.04E—-08 2E-10 -107 4
#5 2.8E-14 2E-15 10.9 0.5 0.048 0.005 2.13E-11 14E-13 nd. 0.188 0.001 2.17E-07 8.E-10 —111 2
#6 23E-14 2E-15 73 0.4 0.031 0.004 3.03E-12 2.0E-14 nd. 0.183 0.003 6.78E—08 3E-10 —108 3
#7 14E-14 2.E-15 9.6 0.6 0.090 0.015 3.11E-12 2.6E-14 15.1 12 0.186 0.002 5.57E—08 3.E-10 —104 3
#8 12E-14 2E-15 10.6 0.7 0.059 0.010 9.57E-13 9.7E-15 1.0 4.0 0.175 0.005 1.62E-08 2E-10 —66 9
#9 23E-14 2E-15 10.2 0.4 0.054 0.005 8.17E-13 14E-14 27 4.7 0.179 0.006 1.03E-08 2E-10 —64 16
#10 2.6E—-14 2E-15 9.7 0.4 0.035 0.006 5.33E-13 1.0E-14 8.2 7.2 0.193 0.012 6.83E—-09 2E-10 —48 28
Total 16E-13 2E-14 10.7 11 0.047 0.007 3.84E-11 16E-13 8.7 0.2 0.186 0.001 5.10E-07 1E-09 -89 7

H-N3 (2.35 mg) #1 2.7E-15 6.E-16 14.2 15 0.073 0.020 1.59E-13 2.4E-15 121.2 1.4 0.189 0.009 3.60E—-08 1E-10 25 3
#2 3.2E-15 1E-15 13.5 13 0.068 0.022 3.95E-13 8.0E-15 nd. 0.196 0.007 1.43E-08 9E-11 9 6
#3 6.0E—15 6.E-16 13.0 0.7 nd. 114E-12 9.2E-15 nd. 0.192 0.002 5.20E—09 8E-11 18 14
#4 3.0E-15 9E-16 11.0 11 0.210 0.042 3.82E-13 4.6E—-15 4.9 4.5 0.180 0.005 2.29E—-08 1E-10 -9 48
#5 3.4E-15 6.E-16 9.9 0.8 0.026 0.015 2.05E-13 3.6E-15 nd. 0.192 0.009 8.86E—-10 8E-11 —-117 138
#6 4.6E—15 1E-15 8.5 0.7 0.060 0.013 3.21E-13 4.2E-15 183.6 6.0 0.180 0.005 9.28E—10 8E-11 25 72
#7 15E-14 1E-15 9.2 0.4 0.035 0.006 247E-12 19E-14 nd. 0.188 0.002 1.77E-08 1E-10 —96 5
#8 2.5E-14 1E-15 10.1 03 0.034 0.003 6.19E—12 3.9E-14 0.6 0.3 0191 0.001 5.66E—08 2E-10 —111 1
#9 4.16E—-14 9E-16 9.5 02 0.031 0.007 1.58E-11 9.4E-14 0.9 0.1 0.187 0.001 1.53E-07 5.E-10 -113 3
#10 2.2E-14 1E-15 10.3 0.4 0.030 0.004 6.81E-12 4.3E-14 0.9 0.3 0.189 0.002 7.87E—08 3.E-10 —108 3
#11 22E-14 1E-15 8.7 03 0.025 0.006 114E-12 10E-14 3.0 1.5 0.188 0.002 2.43E-08 1E-10 —101 4
#12 147E-14 9E-16 8.9 0.4 0.045 0.004 < blk n.d. n.d. 4.67E-10 8E-11 —166 122
Total 157E-13 9E-15 111 0.7 0.040 0.005 3.50E-11 11E-13 3.0 0.1 0.188 0.001 411E-07 7E-10 —86 1
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Table 3

Data of He, Ne, and Ar measured in Hypatia samples H-Z1 to H-Z5. Errors at 1o.
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36138 Ar

+

40736 A

36Ar
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21Ne/2Ne
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20Ne/2Ne
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22Ne

3He/*He

4He

Extraction
step

Sample

(mol/g)
1.8E—11

(mol/g)
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(mol/g)
2.5E-10

0.1

0.2

n.d.

8.E—-12
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4.9E-011
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0.01
0.02

0.20
0.19
0.19

n.d.
2

1.E—-12
8.E—-13

2.2E-11

0.01

0.05
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1E-011 1.39E-04

3.5E-011
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0.004
0.02

0.032
0.04

0.9

11.0

3.E-15

43E-14

1.65E—04
1.7E—-04

6.8E—10

0.5 mg

7.6

0.1

2.E-12

3.0E-11

9.E-15 12

3.3E-14
< blk

3.5E-011

5.0E-10

4E-13

110E-13

1.55E—-11 2.9E-013

1000°C

2.8 mg
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9.E—-13

3.47E-11

3.E-15

3.6E-14

6.2E-10 3.2E-011

1800°C
total

0.01

0.19

n.d.

n.d.

3.48E—11 1.E-12

0.005

0.028

1

3.6E-14 3.E-15 11

9.E-06

3.2E-011 1.65E—04

6.4E-10

are shown in Fig. 1. The 20Ne/%22Ne ratios of the total gas mea-
sured in all three Nancy samples and the ratios of the three Ziirich
samples all vary between 10 and 11, with a weighted average of
11.0 & 0.8. This average value is within the range of 2°Ne/*’Ne
ratios of 10.1-10.7 reported for Ne-Q in many meteorite classes
(Busemann et al., 2000; Ott, 2014). Although some individual tem-
perature steps (Table 2, Fig. 1) likely indicate the release of some
atmospheric Ne and one individual step in sample H-N2 gives a
low value of 7.3 + 0.4 for 2°Ne/?2Ne (Table 2), we conclude that
the major portion of the Ne in Hypatia represents Ne-Q. We find
no clear evidence for the presence of Ne-HL or “exotic” Ne-G (es-
sentially pure 22Ne) in Hypatia, as Kramers et al. (2013) reported.

A contribution of excess 2!'Ne is visible in individual data points
located at the right side of pure potential end-members (Fig. 1)
and pointing towards the cosmogenic component (2'Ne/22Ne
= 093, Leya et al, 2001). Concentrations of excess 2!Ne in
the bulk individual samples range between 5 x 10~'® and 4 x
101> molg~!. This excess >!Ne cannot be nucleogenic, as can be
estimated by conservatively assuming all measured “He to be ra-
diogenic (see previous Subsection 3.2.1) and a 2!Neyuc/*Hepaq ratio
of ~2.8 x 1078 for an O-content of ca. 30% (Cox et al., 2015). Fur-
thermore, the excess 2!Ne cannot have been produced on Earth
by cosmic rays, as this would require an unreasonably long ex-
posure age of 100 Ma at the find site using a production rate of
21 atoms of 2!Ne per g of SiO; per year (Niedermann, 2000), cor-
rected for latitude and altitude of the find site (Stone, 2000) and a
concentration of 2! Ne-producing target elements (Na, Al, Si, Mg) at
the upper end of the range given by Kramers et al. (2013). Lower
concentrations of these elements result in even higher terrestrial
exposure ages. The 2INe excess is thus interpreted to have been
produced uniquely by cosmic-rays in an extra-terrestrial environ-
ment. It corresponds to nominal cosmic-ray exposure (CRE) ages
of 0.004 to 0.09 Ma. This age is a rough estimate based on the
production rate model given in Leya and Masarik (2009), assuming
a meteoroid radius <3 m, and a concentration of 2! Ne-producing
target elements (Na, Al, Si, Mg) at the upper end of the range given
by Kramers et al. (2013), and no terrestrial contamination in any
of these elements.

The original concentration of 2! Ne-producing target elements in
Hypatia is, however, difficult to assess. Kramers et al. (2013) sug-
gested that most of the oxygen and magnesium in Hypatia might
be the result of secondary (i.e. terrestrial) encrustations and frac-
ture fillings. Such terrestrial contamination would imply that the
above range of 2!'Ne exposure ages would be a lower limit to
the real exposure age of Hypatia. In contrast to 2'Ne, cosmogenic
3He is produced directly from C, the major element in Hypatia,
essentially not affected by terrestrial contamination. A very con-
servative upper limit to the exposure age of Hypatia can therefore
be calculated by assuming all measured 3He is cosmogenic, in
contrast to what we concluded in Section 3.2.1. Again using the
model calculations by Leya and Masarik (2009) with appropriate
target element concentrations (dominated by C in this case), and
no loss of cosmogenic 3He, the measured concentrations of 3He
(~4-11 x 10~ mol/g) correspond to CRE ages of 0.05 to 0.25 Ma
in meteoroids with a radius <3 m. This range is also low, similar to
the nominal 2'Ne age range found above, in particular if we con-
sider that likely in none of our samples more than perhaps 25% of
the measured 3He is actually cosmogenic (Section 3.2.1). This sug-
gests that Hypatia was either exposed to cosmic-rays in space for
only a very short time, or was instead part of a significantly larger
object. The slight excess of 3He/*He relative to He-Q could, thus,
easily be explained by the addition of some cosmogenic 3He.

3.2.3. Argon
Except for some very low temperature steps, “Ar/36Ar ratios in
all Hypatia samples are significantly lower than the atmospheric
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Fig. 2. Evolution of the “CAr/36Ar ratio during step-heating of the H-N1 sample. Note
the log-scale for the y axis showing very low ratios well below the atmospheric
value of 298.56 (Lee et al., 2006). Ranges correspond to 1o.

ratio with values as low as 0.23 + 0.38 measured in each of the
three CO; laser extractions (H-N1, H-N2 & H-N3). Fig. 2 shows
the evolution of 4°Ar/3%Ar as a function of 36Ar released in sam-
ple H-N1. Table 2 and Fig. S5 (in supplementary material) show
that 4CAr/3®Ar ratios as low as 1+ 4 and 0.6 &+ 0.3 in individual
steps were also observed in samples H-N2 and H-N3 respectively.
40Ar/38Ar ratios of the total gas released during the CO; laser ex-
tractions are also very low with values of 3.5+ 1.7, 8.7 0.2 and
3.0 £0.1 for samples H-N1, H-N2, and H-N3, respectively. For the
samples analyzed in Ziirich, 4°Ar/3®Ar ratios are less well con-
strained due to sizeable blank corrections, but in samples H-Z3
and H-Z4 the values are clearly much below the atmospheric ratio
with an upper limit of 4 in sample H-Z4.

As already noted by Kramers et al. (2013), “Ar/36Ar ratios be-
low the atmospheric value provide clear evidence that Hypatia is
extra-terrestrial. Values for the 38Ar/36Ar ratio are consistent both
with the isotopic composition of Ar in phase Q (0.1873, Busemann
et al.,, 2000) and with the atmospheric ratio. However, the very
low 4OAr/3Ar values demonstrate that atmospheric Ar can only be
a minor component.

3.2.4. Xenon and krypton

Xe and Kr were measured in sample H-N4 (8.4 mg) by stepwise
extraction in an induction furnace. Data are shown in Table S1.
Fig. 3 shows the isotopic spectra of Xe released in the lowest
temperature (400°C) and the highest temperature (1800-2200°C)
steps, respectively. Xe released at low temperature is very sim-
ilar to present-day atmospheric Xe and, therefore likely results
from adsorbed atmospheric Xe. In contrast, the highest tempera-
ture step (Fig. 3b) released essentially pure Xe-Q (note that scales
in Fig. 3a and 3b are distinct) plus a clear excess of radiogenic
129%e, Xe data presented here are in stark contrast to those re-
ported by Kramers et al. (2013) where no excess radiogenic 12?Xe
was found and large errors on isotopic ratios prevented any clear
distinction between an extra-terrestrial component (e.g. Xe-Q) and
the atmosphere. This is also illustrated in the three-isotope dia-
gram in Fig. 4. Our data are plotted together with a selection of
extreme data reported by Kramers et al. (2013) characterized by
particularly low 129Xe/132Xe and '36Xe/132Xe values. These data
were used to propose the presence of the exotic Xe-G component,
which falls near the origin in Fig. 4. Our data, however, do not
show any hint for the presence of this Xe-G component in Hypa-
tia.

The Kr data from analysis of H-N4 allow a less clear distinction
between atmospheric Kr and Kr-Q. However, the Kr released in the
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al., 2000). Errors at 20

high temperature steps is also fully consistent with the Kr-Q com-
position. Fig. S6 (see supplementary material) is a three-isotope
plot (83Kr/®*Kr vs. 82Kr/34Kr) showing some data from our study
together with a selection of extreme data points from Kramers et
al. (2013). Again, there is no evidence from our data for the pres-
ence of exotic Kr-G in Hypatia.

3.2.5. Nitrogen and carbon

Results for the two bulk samples analyzed in Paris are very re-
producible, showing that these pre-combusted carbon-rich samples
were composed of ca. 95% diamond, with identical §'°N-values
of —100 + 1%0(20) and low N-content (i.e. N/C-ratio) of 18 ppm.
513C-values have an error-weighted mean of —3.44 + 0.14%(20),
a value in agreement with the result for the least contaminated
samples of Kramers et al. (2013). Nitrogen data in all 3 stepwise
CO, laser extractions conducted in Nancy are listed in Table 2.
The evolution of the isotopic composition of nitrogen released dur-
ing stepwise extraction of H-N3 is shown in Fig. 5 and is also
representative for the two other extractions (see Fig. S7 in sup-
plementary material for the isotopic composition of Ny in H-N1
and H-N2). In all samples, the major fraction (>85%) of nitrogen
is released at mid- to high temperature. Remarkably, all three Hy-
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patia samples released a very light component with an essentially
constant §'°N around —110%o over up to five high temperature
steps. At lower temperatures, presumably some adsorbed atmo-
spheric N (81°N = 0%o) was released, but it seems very likely
that in at least some of these steps a second indigenous compo-
nent with a positive §1°N is also present. This component most
clearly reveals itself in the first step of H-N3 (Fig. 5) with a §1°N
value of +25 4 3% and in the second steps of H-N1 and H-N2.
Since these steps may also have been affected by some adsorbed
atmospheric nitrogen, we conclude that the indigenous low-T com-
ponent in Hypatia has a §'°N ratio around +25%c or higher. As
discussed below, such high 81°N values are common in meteorites
and rare on Earth. Remarkably, total §'°N values of nitrogen ex-
tracted from samples in Nancy (e.g. —95 + 4%0(20') in sample
H-N1; Table 2) agree well with values obtained in Paris on Hypatia
diamonds (8'°N = —100=+1%0(20)). The slightly higher §'°N value
of —86 + 1%c(10) for sample H-N3 (Table 2) is likely due to the
presence of the heavy component released during the first heat-

ing step in Nancy and probably removed by the pre-combustion
at 600°C in Paris. For the subsequent detailed discussion, Fig. 5
shows ranges of §1°N values observed in different meteoritic mate-
rials. We note that nitrogen components similar to both the heavy
and the light nitrogen found in Hypatia have been detected in var-
ious extra-terrestrial samples.

3.2.6. Concentrations and elemental ratios

The relative elemental abundances of noble gases and nitro-
gen can be diagnostic of their carrier phases (Ott, 2014). Fig. 6
shows the mean (thick black line) and the ranges (grey area) of
total concentrations of noble gases and nitrogen extracted from
Hypatia samples analyzed in this study. Concentrations in the dif-
ferent samples are quite uniform, e.g. vary by less than a fac-
tor of 2.5 for 36Ar (3.2 x 10! mol/g). Volatile element abun-
dances in bulk ureilites, a bulk Almahata Sitta ureilitic fragment
(Murty et al.,, 2010) and bulk Goalpara (Gobel et al., 1978) ure-
ilite, in carbon-rich residues extracted from ureilites (Rai et al.,
2003a), in a graphite inclusion from the Canyon Diablo iron me-
teorite (Matsuda et al., 2005), in bulk Monument Draw acapulcoite
(McCoy et al., 1996) and in the Earth’s atmosphere (in mol per g
of atmosphere) are also shown for comparison. In our study and
in references listed above all abundances are the results of to-
tal extractions and may include in some cases an atmospheric
component. Concentrations of noble gases and nitrogen in Hypa-
tia samples are considerably lower than the high values measured
in phase Q. For example, '32Xe concentrations in phase Q reach
values up to 1.5 x 107! mol/g (Busemann et al., 2000) versus
4.3 x 107 mol/g in Hypatia. By contrast, the abundance levels
and elemental pattern in Hypatia is similar to that of bulk ureilites
and also of the Canyon Diablo graphite nodule, apart from He that
seems enriched relative to the graphite nodule with a mean value
of 4.7 x 10~1% mol/g. The abundance pattern in the Monument
Draw acapulcoite is also broadly compatible with that of Hypatia
for He, Ne, and Xe. Hypatia shows much lower volatile concentra-
tions than carbon-rich residues extracted from ureilites despite the
fact that Hypatia is mainly composed of carbon. These low concen-
trations prevent us from directly linking Hypatia to the carbon-rich
part of ureilites (see discussion Section 4.2).

4. Discussion
The data presented here undoubtedly confirm and strengthen

the conclusion by Kramers et al. (2013) that Hypatia is an extrater-
restrial material. Apart from the confirmation of very low “°Ar/36Ar
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ratios, this is also clearly shown by the isotopic composition of He,
Ne, and Xe, which in many extraction steps and bulk samples is
essentially identical to the Q component, ubiquitous in many mete-
orite classes. Furthermore, given that values of 81N below —40%o
have never been reported in terrestrial samples and that the ni-
trogen isotopic composition in Hypatia is similar to values found
in different type of meteoritic materials, a >N value of —110%o
for more than 85% of the N budget (Table 2) is a new convincing
piece of evidence for the extraterrestrial nature of Hypatia. Ele-
mental abundances of the ultravolatile elements analyzed here are
also very different from the terrestrial atmospheric pattern and are
in the range observed for different meteoritic samples (Fig. 6). Fur-
thermore terrestrial impact diamonds occur in a geological context
where graphite-bearing target rocks are present such as gneisses in
the Ries, Popigai, and Lappajdrvi craters (Langenhorst et al., 1999).
In case of Hypatia, the potential target is made of Nubian sand-
stone. The absence of graphite-bearing target rock in this area
further supports the conclusions that Hypatia must be extraterres-
trial.

Although the indications for ‘exotic’ extrasolar components re-
ported by Kramers et al. (2013), discussed below, are tenuous,
there are further, quite robust differences between the noble gas
data obtained by these authors and the present dataset, and also
one marked similarity. (i) Their data for Ar, Kr, and Xe are domi-
nated by terrestrial atmospheric contamination, which persisted to
high temperatures in the degassing experiments. (ii) They found
no excess 29Xe. (iii) While their inferred abundances of the ex-
traterrestrial noble gas components for He, Ar, and Xe are 5 to
10 times lower than those determined in the present study, their

193

corresponding He/Xe and Ar/Xe ratios are very similar to our data
(and significantly higher than those in typical Q gas). The grains
analyzed by Kramers et al. (2013) came from a different subsample
of Hypatia to ours, and it is thus likely that the stone is heteroge-
neous on a mm to cm scale with regard to its iodine and trapped
noble gas abundances, but homogeneous with regard to the com-
position of its dominant extraterrestrial noble gas component.

In the following discussion we will explore possible links be-
tween Hypatia and extra-terrestrial objects from which it may
originate based on the findings presented above.

4.1. A cometary origin for Hypatia?

Our study does not confirm the presence of any G noble gas
component as reported by Kramers et al. (2013). The presence of
“exotic” G-gases, normally found in presolar SiC grains, could have
been a clue to a cometary origin of Hypatia under the premise
that cometary matter should be rich in primordial noble gas com-
ponents produced by nucleosynthesis in stars. In further contrast
to Kramers et al. (2013) we unequivocally show that the analyzed
fragments of Hypatia are rich in isotopically “normal” Q gases,
a major primordial noble gas component in many different mete-
orite classes originating from the asteroid belt. Furthermore, only
little is known about volatile elements in comets and for example
Ne isotopically similar to Ne-Q in chondrites has been measured
in Stardust samples (Marty et al., 2008).

4.2. Possible links of Hypatia with known carbon-rich meteoritic
materials

Because phase-Q noble gases are ubiquitous in many meteorite
classes (Ott, 2014), nitrogen isotopic composition may be more
useful for exploring possible links between Hypatia and known
extraterrestrial objects, as N isotopic compositions are very vari-
able in different extraterrestrial samples (Fiiri and Marty, 2015).
On the right hand side of Fig. 5, §1°N ranges of various C-rich
phases in meteorites are shown. The very light (§'°N ~ —110%q)
and reproducible nitrogen released from all three analyzed Hypatia
samples at high temperature is reminiscent of a main component
measured in ureilitic diamonds (§T°N < —100%o; Rai et al., 2003b).
In addition, the likely minor N component released at low to mid
temperatures, with 8'°N > 25%q, is reminiscent of an isotopic sig-
nature of a component with §'°N higher than 19%. and reaching
values up to 100%o (Rai et al., 2003b; Yamamoto et al., 1998) re-
leased at low temperature from graphite in ureilites. It is worth
noting that such values are released at low temperatures which
is again consistent with our observations (Rai et al., 2003b). Addi-
tionally, trapped noble gases with an isotopic composition similar
to the Q component and with elemental abundances ratios more
similar to those in Hypatia than in phase Q are present in ure-
ilites (Rai et al, 2003a). Note here that the bulk §'3C value of
—3.4 4+ 0.1%0 measured in diamond is also in the range of values
measured in ureilites (Grady and Wright, 2003). Unlike in Hypatia,
however, despite an active search, no excess '?°Xe from the de-
cay of 129] has ever been reported in ureilites (Gobel et al., 1978;
Rai et al., 2003a) (Fig. 4). This latter observation suggests that Hy-
patia may not be connected to ureilites after all.

Grady and Wright (2003) found isotopically light N in the range
of 81N = —50 to —20%o in graphite nodules of iron meteorites.
Such nodules are mainly found in IAB and IIICD types of meteorites
(Benedix et al., 2000). While this range of §'°N is not overlap-
ping with that of the main N component in Hypatia (Fig. 5), C-rich
samples of iron meteorites appear to contain nitrogen with quite
heterogeneous 81°N values. For example, isotopically very light ni-
trogen with 8'°N < —82%¢ has been reported in Copiapo (IAB)
(Ponganis and Marti, 2007). Notably, radiogenic 1??Xe as well as



G. Avice et al. / Earth and Planetary Science Letters 432 (2015) 243-253 251

Table 4

C-rich meteoritic lithologies that partially match the features observed in Hypatia.
The “v"” symbol denotes a match with a feature, “x” a dismatch and “-” the diffi-
culty to conclude. See text for details and references.

Hypatia (this study) Ureilites Iron meteorites Acapulcoites
Size: cm mm cm pm
Diamonds v v X

Q noble gases v v v

Excess '29Xe x v v

813C~ —3.4%0 v - x

Main §'°N ~ —110%0 v - -

trapped noble gases similar to Q have also been found in graphite
nodules of Canyon Diablo (IAB) (Matsuda et al., 2005). Further-
more Kramers et al. (2013) reported the presence in Hypatia of
bright inclusions composed of a Fe-Ni-Cr alloy and troilite remi-
niscent of the major constituents of iron meteorites. The IAB iron
meteorite ALH 77283 contains also troilite—graphite-schreibersite—
cohenite inclusions rich in diamond-lonsdaleite nodules that may
be similar to Hypatia (Clarke et al., 1981). Finally the bulk §'3C
value of —3.4 4 0.1%c measured in this study is also in the range
of —30 to +4%c measured in graphite nodules in iron meteorites
even if this value, given the large range measured among different
samples, is not diagnostic of this type of extra-terrestrial material
(Grady and Wright, 2003). Graphite rich parts of iron meteorites
may thus appear linked to Hypatia, although the heterogeneity of
the N isotopic composition in such samples prevents us to un-
equivocally interpret Hypatia as a graphite nodule from an iron
meteorite.

Acapulco and Lodran, the type specimens of the primitive
achondrite groups of acapulcoites and lodranites contain small pm-
sized graphite nodules or carbonized veins with isotopically often
very light nitrogen (8'°N as low as —166%o in Acapulco Charon et
al., 2014). Furthermore, acapulcoites and lodranites also carry no-
ble gases of Q-composition as well as excess 12?Xe (McCoy et al.,
1997; Palme et al., 1981). Acapulcoites and lodranites may, there-
fore, also share a genetic link with Hypatia.

Hypatia is cm-sized (Barakat, 2012). Only graphite nodules in
iron meteorites typically reach this size. Carbon-rich phases in
other known meteoritic classes discussed here (ureilites, acapul-
coites and lodranites) are much smaller (um- to mm-sized) except
in one case where a large cm-sized carbon-rich nodule, maybe
containing diamonds, has been found in the Portales Valley (H6)
chondrite (Ruzicka et al., 2000). If size matters to establish a link
between Hypatia and other know extraterrestrial objects none of
the candidates discussed here, except graphite nodules from iron
meteorites, match this feature (Table 4).

In summary, while Hypatia clearly is a different type of mate-
rial than any of the carbon-rich phases discussed in this section, its
noble gas and nitrogen signatures share many characteristics with
some of these phases, although none matches perfectly (see Ta-
ble 4 for a comparison between the features met in Hypatia and
those in known extraterrestrial carbon-rich phases). Therefore, it
seems possible that the volatile inventory of Hypatia or its parent
material is related to the volatiles in these carbon-rich phases of
known meteorite classes and that all these carbon-rich lithologies
may have sampled the same geochemical reservoir.

4.3. Alink between Hypatia and the Libyan Desert Glass?

Kramers et al. (2013) suggested that Hypatia is a remnant of
the impactor that created the Libyan Desert Glass. Irrespective of
whether Hypatia is of cometary or asteroidal origin, their main
argument for a causal relation between Hypatia and LDG was
that a large object was required to generate diamonds by impact.
The shock pressures required to produce impact diamonds from

graphite must generally exceed about 25-30 GPa. In case of a ter-
restrial impact the projectile should be at least some meters in
diameter. This would be consistent with the likely minimum size
of Hypatia inferred from the cosmogenic noble gases as discussed
further down in this paragraph. A crater or a crater strewn field
would also result (Collins et al., 2005). Such pressures are indeed
recorded in bedrocks of LDG, however a crater or a crater strewn
field related to Hypatia is not known. It should also be noted that
so far some 40 meteorites of different classes (named “Great Sand
Sea n°XX"), including ordinary chondrites, iron meteorites and lo-
dranites, have been found near the LDG area. The find location is
thus not a compelling argument for a causal relationship. The XRD
and TEM studies presented here also do not allow us to directly
decide whether the diamonds in Hypatia formed upon impact on
Earth or by an earlier collision in space, for example during the
event which ejected the Hypatia-bearing meteoroid from its par-
ent body. However, nitrogen in Hypatia is not isotopically equili-
brated between the low-to-medium temperature release of N with
a 81°N component around +25%¢ or higher, and a medium-to-
high temperature component depleted in >N (§'°N values close
to —110%0). Part of the nitrogen released in the first heating steps
is probably of terrestrial origin, but likely not all since §!°N values
above 20%o are extremely rare on Earth but common in extrater-
restrial carbon-rich material, e.g. insoluble organic matter in car-
bonaceous chondrites or low to medium heating steps of ureilites
(Rai et al,, 2003b). The high temperature extraction of isotopically
light N is consistent with its occurrence in diamond as N is the
most abundant impurity found in diamonds and its substitution
in the place of carbon explains the difficulty, and thus the high-
temperature required, to release it from the diamond structure
(Kaiser and Bond, 1959). Hence, the isotopic disequilibrium of N
among different carbon-rich phases implies that, in Hypatia, dia-
monds are unlikely to have formed by shock of the C-rich material
during atmospheric entry. In the parent meteoroid, diamonds host-
ing light N likely co-existed with non-diamond, C-rich phases host-
ing heavy N before encounter with Earth, as observed for instance
in ureilitic C-rich veins. Whatever the processes involved, the di-
chotomy in §'°N between diamond-rich and amorphous carbon-
rich lithologies must have developed in space otherwise the impact
and the production of diamond would have homogenized the iso-
topic composition of nitrogen. Thus, the disequilibrium in nitrogen
isotopic compositions argues against production upon impact on
Earth. The very low nominal noble gas exposure ages of Hypatia
may also be considered in this context. Because the 22Ne/2!Ne ra-
tio of the cosmogenic component could not be determined due
to the dominant presence of trapped Ne and because so far no
cosmogenic radionuclide data for Hypatia is available, information
about the shielding of Hypatia during its journey towards Earth
(i.e. the size of the Hypatia parent meteoroid and the preatmo-
spheric depth of Hypatia within that meteoroid) is unconstrained.
The exposure age of Hypatia on the order of a mere 100,000 years
was therefore estimated by assuming a production rate valid for
a “typical” meteoroid size <3 m. Hence, the qualification of this
number as “nominal exposure age”. True meteorite exposure ages
considerably less than a million years are very rare. If Hypatia had
been brought to Earth as part of an iron meteorite, its exposure
age would be expected to be at least 10-20 Ma, but more likely
to be longer than 100 Ma (Herzog and Caffee, 2014). Also among
stony meteorites, exposure ages of less than 1 Ma are only found
for some types of carbonaceous chondrites (Nishiizumi and Wel-
ten, 2005), with most other ages being at least a few Ma and
ranging up to some 100 Ma. Thus, it seems likely that the low
nominal exposure age of Hypatia actually is the result of a much
larger shielding, and, hence, larger meteoroid size, than assumed
above.
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While no clear-cut conclusion on the size of the Hypatia par-
ent meteorite can be drawn from these considerations, it seems
rather likely that it was a body of at least a few meters in di-
ameter. On the other hand, if the parent meteorite/asteroid had
been even considerably larger, as would be implied by a supposed
connection with the LDG event, then Hypatia would have to orig-
inate from the outermost few meters of this body. Otherwise, the
low but measurable concentrations of cosmogenic 2'Ne could not
have been produced even during billions of years of cosmic ray
exposure. The example of the Canyon Diablo iron meteorite shows
that surviving large chunks of a large bolide are indeed likely to
originate from the rear near-surface portions of the impacting pro-
jectile (Bjork, 1961). In summary, the concentration of cosmogenic
2INe in Hypatia hints at a parent object of at least a few meters
in diameter, but not necessarily large enough to have been able to
create the LDG or to produce the shock-diamonds upon impact on
Earth. Nevertheless, the suggestion by Kramers et al. (2013), that
more fragments similar to the Hypatia stone might be found near
the site, is further supported by the low cosmogenic 2!Ne concen-
tration.

5. Summary and conclusions

The analyses presented here confirm conclusions by Kramers
et al. (2013) that the enigmatic pebble Hypatia represents an un-
usual type of extraterrestrial material. In addition to the clear
cut evidence pointed out by Kramers et al. (2013) (e.g. “9Ar/36Ar
ratios below the atmospheric value), our study shows: >He/*He,
20Ne/22Ne, Xe isotopes, and likely Kr and Ar close to the isotopic
composition of the ubiquitous component phase Q in meteorites,
isotopic composition of nitrogen similar to components found in
ureilites and maybe in graphite inclusions of iron meteorites or
acapulcoites, and finally small concentrations of cosmogenic 2!Ne
produced in space. We also found significant differences from data
previously published on Hypatia. In particular we found no evi-
dence for the presence of any presolar signature (e.g. the G com-
ponent) that was used to infer a cometary origin for Hypatia. At
this time, we cannot definitively associate Hypatia with any known
type of meteorites as each candidate considered here (ureilites,
graphite nodules in iron meteorites or in acapulcoites/lodranites)
fails to reproduce all features of the ultravolatile elements deter-
mined in this study (Table 4). However, from our comparisons
it appears that Hypatia may be related to differentiated cosmo-
chemical objects and thus might present a great opportunity to
understand the origin and mode of survival of primordial noble
gases and nitrogen in such objects (Wieler et al., 2006).
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Methods: X-ray diffraction and Transmission Electron Microscopy (TEM)

Mineralogical characterization of Hypatia fragments was done by X-ray powder diffraction
and TEM, using a Seifert-FPM XRD7 diffractometer (Cu-K, radiation) and a 200 kV ZEISS
LEO922 TEM at the University of Jena (Germany). For comparison, we applied the same
techniques on impact diamonds from the Popigai crater (Koeberl et al., 1997), where impact
diamonds were first discovered in terrestrial impact rocks (Masaitis et al., 1972). Samples
were crushed in liquid nitrogen to obtain a powder for the X-ray diffraction experiment. The
powder X-ray diffraction experiment on Hypatia was conducted for three days in order to
obtain a pattern with a signal to noise ratio higher than 50 for the 111 reflection of diamond.
Small fractions of the crushed samples were loaded on perforated carbon grids for TEM
observations. Conventional bright-field/dark-field and high-resolution TEM imaging were
used to characterize the micro-structure of Hypatia, which in turn provides clues to its
deformation and transformation effects (Langenhorst and Deutsch, 2012; Langenhorst et al.,

1999).

Supplementary figures

Supplementary Figure S1: Photography of Hypatia (Kramers et al., 2013)
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Supplementary Figure S2: X-ray diffraction pattern of Hypatia in comparison to synthetic

diamonds and impact diamonds from the Popigai structure.
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Supplementary Figure S3: Bright-field TEM image of multiple deformation bands in

Hyptia.
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Supplementary Figure S4: High resolution TEM image showing the onion-shaped
graphite (0001),, in the surface of diamond (111)4i.. The absence of orientation
relationship suggests that graphite is here a product of retrograde annealing of

diamond.
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Supplementary Table S1: Data of bulk N and C isotope measurements conducted in IPG-Paris. Errors at 20.

Sample Weight (mg) 8 N (%) + N (ppm) £ rC T % C
H-P1 1.57 -99.6 1 17.1 1.71 -3.54 0.14 93
H-P2 1.61 -99.9 1 19.3 1.93 -3.33 0.14 95
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Supplementary Table S2: Data of Kr and Xe measured in Hypatia sample H-N4. Errors at 20.

H-N4 (8.4 mg)
T(°C) "%2Xe (molig) + Xe"Xe & X" Xe + 1Xel"Xe + M%e/Y e+ 0 Xe/"*Xe + 11Xl Xe + ¥ Xel"*Xe + " Xel*Xe +
400 8.05E-16 3.E-17 0.0024  0.0008 0.0035 0.0009 0.076 0.007 1.00 0.04 0.143 0.010 0.790 0.035 0.396 0.017 0.317 0.021
850 9.67E-16 3.E-17 0.0040  0.0008 0.0032 0.0008 0.071 0.005 1.00 0.03 0.157 0.011 0.778 0.031 0.375 0.013 0.327 0.014
1400 1.24E-14 2.E-16 0.0047  0.0003 0.0039 0.0003 0.083 0.003 1.19 0.04 0.182 0.006 0.819 0.027 0.382 0.013 0.314 0.011
1800 3.35E-15 1.E-16 0.0042  0.0006 0.0040 0.0005 0.083 0.005 1.18 0.05 0.160 0.008 0.805 0.034 0.373 0.016 0.315 0.014
2200 2.22E-14 3.E-16 0.0045  0.0003 0.0040 0.0003 0.082 0.002 1.19 0.01 0.1861 0.003 0.820 0.008 0.380 0.005 0.315 0.005
2200 bis 2.96E-16 E=1T 0.0047  0.0007 0.00356 0.0006 0.083 0.005 1.15 0.04 0.162 0.007 0.809 0.033 0.384 0.015 0.321 0.013
Total 4.27TE-14 4.E-16 0.0045  0.0003 0.0039 0.0003 0.082 0.003 1.18 0.03 0.1861 0.005 0.816 0.021 0.380 0.010 0.315 0.009
T(°C) #Kr (molig) - K/ Kr + B2Kp*Kr + SR Kr + SOKr/*Kr +
400 B8.6E-16 1.E-16 0.048 Q0.010 0.207 0.018 0.195 0.017 0.31 0.03
850 7.2E-16 2.E-16 0.043 0.041 0.204 0.135 0.200 0.117 0.30 0.18
1400 5.10E-15 3.E-16 0.037 0.004 0.201 0.007 0.203 0.007 0.31 0.01
1800 461E-15 1.E-15 0.030 0.053 0.194 0.266 0.202 0.260 0.31 0.40
2200 37E-14 2.E-15 0.036 0.004 0.199 0.007 0.201 0.007 0.31 0.01
2200 bis 7.72E-15 3.E-16 0.037 0.116 0.184 0.579 0.203 0572 0.31 0.87
Total 5.6E-14 4.E-15 0.036 0.018 0.198 0.087 0.201 0.085 0.31 0.13
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Abstract The main carrier of primordial heavy noble gases in chondrites is thought to be an organic
phase, known as phase Q, whose precise characterization has resisted decades of investigation. Indirect
techniques have revealed that phase Q might be composed of two subphases, one of them associated
with sulfide. Here we provide experimental evidence that noble gases trapped within meteoritic sulfides
present chemically and thermally driven behavior patterns that are similar to Q gases. We therefore
suggest that phase Q is likely composed of two subcomponents: carbonaceous phases and sulfides. In
situ decay of iodine at concentration levels consistent with those reported for meteoritic sulfides can
reproduce the '?°Xe excess observed for Q gases relative to fractionated solar wind. We suggest that the
Q-bearing sulfides formed at high temperature and could have recorded the conditions that prevailed in
the chondrule-forming region(s).

1. Introduction

Primordial noble gases trapped in chondrites are concentrated in residues obtained after demineralization
by HF/HCI of the respective bulk meteorites [Lewis et al., 1975]. Most of the heavy noble gases (Ar, Kr, and
Xe) and a small amount of He and Ne are readily released from the original HF/HCl residues by HNO3
oxidation. This discovery led to the operational definition of phase Q, the oxidizable carrier of primordial
noble gases (hereafter Q gases), which has been found to be ubiquitous in different classes of chondrites
[Busemann et al., 2000; Huss et al., 1996]. The nature of phase Q is still under debate, but it likely corresponds
to carbonaceous structures as noble gas abundances released from acid residues by stepped combustion
correlate with those of carbon [Ott et al., 1981]. However, despite the consensus on the carbonaceous nature
of phase Q, the phase has not yet been isolated from acid residues [Amari et al., 2013]. Nevertheless, indirect
techniques have enabled characterization of Q gases and have revealed (i) a high noble gas concentration
[Huss et al., 1996], (i) a significant fractionation relative to the solar composition in favor of heavy elements
and isotopes [Busemann et al., 2000], and (iii) a common high gas-release temperature for all noble gases
in the range 1000-1200°C for unaltered chondrites [Huss et al., 1996]. In addition, several studies indicated that
phase Q may consist of two subcomponents: Q; which is readily soluble in HNOs and contains most of the
heavy noble gases; and Q, which dissolves slowly in hot concentrated HNO3 [Busemann et al., 2000; Gros
and Anders, 1977; Marrocchi et al., 2005al. It has been proposed that at least one of these subcomponents
might be related to sulfides [Gros and Anders, 1977], but no study has specifically investigated this possibility.
However, recent studies report striking results that also suggest that sulfides may have been underestimated
as a potential subcarrier of Q gases. Troilite (FeS) from iron meteorites reproduces the thermal behavior of
phase Q well, with a common release temperature of 1000-1200°C for all noble gases [Nishimura et al.,
2008]. In addition, stepped combustion measurements on Renazzo-type chondrites have revealed that
very little carbon is associated with Q gases, suggesting that phase Q might not be solely carbonaceous
[Verchovsky et al., 2012]. Furthermore, study of the microdistribution of noble gases within ordinary chondrites
has revealed that the sulfide coatings surrounding chondrules exhibit Ne and Ar concentrations at the

Q level as well as Q-like elemental (3®Ar/?°Ne) and isotopic (8Ar/3°Ar) ratios [Vogel et al., 2004]. Here we
report results from an experimental study in which the same chemical treatments as those used for the
isolation of phase Q (HF/HCI treatment) and the release of Q gases (HNO3 oxidation) were applied to
iron sulfides separated from the Mundrabilla iron meteorite (IAB). We also test the possibility that sulfides
could contribute significantly to the '2°Xe and '3"132134136x e excesses observed for Xe-Q relative to
fractionated solar wind.
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Table 1. %Krand *?Xe Concentrations and 8Kr/2*kr and '2°Xe/'32xe Isotopic Ratios Determined by Stepwise Heating

of Original Pyrrhotite (FeS), HF/HCl-Treated Pyrrhotite (FeS-HCl), and Nitric-Etched Pyrrhotite (FeS—HNO3)a
—10 132 —10

129 132,

Samples Mass (g)  Temperature (°C) 84y (10 cc g_1) 86Kr/84Kr Xe (10 cc g_l) Xe/ ~“Xe
FeS 0.0149 295 bdl - bd| -
591 bdl - bdl -
887 137 30.6+0.4 0.76 194.6 £ 0.5
1183 432 298+0.3 1.82 2455+04
1478 3.52 28.9+0.3 0.68 1733+0.5
1770 1.18 305+04 0.21 103.6+0.8
Total 9.21 29.6+0.3 3.27 2185+0.4
FeS-HCI 0.0173 291 bdl - bdl -
583 bdl - bd| -
875 1.18 302+04 0.78 164.6 + 0.6
1166 2.07 299+04 1.06 2414+04
1458 1.08 298+04 0.17 1344+0.8
1770 0.82 30.5+0.5 0.009 113.1+£1.1
Total 433 30004 2.01 2024 +£0.5
FeS-HNO3 0.0126 291 bdl - bdl -
583 bdl - bdl -
875 0.61 309+ 0.6 0.21 1294+1.8
1166 0.48 304+0.6 0.21 141.2+1.1
1458 043 30.0+0.6 0.20 116.6+1.2
1770 0.16 30.5+0.7 0.16 1064 +1.3
Total 1.52 30.5+0.6 0.62 129.2+1.3

3Isotopic ratios x 100; bdl = below detection limit.

2. Experimental Details

Pyrrhotite (2.6 g, Feg gS) extracted from a fragment of the Mundrabilla iron meteorite (Naturmuseum
Senckenberg, Frankfurt, Germany) was ground and separated into two fractions. The first fraction (FeS) was
set aside (without undergoing chemical treatment) in order to determine the noble gas content of the
Mundrabilla’s pyrrhotites. The second fraction was immersed for 24 h in a HF/HCI, 0.1/1, vol/vol mixture at 70°C
and under nitrogen flow [Piani et al., 2012]. After HF/HCI treatment, the sample was washed with water,
thoroughly dried at 50°C and then separated into two equal aliquots. One aliquot was retained for noble
gas analysis (hereafter FeS-HCl), while the other was etched with 14 M HNOs for 24 h at 70°C and under
nitrogen flow [Lewis et al., 1975]. The resulting etched residue (FeS-HNO3) was washed with water and dried
at 50°C before analysis. The FeS-HNO; fraction exhibits a reddish color that is distinct from the gray color
of both the starting material and the HF/HCI residue.

Ar, Kr, and Xe were measured in the raw sample, HF/HCI residue, and nitric-etched residue. Samples were
weighed, wrapped in platinum foil, and then loaded into a glass sample tree. The samples were gently
baked at 150°C for 3 days in order to remove adsorbed atmospheric gases. Noble gases were extracted by
stepped pyrolysis in the temperature range 300-1768°C using a tungsten coil. The linear current-temperature
calibration curve for the coil was obtained using an optical pyrometer with a precision of +25°C for temperatures
above 800°C. The calibration curve was extrapolated to temperatures lower than 800°C. Extraction times
were adjusted as function of temperature: (i) 15 min for the four low-temperature steps (i.e., 300-1300°C),
(ii) 12 min for the 1500°C step, and (iii) 5 min for the final step (at the platinum melting point: 1768°C). The
released gases were exposed to three consecutive pellet getters containing SAES St172 getter alloy in order
to remove active gases (10 min at 450°C and 10 min at room temperature). Ar, Kr, and Xe were held on a
charcoal finger at liquid nitrogen temperature for 45 min, then the residual light noble gases were pumped
out over 5 min. Active charcoal immersed in liquid nitrogen was then heated to —105°C using an electric
wire that surrounds the charcoal. Calibration curves determined from air standards showed that Kr and Xe are
not affected at this temperature while 70% of the Ar is released. This procedure reduces the amount of Ar in
the mass spectrometer, which has a considerable effect on the mass discrimination of krypton and xenon.
Argon released from the charcoal finger was then pumped out for 5 min. The liquid nitrogen was then
removed, and the charcoal finger was heated to 250°C for 25 min to release Xe, Kr, and the residual fraction
of Ar. Heavy noble gases were then introduced into high-sensitivity pulse-counting static mass spectrometer
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——FeS (a)
——-FeS-HCI

(Washington University, Saint Louis, USA)
[Mabry et al., 2007; Meshik et al., 2007] for
determination of Ar, Kr, and Xe abundances
and 8Ar/>%Ar, B0Kr/B%Kr, and '2°Xe/'32Xe
isotopic ratios.

Hot blanks (1200°C) were performed several
times during each analytical session. The Kr
and Xe concentrations within Pt foils were also
measured and appeared to be negligible. The
measured Kr and Xe abundances are typically
accurate to better than 5%, whereas the Ar
concentrations present a lower precision

of =25% and are not presented here. The
uncertainties in the 8Kr/2*Kr and '2°Xe/'*?Xe
isotopic ratios (1o) include hot blank, standard,
and sample uncertainties (Table 1).

84Kr (1019 cc.g™)

N
e A A e ma e B e o
1
1
1
PR S A A I N M M

V| ! L | L !
1000 1500 2000

Temperature (°C)
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2 —r— T T
T —Fes ) ] 3. Results
[ | ===FeS-HCI | The stepwise-heating analysis shows that
g pyrrhotite releases Kr and Xe at temperatures
1.5F 1 between 900 and 1768°C, with a maximum
L _ release occurring in the range 900-1175°C
r 7 (Figure 1 and Table 1). The total concentration
1 == of '¥2Xe measured in the Mundrabilla’s
: 1 pyrrhotite was 3.27 x 10~ "®cm®*STPg ",
while the 8*Kr concentration was slightly
| 1 higher (9.21 x 107 "%cm? STPg’1). 80K r/BKr
0-5_‘ : ] ratios measured for each temperature
|

132%e(101% cc.g™)

1 step present homogeneous values close
_— 1 to the atmospheric composition (Table 1).
. 129%e/'32Xe ratios show more important
1000 1500 2000  variations with a clear excess of radiogenic
Temperature (°C) 129%e in all except the final extraction
steps that lies close to the atmospheric

0 500

Figure 1. (a) 84kr elemental abundances determined by stepwise .
hegating in the range 300-1768°C for original pyrrhotitey(FeS;? comPOSItlon.(Table 1')' These results are
pyrrhotite that has undergone HF/HCI treatment (FeS-HCl), and consistent with previous reports of Kr and
etched pyrrhotite (FeS-HNO3). (b) 132y elemental abundances Xe concentrations within troilites from
determined by stepwise heating in the range 300-1768°C for iron meteorites [Mathew and Marti, 2009;
original pyrrhotite (FeS), HF/HCI residue (FeS-HCl), and pyrrhotite Nishimura et al,, 2008]. No significant

oxidized by HNO3 (FeS-HNO3). . .
Y 3 3 mass variation was observed following

the HF/HCI treatment, but the FeS-HCI

residues displayed a significant gas loss
compared to the initial material, both for Kr (=53%) and Xe (=38%; Figure 1 and Table 1). However, Kr and
Xe did present the same thermal release patterns as the original sample, with the maximum noble gas
release occurring in the range 1000-1200°C (Figure 1). 88Kr/3%Kr and '2°Xe/'3?Xe ratios are similar to
the original sample (Table 1). The FeS-HNOs residue displayed a reddish color that was distinct from the
gray color of the starting material and the HF/HCl residue, but no mass variation was observed compared
to the initial material. The amounts of Kr and Xe released from the FeS-HNOs residue are much lower
than those from the FeS-HCl fraction, with gas losses of 65% and 69% recorded for Kr and Xe, respectively
(Figure 1 and Table 1). Stepwise-heating analyses revealed that all of the temperature steps were affected
by the degassing of Kr and Xe (Figure 1). '?°Xe/'3*Xe ratios show resolvable but lower excess of radiogenic
129%e comparing to the other residues (Table 1).
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Figure 2. (a) Xe-Q composition normalized to the SW-Xe. Clear
excesses of '2Xe and '3*'3%Xe are observed relative to a = 10.1%o
amu™ ' mass-fractionated SW-Xe calculated from nonradiogenic/
nonfissiogenic xenon isotopes (red line). These excesses are generally
attributed to '2°| decay and to a contribution from an unidentified
carrier with the same Xe-HL isotopic composition as HL-bearing
nanodiamonds. (b) Modeled composition of Xe-Q corrected for the
radiogenic and fissiogenic contributions of 0.21 ppm of 129 and
9.63 ppm of 238U, respectively. This model is compared to a recent
model based on the mixing of fractionated SW-Xe with Xe-HL and
Xe-S [Meshik et al., 2014].

4. Discussion

Significant degassing was observed upon
HF/HCI treatment, suggesting that sulfides
are sensitive to chemical digestion (Figure 1).
However, HF/HCl-treated pyrrhotite still
contains a significant amount of Kr and
Xe and could thus be considered as an
acid-resistant mineral. This is confirmed
by transmission electron microscopy
observations of meteoritic acid residues
that contain an important amount of
inorganic material such as sulfides

and oxides [Derenne and Robert, 2010].

In addition, our results indicate that
pyrrhotite has a strong susceptibility to
HNO; oxidation (Table 1). This feature

has also been reported for pentlandite
(i.e., (Fe,Ni)oSg), but pentlandite differs
from phase Q in its thermal stability with
decomposition starting at 610°C [Kerridge
et al, 1979]. In contrast, the release pattern
of noble gases trapped within pyrrhotite
closely resembles that of the Q gases, with
a major release of Kr and Xe occurring
between 900 and 1200°C (Figure 1). Similar
results were obtained for each of the five
noble gases released from troilite from
the Saint Aubin iron meteorite (ungrouped)
[Nishimura et al., 2008], demonstrating
that nickel-poor iron sulfides match the
thermal characteristics of phase Q. The
high-temperature release is directly linked to
the incongruent dissociation of pyrrhotite,
which occurs in the range 1000-1200°C,
depending on the stoichiometry [Kellerud,
1963]. Hence, our results suggest that
chondritic sulfides could (i) represent a
plausible subcarrier of Q gases and could

(i) contribute to the Q gas budget at the
maximum-release temperature of Q gases
(i.e, 1000-1200°C) [Huss et al., 1996]. This is
in good agreement with sulfides separated
from Allende (CV3) that show typical Xe-Q
isotopic compositions at high temperature
(i.e, > 900°C), representing few percent of
the total Xe-Q reported for this chondrite

[Busemann et al., 2000; Lewis et al., 1977]. It might be argued that the amounts of Kr and Xe measured in
iron sulfides from the Mundrabilla iron meteorite are 3 orders of magnitude lower than those reported in
phase Q [Busemann et al., 2000; Huss et al., 1996]. However, the goal of this study was not to isolate phase Q
as iron meteorites do not show this noble gas component (except in rare graphite nodules) [Matsuda et al.,
2005] but rather to test the chemical sensitivity and the thermal behavior of noble gas-bearing sulfides.
Consequently, we suggest that phase Q likely corresponds to complex Q gas subcarriers of different natures:

carbonaceous phases and iron sulfides.
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Table 2. Amounts of Initial 2>8U and '%°| Required for Correcting Observed Excesses of 1290 and 131132134136y 4 i the Xe-Q of Different Chondrites and in the

Average Q Composition Relative to Mass-Fractionated SW-Xe (Data Are From Busemann et al. [2000] and Wieler et al. [1992])

Allende Chainpur  Cold Bokkeveld Dimmit Grosnaja Isna Lance Murchison Q
cv3 LL34 cMm2 H3.7 cv3 C0o3.7 CO34 cMm2

I (ppm) 0445 0.057 0.294 0.031 0.152 0.402 0.035 0395 021
U (ppm) 50.07 2,06 0.02 0.56 553 33.98 255 4329 9,63
129Xe from | decay (cc/g) 864 (—9)  1.03(-9) 571 (=9) 6.13(—10) 297(-9) 7.80(-9) 690(—10) 7.67(-9)  4.08(-9)

31xe from U fission (cc/g) 6.25 (— 12) 2.57 (—13) 249 (—15) 7.04 (—14) 690(—13) 4.24(—12) 3.19(-13) 540(—-12) 1.20(-12)
132ye from U fission (cc/g) ~ 4.89 (—11) 2,01 (=12) 1.95 (—14) 551(—13) 540(—12) 332(=11) 249(=12) 423(=11) 941 (-12)
134 from U fission (cc/g) ~ 6.84 (— 11) 2.81(-12) 273 (-14) 771(=13) 755(=12) 464 (—11) 349(—12) 591 (=11) 132(=11)
136xe from U fission (cc/g) 822 (—11)  338(—12) 3.28 (—14) 926 (—13) 9.08(-12) 558(=11) 4.19(=12) 7.11(=11) 158(=11)
2%%e from Pu fission (cc/g)  1.08 (—10) 443 (—12) 430 (—14) 121(=12)  1.19(=11) 730(=11) 549(=12) 930(=11) 207 (=11)
3T%e from Pu fission (cc/g)  5.56 (—10)  2.29 (—11) 222(-13) 627 (=12) 614 (=11) 377(=10) 284(—11) 481(=10) 107 (—10)
32ye from Pu fission (cc/g)  2.00 (=9) 824 (—11) 8.00 (—13) 226 (—11) 221(=10) 136(=9) 1.02(-10) 173(-9) 3.85(—10)
13%%e from Pu fission (cc/g) 208 (—9) 858 (—11) 833 (—13) 235(=11) 230(=10) 142(-9) 1.06(—10) 1.80(=9) 4.01(—10)
36e from Pu fission (cc/g)  2.24 (=9)  9.23 ( 11) 8.95 (—13) 253(=11) 248 (710) 152(=9) 1.14(—=10) 194(-9) 431(-10)

@Amounts of 12°Xe produced by the decay of 2% at the concentrations required for correcting 29%e excesses observed relative to fractionated SW calculated
from nonradiogenic/nonfissiogenic xenon isotopes. 131.132134136y 6 concentrations produced by the fission of 238 and 2**Pu concentrations required to
correct the observed excesses of 1> 132134136y4 i phase Q relative to mass-fractionated SW calculated from nonradiogenic/nonfissiogenic xenon isotopes
and iodine-corrected '*?Xe (i.e., '24126:128.129%4/130% ) The numbers in parentheses correspond to the power.

Among the meteoritic noble gases, Xe-Q in different classes of chondrite is characterized by mass-dependent
fractionation relative to solar wind (SW), favoring the heavy isotopes [Marrocchi and Marty, 2013; Meshik et al.,
2014]. However, clear excesses of '2?Xe and '3"132134135%e are also observed together with the mass-fractionated
SW (Figure 2a). These features are generally explained by a mixing model in which 98.4% of ~8%oamu™"
mass-fractionated SW-Xe is mixed with 1.6% Xe-HL from nanodiamonds and monoisotopic '2°Xe from '*°|
decay [Gilmour, 2010]. However, Xe-HL cannot contribute to Xe-Q release generated by online nitric oxidation
of acid residues [Busemann et al., 2000] because nanodiamonds are unaffected by etching [Crowther and
Gilmour, 2013]. Hence, the '3713234136x s axcesses have been attributed to a gas carrier that presents the same
enrichment in the light and heavy xenon isotopes as nanodiamonds but which has not yet been isolated
[Gilmour, 2010]. Given our results, we can test an alternative explanation based on in situ fission and decay
of 228U +2%*py and '?°| within sulfides. The mass fractionation of Xe-Q relative to SW-Xe and its associated
uncertainty were determined for eight chondrites and for the average Q composition [Busemann et al., 2000]
using only the nonradiogenic/fissiogenic Xe-Q isotopic ratios (i.e., '2*'25"28Xe/'3%Xe). According to the
abundance of "*°Xe in phase Q [Busemann et al., 2000] and assuming an initial solar system ratio of 1.1 x 1074
for '2°1/'%| [Gilmour et al., 2006], we thus determined the iodine content required to correct the '?°Xe
excess relative to the fractionated SW (Table 2). Then on the basis of the abundances of 137132134136y

in phase Q [Busemann et al., 2000], we calculated the 228U concentrations required to correct the excesses of
1311321341364 relative to fractionated SW using the fission yields reported for 2*8U and 2**Pu [Ragettli et al,,
1994], the branching ratio for 22U and 2**Pu [Ozima and Podosek, 2002], the initial solar system ratios of
(***Pu/?8U)y = 6.8 x 10> and (*8U/%°U), = 137.88 [Ozima and Podosek, 2002], and a start of radioactive
decay 4.57 Gyr ago. Our results show that the respective '%° and 238U initial concentrations required to
correct the '?°Xe and 137132134136 excesses relative to fractionated SW observed for Xe-Q across different
chondrites [Busemann et al., 2000] fall in the range of 0.03-0.45 ppm 29 and 0-50 ppm 238 (Table 2).

The resulting iodine contents are in good agreement with the concentrations of 0.1-3.5 ppm reported for
sulfides from different types of meteorites [Clark et al., 1967; Goles and Anders, 1962]. Consequently, we
propose that Q gases trapped within sulfides could be responsible for the 129% e excess observed during the
release of Q gases. In contrast, the uranium contents required within sulfides to explain the 13132134136y
excess relative to fractionated SW are generally too high compared to the sub-ppm concentrations reported
for meteoritic sulfides [Crozaz, 1979]. Moreover, the Xe-Q corrected for 228U + 2**Pu contributions does

not produce a better fit for heavy xenon isotopes than the canonical model involving mixing of different
Xe reservoirs [Meshik et al., 2014] (Figure 2b). Consequently, the excesses of 129¥e could be attributed to the
in situ decay of '?°I within sulfides, while fission of 23U +2**Pu would play a negligible role in generating
the excess of 1311321341364 ra|ative to fractionated SW observed for Q gases (Figure 2a).
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Q gases are ubiquitous among the different types of chondrites, despite the fact that they experienced
diverse secondary alteration processes such as fluid percolation and/or metamorphism [Bourot-Denise et al.,
2010; Brearley, 2006; Hewins et al., 2014; Huss et al., 2006; Marrocchi et al., 2014]. This suggests that the
formation of the S-rich subcarrier of Q gases is linked to primary high-temperature processes rather than to
parent body alteration. Recent reports have revealed that chondrule formation took place under high partial
pressure of sulfur, leading to the formation of iron sulfide from the chondrule melts by solubility/saturation
processes [Marrocchi and Libourel, 2013] and/or condensation at the surface of chondrules [Tachibana and Huss,
2005]. The formation of Q-bearing sulfides would be directly related to the chondrule-forming event. Such

a view supports models which postulate that the formation of chondrules took place in an environment
characterized by volatile-enriched gas that interacts at high temperature with chondrule precursor [Marrocchi
and Libourel, 2013]. Thus, formation of Q-bearing sulfides can be achieved in regions characterized by
enhancement of the respective noble gas partial pressures and under ionizing conditions that allow

the isotopic fractionation observed for Q gases relative to SW to be reproduced [Hohenberg et al., 2002;
Marrocchi et al., 2005b, 2011].

5. Concluding Remarks

We have performed an experiment to test whether iron sulfides might represent a plausible subcomponent
of the main noble gas carriers in primitive meteorites—phase Q. Although significant noble gas degassing
was observed upon HF-HCL treatment, our results show that noble gases trapped within sulfides present
similar chemical susceptibility and thermal behavior than Q gases. Hence, we propose that sulfides likely
represent a plausible subcomponent of phase Q. Under this hypothesis, phase Q represents a mix of multiple
primordial noble gas carriers of different natures such as carbonaceous phases and iron sulfide minerals.
This suggests that Q gases may represent a ubiquitous noble gas reservoir outside the Sun at the time of the
formation and accretion of the first solids in the protosolar nebula.
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stages of oxidation and show the conversion of
the less stable macrocycles into the knot, which
is presumably the smallest oligomer that can
maximize hydrophobic stabilization. Although
other pathways may be involved, the kinetic
profile shown in Fig. 3 suggests that knot for-
mation predominantly occurs via the formation
and folding of the open trimer. Once formed,
the open trimer folds into condensed structures
that bury the hydrophobic NDI surfaces. Pre-
sumably only one of the structures places the
terminal thiols in sufficiently close proximity
to allow the ring closure that results in a knot. If
the ring were opened by cleavage of a disulfide
link, closure would be rapid, whereas unfolding
would require unfavorable and slow reexposure
of hydrophobic surfaces. The formation of the
trefoil knot is, therefore, kinetically and ther-
modynamically favored and closely mimics the
mechanism of knot formation in naturally
occurring o/f methyl transferases (18).

The conclusions drawn from the experimental
results were corroborated by molecular modeling
calculations, which showed that the knot was
relatively more stable and has a smaller surface
area and volume than its topological isomers (the
closed trimer and the [2]catenane) (19).

Although the cyclic monomer and dimer are
transiently formed in the library, the reversible
nature of the disulfide bond allows their reorga-
nization into the more ordered, but more stable,
trimeric knot, highlighting the dual conflicting
role of entropy at the different stages of the fold-
ing process: On one hand, the formation of small
molecules is preferred, whereas the formation and

stability of the larger knot result from the ne-
cessity of burying hydrophobic surfaces. Overall,
the design of the building block offers an efficient
way to access purely organic knotted macro-
cycles in aqueous media. First, the alternation of
rigid hydrophobic NDIs, which can stack and
form the core of the knot and bury most hydro-
phobic surfaces, and flexible hydrophilic loops
supplies an ideal scaffold for the knitting of or-
ganic oligomers into complex knots. Second,
the choice of the amino acid chirality is crucial:
The all-L and all-p building blocks induce the di-
rectionality of the knot; whereas in the p/L build-
ing block, the mismatch of chiralities prevents
knot formation. The folding of a linear species
into a knot, driven by the hydrophobic effect,
may provide a simple model for the formation
of knots in proteins.
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Tissint Martian Meteorite: A Fresh
Look at the Interior, Surface, and
Atmosphere of Mars
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Tissint (Morocco) is the fifth martian meteorite collected after it was witnessed falling to Earth. Our
integrated mineralogical, petrological, and geochemical study shows that it is a depleted picritic
shergottite similar to EETA79001A. Highly magnesian olivine and abundant glass containing
martian atmosphere are present in Tissint. Refractory trace element, sulfur, and fluorine data

for the matrix and glass veins in the meteorite indicate the presence of a martian surface
component. Thus, the influence of in situ martian weathering can be unambiguously distinguished
from terrestrial contamination in this meteorite. Martian weathering features in Tissint are
compatible with the results of spacecraft observations of Mars. Tissint has a cosmic-ray exposure
age of 0.7 £ 0.3 million years, consistent with those of many other shergottites, notably
EETA79001, suggesting that they were ejected from Mars during the same event.

emonstration in the early 1980s that an
Dimpoﬁant group of meteorites was of
martian origin represented a breakthrough
in attempts to understand the geological evolu-

tion of Mars (/-3). Unfortunately, most of the
samples were collected long after their arrival on
Earth and thus have experienced variable degrees
of terrestrial weathering (4). Even the few martian

meteorites that were collected shortly after their
observed fall to Earth have been exposed to or-
ganic and other potential contaminants during
storage. Here, we report on the Tissint martian
meteorite, which fell on 18 July 2011 in Morocco
(figs. S1 and S2). This is only the fifth witnessed
fall of a meteorite from Mars and therefore pro-
vides an opportunity to improve our understand-
ing of processes that operated on that planet at the
time the meteorite was ejected from its surface.

The largest recovered stones from the Tissint
fall are almost fully covered with a shiny black
fusion crust (Fig. 1). Internally the meteorite con-
sists of olivine macrocrysts set in a fine-grained
matrix of pyroxene and feldspathic glass (mas-
kelynite) () (figs. S3 to S6 and tables S1 to S6).
The matrix is highly fractured and penetrated by
numerous dark shock veins and patches filled
with black glassy material enclosing bubbles (fig.
S7). The petrology of Tissint shows similarities
to that of other picritic shergottites (an important
group of olivine-rich martian basaltic rocks), in
particular, lithologies A and C of EETA79001
(2). The grain density and magnetic properties of
Tissint (fig. S8) also match previous results from
basaltic and picritic shergottites (6).

Tissint is an Al-poor ferroan basaltic rock,
rich in MgO and other compatible elements (Ni,
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Cr, Co). Its major element abundances are similar
to those of the other picritic shergottites, especial-
ly EETA79001. Furthermore, key element weight
(wt) ratios (wt %/wt %) such as FeO/MnO (39.7),
AUTi (7.2), Na/Ti (1.41), Ga/Al (3.9 107°), Na/Al
(0.20) (3,4, 7), and A0 [+0.301 per mil (%o)] (fig.
S9) (8) are also typical of martian meteorites. The
average composition of the black glass (tables S7
and S8) is identical to a mixture of the major
phases of the rock (augite, maskelynite, and
olivine: 50:20:30) with compositional variations
reflecting incomplete dissolution of one phase or
another (fig. S7). Among minor elements in the
black glass, chlorine is always below the detection
level of electron microprobe analysis [100 parts
per million (ppm)], whereas fluorine and sulfur
exhibit variations in the range 0 to 4000 ppm
and 0 to 6000 ppm, respectively (5).

Like most other picritic shergottites, bulk
Tissint displays a marked depletion in light rare
carth elements (LREEs) and other highly incom-
patible elements, such as Rb, Li, Be, Nb, Ta, Th,
and U (Fig. 2). Its Lu/Hf ratio (0.2) is in the range
of values measured for EETA79001 and other
basaltic shergottites [0.1 to 0.2; e.g., (9)], and
lower than those of the picritic shergottites DaG
476/489, SaU 005, and Dhofar 019 [about 0.3
(10—12)]. Although the sizes of the two samples
analyzed here are somewhat limited (0.49 and
1.25 g), their trace-element abundances are very
similar and so are likely to be representative of
the whole rock composition, despite the irregular
distribution of olivine megacrysts.

To evaluate the possible heterogeneity of
this stone, we analyzed two additional samples:
a groundmass-rich sample (devoid of large oli-
vine crystals and weighing 181 mg) and a frag-
ment of the same glassy pocket selected for
volatile analysis (40 mg). Both samples display
markedly higher LREE abundances, with REE
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patterns generally similar to those of the en-
riched shergottites, as exemplified by Zagami.
However, there is a minor, but analytically val-
id, positive Ce anomaly (Ce/Ce* = 1.1) (Fig.
2), and the La/Nd, La/Nb, and Th/La ratios are
higher than those of other enriched shergottites
(fig. S10). These two samples indicate that an
LREE-enriched component, different from
those previously recorded in other shergottites,
is heterogeneously dispersed throughout the
matrix of Tissint.

The presence of short-lived **V (half-life= 16
days), among other cosmogenic isotopes, dem-
onstrates that the stones we analyzed are from the
fall of 18 July (table S10). We measured stable
cosmogenic isotopes of He, Ne, and Ar in three
aliquots, consisting of matrix-rich, glass-matrix
mixed, and glass-rich separates (table S11). The
cosmic-ray exposure (CRE) ages computed for
3He,, ?'Ne,, and **Ar, are 1.2 + 0.4, 0.6 + 0.2,
and 0.9 + 0.4 million years (My), respectively,
resulting in an average CRE age of 0.7 £ 0.3 My
for Tissint. This age is in the range of CRE ages
of other shergottites, notably that of EETA79001
[0.73 £ 0.15 My (2)], suggesting that Tissint and
other shergottites were ejected during a single
event. Nitrogen isotopes were analyzed together
with the noble gases. The glass aliquot displayed
a well-defined excess of '°N, which persisted
after correction for contribution of cosmogenic
5N, (assuming a production rate of 6.7 + 2.6 x
10" mol "*N/gMa) (13). This excess '°N is best
explained by trapping of a martian atmospheric
component (2). Using a 8'°N versus “°Ar/N cor-
relation and taking a martian atmospheric value
from the Viking measurements of 0.33 + 0.03

A A

8 9 10

(14), we obtain a 8"°N value of 634 + 60% (15),
which agrees well with the Viking measurement
of 620 + 160%o (7) (Fig. 3).

Simultaneous measurement of carbon and ni-
trogen was carried out by stepped combustion—
mass spectrometry on a small chip (21 mg) from
the same sample that we used for oxygen isotopic
analysis (5). The sample had a total carbon abun-
dance of 173 ppm and 5'3C of —26.6 %o and
contained 12.7 ppm nitrogen with total 5'°N of
—4.5%o. At temperatures above 600°C, both car-
bon and nitrogen were distributed among three
discrete martian components (fig. S11 and table
S12). Below 600°C, readily resolvable compo-
nents of organic material combusted; although
these may have been introduced during postfall
collection and sample storage and are an un-
avoidable consequence of sample handling pro-
cedures, we cannot yet rule out the presence of
small quantities of indigenous martian organic
matter (5). At the highest temperatures of the ex-
traction, there was a clear indication of the pres-
ence of trapped martian atmosphere, with elevated
8"C and 5"°N (even allowing for a cosmogenic
component, blank-corrected 8'*C reaches +16%o
and 8'°N reaches +298 + 25%o). At intermediate
temperatures (600° to 800°C), there were maxima
in both 8'3C (~14%o) and 8'°N (+110%o), sug-
gesting that the component bears some rela-
tionship to the martian atmosphere. In addition,
there was clear analytical evidence for a simul-
taneous release of sulfur (~19 ppm), presumably
from either sulfide or sulfate decomposition. This
intermediate component probably corresponds to
a surface-derived weathering component, as iden-
tified in Tissint glass on the basis of REE, S, and

[T !‘l‘fu“l;‘H}\‘\‘\\\‘1‘\\‘\\\‘\1‘\?“\\\‘

\‘ JH\ I
i 1 | 12 13 14 15 16 17

Fig. 1. The Natural History Museum (London) stone. This 1.1-kg stone (BM.2012,M1) exhibits a
black fusion crust with glossy olivines. The olivine macrocrysts (pale green) and the numerous black
glass pockets and veins are characteristics of this shergottite. The scale is in centimeters.
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Fig. 2. REE patterns.
(Top) Tissint in compar-
ison with other depleted
picritic shergottites. (Bot-
tom) Black glass and
groundmass-rich fraction
in comparison with en-
riched shergottite Zagami.
Data from (10-12). CI
chondrite normalization
values are from (24).

Fig. 3. Gas analyses of the black
glass. Both bulk analyses and
step-heating analyses plot on a
single mixing line between ter-
restrial atmospheric gas (at left)
and Mars atmospheric gas (14).

Zagami data from (25).
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F data (see below). The third martian component
represents magmatic carbon, which is present in
low abundance (1.4 ppm with 5'3C of —26.3%o)
and is associated with isotopically light nitrogen
(8N < +10%o).

Our study demonstrates that Tissint is a picritic
shergottite comparable in many respects to
EETA79001. The black shock glass resembles
lithology C of EETA79001, as well as shock melt
pockets commonly found in other shergottites
(15). Major elements and oxygen isotope data
indicate that this glass represents a melted mix-
ture of the surrounding bulk rock, composed of
olivine, maskelynite, and clinopyroxene (5). How-
ever, this glass is substantially different from the
bulk meteorite and igneous groundmass in that it
has a variable but generally high S and F content; a
distinct LREE-enriched composition; and a
high 8"°N value indicative of trapped martian
atmosphere.

The LREE-enriched composition of the glass
is somewhat enigmatic. Phosphates are often in-
voked as a carrier of REE. However, the P con-
tent of the black glass relative to bulk rock is not
consistent with enrichment in phosphates. One
possibility to explain the LREE composition of
the glass might be selective crustal contamination
before final emplacement of the Tissint magma.
Although LREE-enriched magmatic rocks have
been generated on Mars, as exemplified by the
Nakhlites and Chassignites, these do not ex-
hibit anomalous Ce abundances (/6, 7). In ad-
dition, crustal contamination of magma is unlikely
to result in REE ratio variations at the subcen-
timeter scale, as observed here. Decoupling of
Ce from the other REE indicates partial oxi-
dation to Ce*", a process that requires oxidiz-
ing conditions, such as those that prevail in the
near-surface environment of Mars. Surface weath-
ering caused by leaching of phosphates by acid
aqueous fluids, the process that is responsible
for terrestrial alteration of eucritic meteorites in
Antarctica (/8), would also explain the LREE-
enriched composition of the Tissint glass. The
high 5'°N value of the Tissint glass, as well as its
enrichment in S and F, demonstrates that it has
been contaminated by martian surface compo-
nents. In view of this evidence, the most likely
explanation for the relatively LREE-enriched
composition of the glass, and the origin of the
Ce anomaly, is that these features also reflect the
presence of a near-surface martian component in
Tissint. A martian soil component was previous-
ly suggested for EETA79001 lithology C, which
also contains martian atmospheric gases (/9).
However, because this meteorite is a find, rather
than a fresh fall like Tissint, there’s the possibility
of terrestrial contamination, which complicates
the interpretation (20).

We propose the following scenario to ex-
plain the composite nature of Tissint. A picritic
basalt was emplaced at or near the surface of
Mars. After some period, the rock was weath-
ered by fluids, which had leached elements from
the martian regolith. Subsequently, these fluids
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deposited mineral phases within fissures and cracks.
The martian weathering products are the most
likely source of the required LREE, incompatible,
and volatile elements. Upon impact, preferential,
shock-induced melting occurred in the target rock
along fractures where weathering products were
concentrated. This melting produced the black
glass and retained in it chemical signatures char-
acteristic of the martian surface. Shock melting
also trapped a component derived from the martian
atmosphere, as revealed by stepped combustion—
mass spectrometry. About 0.7 My ago, the sample
was ejected from Mars and eventually landed on
Earth in July 2011. The martian weathering fea-
tures in Tissint described here are compatible
with spacecraft observations on Mars, including
those made by the NASA Viking landers, MER
Spirit rover, and ESA’s Mars Express orbiter
(5, 21-23).
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Development and Disintegration of
Maya Political Systems in Response

to Climate Change
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The role of climate change in the development and demise of Classic Maya civilization (300 to

1000 C.E.) remains controversial because of the absence of well-dated climate and archaeological
sequences. We present a precisely dated subannual climate record for the past 2000 years from Yok
Balum Cave, Belize. From comparison of this record with historical events compiled from well-dated
stone monuments, we propose that anomalously high rainfall favored unprecedented population
expansion and the proliferation of political centers between 440 and 660 C.E. This was followed by
a drying trend between 660 and 1000 C.E. that triggered the balkanization of polities, increased
warfare, and the asynchronous disintegration of polities, followed by population collapse in the context
of an extended drought between 1020 and 1100 C.E.

remarkable historical record inscribed on

well-dated stone monuments. Wars, mar-
riages, and accessions of kings and queens are
tied to long count calendar dates and correlate
with specific days in the Christian calendar
(Goodman-Thompson-Martinez correlation).
The termination of this tradition between 800
and 1000 C.E. marks the widespread collapse of
Classic Maya political systems. Multidecadal
drought has been implicated, but remains con-
troversial because of dating uncertainties and in-

The Classic Maya (300 to 1000 C.E.) left a

sufficient temporal resolution in paleoclimatic
records. Lake sediments from the Yucatan Peninsula
provided the first evidence of substantial drying
in the Terminal Classic (/). However, disturbances
to lake sediment sequences caused by prehistoric
deforestation and agricultural expansion during
the Classic Period complicate reproducing these
results near the largest and most politically im-
portant Maya centers (such as Tikal and Caracol).
Several studies more distant from the Maya low-
lands (ML) support either relatively dry conditions
or a series of droughts during the Terminal Clas-

sic (2-5), but the relevance of these records for
the ML remains unclear (6).

Cave deposits in the ML show great promise
for paleoclimatic reconstruction (7—9). The chal-
lenge lies in developing long, continuous records
from rapidly growing stalagmites that can be
dated precisely by using 2**U-***Th (U-Th). Here,
we present a subannually resolved rainfall record
from an exceptionally well-dated stalagmite col-
lected from Yok Balum (YB) Cave in Belize
(16°12°30.780” N, 89°4°24.420” W, 366 m above
sea level) (10). YB cave is located 1.5 km from
the Classic Period Maya site of Uxbenka. Three
other important Maya centers (Pusilha, Lubaantun,
Nim Li Punit) are within 30 km (fig. S1); Tikal
and other major Classic Period population cen-
ters (such as Caracol, Copan, and Calakmul) are
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5.4 Article Origins of volatile elements (H, C, N, noble gases) on
Earth and Mars in light of recent results from the ROSETTA
cometary mission, published in 2016 in FEarth and Planetary

Science Letters, Vol. 441, 91-102.
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ARTICLE INFO ABSTRACT

Article history: Recent measurements of the volatile composition of the coma of Comet 67P/Churyumov-Gerasimenko
Received 28 September 2015 (hereafter 67P) allow constraints to be set on the origin of volatile elements (water, carbon, nitrogen,
Received in revised form 9 February 2016 noble gases) in inner planets’ atmospheres. Analyses by the ROSINA mass spectrometry system onboard
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Editor: C. Sotin the Rosetta spacecraft indicate that 67P ice has a D/H ratio three times that of the ocean value (Altwegg

et al, 2015) and contains significant amounts of N, CO, CO;, and importantly, argon (Balsiger et al.,
Keywords: 2015). Here we establish a model of cometary composition based on literature data and the ROSINA
ROSETTA measurements. From mass balance calculations, and provided that 67P is representative of the cometary
argon ice reservoir, we conclude that the contribution of cometary volatiles to the Earth’s inventory was minor
origins for water (<1%), carbon (<1%), and nitrogen species (a few % at most). However, cometary contributions
terrestrial volatiles to the terrestrial atmosphere may have been significant for the noble gases. They could have taken place
Martian atmosphere towards the end of the main building stages of the Earth, after the Moon-forming impact and during
either a late veneer episode or, more probably, the Terrestrial Late Heavy Bombardment around 4.0-3.8
billion years (Ga) ago. Contributions from the outer solar system via cometary bodies could account for
the dichotomy of the noble gas isotope compositions, in particular xenon, between the mantle and the
atmosphere. A mass balance based on 36Ar and organics suggests that the amount of prebiotic material
delivered by comets could have been quite considerable - equivalent to the present-day mass of the
biosphere. On Mars, several of the isotopic signatures of surface volatiles (notably the high D/H ratios) are
clearly indicative of atmospheric escape processes. Nevertheless, we suggest that cometary contributions
after the major atmospheric escape events, e.g., during a Martian Late Heavy Bombardment towards the
end of the Noachian era, could account for the Martian elemental C/N/36Ar ratios, solar-like krypton
isotope composition and high >N/'N ratios. Taken together, these observations are consistent with the
volatiles of Earth and Mars being trapped initially from the nebular gas and local accreting material, then
progressively added to by contributions from wet bodies from increasing heliocentric distances. Overall,
no unified scenario can account for all of the characteristics of the inner planet atmospheres. Advances
in this domain will require precise analysis of the elemental and isotopic compositions of comets and
therefore await a cometary sample return mission.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction larger heliocentric distances (Morbidelli et al., 2000; Raymond
et al, 2004; Albaréde et al, 2013; Marty, 2012). A cometary

According to cosmochemical constraints and simulations, the origin for the Terrestrial oceans, the atmosphere and the or-
inner planets grew first “dry”, and water and atmophile elements ganics is often advocated (Oro, 1961; Anders and Owen, 1977;
were contributed later on by volatile-rich objects originating from Safronov, 1972) because (i) comets are volatile-rich as they contain
abundant organics and ices (30-50 wt.% H,0), and (ii) their high
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Fig. 1. (a) Comparison of the abundance patterns of noble gases in the Sun (“Solar”, yellow hexagons), in volatile-rich primitive meteorites (“Cl”, empty circles) and in
the atmospheres of Earth (black-filled circles) and Mars (red squares). Note that the latter are depleted in xenon relative to krypton and meteorites by about a factor
of 20, and that the Kr/Xe is close to the solar abundance (the “missing” Xe for Earth’s atmosphere is represented by the blue area, see text). Modified after Porcelli and
Ballentine (2002), Mars data from Dauphas and Morbidelli (2014). (b) Comparison of the Xe isotope compositions of meteoritic Xe (empty circles, “Q-Xe”), atmospheric Xe
(“Atmosphere”, black-filled circles), and Martian atmosphere Xe (“Mars-Xe", red squares), expressed in deviations in parts per mil (%o) relative to the solar composition
(derived from solar wind measurements, yellow bar). In this format, the solar composition gives a flat spectrum at 0%o. The meteoritic composition is slightly different from
Solar, whereas Martian and Terrestrial Xe are clearly fractionated (enriched in heavy isotopes) compared to solar, prohibiting direct derivation from the protosolar nebula
and, by inference, from cometary ice (see text). Data from Ott (2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

water are “wet” asteroids. Meteorites are generally dry, although
some of them, the carbonaceous chondrite clan, can contain up to
15 wt.% equivalent H,O as hydrated phases. Because these phases
are remnant of water-rock interactions on asteroids, the original
water content could have been significantly higher, possibly match-
ing those of comets. This would argue in favor of a continuum
between meteoritic and cometary compositions in the past. The
Terrestrial oceans (1.5 x 1024 g) correspond to 0.025% of the Earth’s
mass. Taking into account water in the deep Earth may raise the
Terrestrial H,O inventory to a maximum of 0.2 wt.% (Marty, 2012).
Assuming conservation of volatile elements during impacts, that
is, no loss of volatiles to space (an assumption discussed later on),
Terrestrial water could have been supplied by a few wt. per mil
to a few wt. percent of cometary, or asteroidal, material to a dry
proto-Earth, leaving the bulk chemical composition of Earth little
affected.

Dynamical models suggest that, during its formation, the Earth
accreted water and other volatile elements predominantly from
planetesimals parented to primitive asteroids, i.e. with composi-
tion similar to carbonaceous chondrites (Morbidelli et al., 2000;
Raymond et al.,, 2004, 2007; O’'Brien et al., 2006, 2014). Comets,
intended as planetesimals of trans-Neptunian origin, should have
had a negligible contribution during Earth’s accretion. Instead, once
the Earth’s formation was completed, possibly several hundreds of
million years (Ma) afterwards, the Earth should have accreted non-
negligible amounts of mass from asteroids and/or from icy bodies
of trans-Neptunian origin, during a dynamical instability event that
re-structured the orbital configuration of the giant planets (the
so-called “Nice model”; Gomes et al., 2005). These models pre-
dict contributions of icy bodies in proportions comparable to those
of asteroids. From the lunar impact crater record, Chyba (1990)
argued that the Earth could have acquired an exogenous ocean
around 4 Ga ago if comets comprised >10 wt.% of the impact-
ing population. Marty and Meibom (2007) made the point that, if
comets contain noble gases in amount predicted by laboratory ice
trapping experiments (see below), then the fraction of cometary
material in the late heavy bombardment on Earth could not have
been more than 0.5%, as constrained by the noble gas inventory of
the atmosphere.

Cometary contributions might have left an imprint in the com-
position of the ocean-atmosphere. Owen and Bar-Nun (1995)
noted that the noble gas elemental composition of the atmo-
spheres of Mars and Earth (which are different from those of
chondrites by having a one order of magnitude lower Xe/Kr ratio,

Fig. 1), are consistent with a cometary origin. Experiments of no-
ble gas trapping in growing amorphous ice have shown that the
absolute amounts and their relative proportions depend on the
trapping kinetics, pressure and, importantly, temperature (Bar-Nun
et al,, 1985). Owen and Bar-Nun (1995) proposed a cometary ice
formation temperature of 50 K to account for the Martian and
Terrestrial Ar/Kr/Xe ratios. Other works questioned the relevance
of these experimental conditions to those of the protosolar neb-
ula (Notesco and Bar-Nun, 2005; Yokochi et al., 2012) or preferred
trapping of cometary noble gases in clathrates rather than in amor-
phous ice (Mousis et al., 2010). Importantly, because Xe from
the protosolar nebula is expected to be quantitatively trapped in
cometary ice (Notesco and Bar-Nun, 2005; Yokochi et al., 2012;
Mousis et al., 2010) and because physical adsorption does not
induce significant Xe isotope fractionation (Marrocchi and Marty,
2013), cometary Xe should have a solar-like isotopic composition.
However, the xenon isotopic compositions of the atmospheres of
Earth and Mars are not solar (nor chondritic), being enriched in
the heavy isotopes relative to the light ones by 3-4% par atomic
mass unit (Fig. 1). Taking into account this discrepancy, Dauphas
(2003) proposed a dual origin for the Terrestrial atmosphere. In
his model, a primary atmosphere of solar composition was lost to
space, leaving residual gases mostly made of isotopically fraction-
ated Xe. Then comet-like bodies contributed noble gases depleted
in Xe (following the same argument as Owen and Bar-Nun, 1995,
that cometary ice should depleted in Xe compared to Chondritic
and other noble gases, Fig. 1). This model accounts successfully
for the elemental and isotopic compositions of atmospheric noble
gases and for the “xenon paradox”: Atmospheric xenon is depleted
relative to Chondritic Xe but also relative to atmospheric Kr, and
enriched in its heavy isotopes relative to any known cosmochemi-
cal composition (Fig. 1), both properties being paradoxical if xenon
depletion was due atmospheric escape. However, the Xe paradox
might be related to a different process and may not be a diag-
nostic of source composition. Indeed, from the analysis of ancient
(>2.7 Ga-old) minerals, Pujol et al. (2011) argued for continu-
ous loss and isotopic fractionation of atmospheric xenon to space
through geological time as a cause of the peculiar composition of
atmospheric Xe. Therefore the xenon paradox might be due to sec-
ondary long-term processing and not to a source effect.

The hydrogen and nitrogen isotopes give independent insight
into the origin(s) of planetary volatiles (e.g. Alexander et al., 2012;
Marty, 2012; Fiiri and Marty, 2015; Fig. 2). Taken together, they
suggest an asteroidal, rather than cometary, origin for nitrogen
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and water in the Terrestrial atmosphere and the oceans. The D/H
ratios of comets are generally higher by a factor of 2-3 rela-
tive to the ocean’s value and to most of the chondritic values,
prohibiting a genetic relationship between cometary ice and Ter-
restrial water. Available data are mostly from long-period comets
thought to originate from the Oort cloud. The measurement of
an ocean-like D/H ratio for a Jupiter family comet (Hartogh et al.,
2011), presumably originating from the Kuiper belt, suggests a D/H
heterogeneity among comet families. Recently, a D/H value three
times the ocean’s has been measured in the coma from Comet
67P/Churyumov-Gerasimenko (thereafter 67P), also a Jupiter fam-
ily member (Altwegg et al., 2015). The nitrogen isotopes give a
similar story. Chondrites have variable N isotope ratios which dis-
tribution coincides with the Terrestrial composition. In contrast,
comets have 1>N/1“N ratios about two times the Terrestrial and
bulk chondritic values (Fig. 2). One possible caveat is that only
HCN, CN, and NH2+ could be measured at distance by spectroscopy
(there is no in-situ measurement on a comet), and it is not clear if
these nitrogen species are representative of bulk cometary N.

In this contribution we use the recent compositional data of the
67P coma obtained by the ROSINA mass spectrometer on board
of the ROSETTA spacecraft to set constraints on the origin(s) of
volatile elements on Earth and Mars. Importantly, this instrument
measured for the first time a noble gas - argon - in cometary
gases (Balsiger et al., 2015). We present first a model composition
for cometary matter using literature data and assuming that 67P is
representative of the cometary reservoir. We then attempt a mass
balance to infer the possible contribution of the outer solar system
to the Terrestrial and Martian inventory of water, carbon, nitrogen
and noble gases.

2. Reservoir inventories
2.1. Comets
2.1.1. Elemental abundances
The chemical and isotopic compositions of comets is con-
strained by (i) in-situ measurements by spacecrafts (e.g., A’'Hearn

et al, 2011; Le Roy et al, 2015; Jessberger et al., 1988; Kissel
and Krueger, 1987), (ii) spectroscopic observations of comae (e.g.,
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Table 1

Coma composition. 1: Species and elements are molar fractions normalized to wa-
ter (=100). 2: The range of C- and N-bearing species concentrations are for all
comets analyzed so far (compiled from Bockelée-Morvan, 2011; Mumma and Charn-
ley, 2011; Le Roy et al,, 2015). 3: The N, content is derived from the comet 67P
measurement by Rubin et al. (2015), the good correlation between CO and N, and
the cometary CO content given above. 4: Ar/H,0 ratio from Balsiger et al. (2015).

Lower Upper Mean +/—
Water 100 1
Carbon
CO, 25 80 41 39 2
co 1 30 16 15 2
CHy 0.6 15 1.05 0.45 2
CoHy 0.1 0.46 0.28 0.18 2
CoHg 0.4 10.5 5.45 5.05 2
others 0.4 24 140 1.00 2
xC 71 65
Nitrogen
NH3 03 1.5 0.90 0.60 2
HCN 0.1 0.6 0.35 0.25 2
N2 0.088 0.083 3
XN 143 1.02
Ny/EZN 0.06 0.07
Argon
36Ar 1.20E—03 110E—-03 4

Bockelée-Morvan, 2011; Mumma and Charnley, 2011), and (iii) lab-
oratory analysis of cometary grains recovered by the Stardust mis-
sion (Brownlee et al., 2006) and of interplanetary dust particles
presumably of cometary in origin (e.g., Duprat et al., 2010).

Comets are made of refractory silicates and metal, refractory
and non-refractory organics, and ices (Jessberger et al., 1988; Kissel
and Krueger, 1987; Mumma and Charnley, 2011; Bockelée-Morvan,
2011). The analysis of cometary grains recovered by the Star-
dust mission revealed the occurrence of several high temperature
phases reminiscent of chondritic material. These are calcium-alu-
minum rich inclusions, chondrules and refractory olivines. Sta-
ble isotope compositions of these phases indicate an inner so-
lar system origin for this material (Brownlee et al., 2006). From
mass balance, silicate + metal (Si, Mg, Fe) grains make about
25-30 wt.% (Jessberger et al., 1988). Refractory organics consti-
tute a significant fraction of C and, to a lesser extent, of N
and H, and must be taken into account in the bulk composi-
tion of cometary matter (Greenberg, 1998). This is confirmed by
a refractory organics/silicate + metal ratio close to 1 for dust emit-
ted by comet Halley (Kissel and Krueger, 1987). Therefore, organic
refractory particles (the so-called CHON grains, Jessberger et al.,
1988) could make another 25-30 wt.%, and non-refractory carbon-
bearing species could contribute about 4-8 wt.% (Greenberg, 1998).
The proportion of ice amounts for 30-50 wt.%. The composition of
comae (Table 1) gives insight into the ice composition (~80 wt.%
H,0 with CO, CO,, CH30H, CH4, H;S, and N-compounds including
CN, HCN, NH3 and N; Bockelée-Morvan, 2011; Hassig et al., 2015;
Rubin et al., 2015).

Noble gases are able to set stringent constraints on the origin
of planetary volatiles on one hand, and on processes and con-
ditions of comet formation on another hand. Unfortunately the
abundances of noble gases in comets are essentially unknown as
these elements are extremely difficult to detect by spectroscopy.
Stern et al. (2000) proposed an Ar/O ratio of 1.8 £ 1.0 x 1074
for Comet Hale Bopp, lower than the solar value of 46 x 10~4
(Weaver et al., 2002, and refs. therein), but this estimate has not
been confirmed. Weaver et al. (2002) suggested that the cometary
Ar/O ratios are lower than 42 x 10~%, based on three comet ob-
servations. The only reliable set of measurements are those done
on 67P coma using the ROSINA mass spectrometer which directly
the 67P coma composition (Balsiger et al., 2015). They indicate a
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Table 2

Cometary bulk composition. Abundances are computed with data from cometary
composition (see text), Table 1 and refs. therein. The 36Ar content is for 30% water
ice.

Coma +/— Bulk +/=
(mole/g) (mole/g)
12c 0.012 0.011 0.037 0.028
14N 0.00025 0.00018 0.0018 0.0010
H,0 0.017 0.0010 0.019 0.0010
36Ar 2.07E—07 1.89E—07 2.07E—07 1.89E—07

36Ar/H,0 varying between 0.1 x 10~ and 2.3 x 10~° during the
3 days measurement period. Considering that Ar/O ~1.3 Ar/H;0
(Weaver et al., 2002), and taking into account a solar isotope com-
position for argon (“°Ar ~ 0, 38Ar/36Ar = 0.183), the corresponding
Ar/O range of 67P is 0.01-0.35 x 10~%, thus lower than the upper
limits given above, and 2-3 orders of magnitude lower than the
solar ratio of 46 x 10~%. It is worth mentioning that even if noble
gases are mostly hosted in ices, refractory grains may also contain
large amounts of these elements, as suggested by the discovery of
high He and Ne abundances in grains of comet Wild2 recovered by
the Stardust spacecraft (Marty et al., 2008). However, a mass bal-
ance is not possible due to the lack of relevant Ar data, and we
adopt here the 67P coma composition.

2.1.2. Isotopes

The stable isotope ratios relevant to this study are the D/H ra-
tios of comets, with special reference to the 67P value ([5.3 &+
0.7] x 1074, ~3 times the ocean water ratio; Altwegg et al., 2015),
and N isotope variations depicted in Fig. 2, although no data are
yet available for 67P. For noble gases, only the 3®Ar/*8Ar ratio
has been measured in the coma of 67P (5.4 + 1.6; Balsiger et
al., 2015), consistent with a solar system composition, but with a
precision too low to permit identification of a specific cosmochem-
ical component. Models of ice formation from a protosolar nebula
gas predict that the isotopic composition of noble gases are so-
lar. However, there is considerable uncertainty arises for the mode
of trapping (i.e., neutral versus ionized) which may fractionate, or
not, noble gas isotopes, and for the local composition of the gas
during ice formation. Furthermore, the analysis of Stardust refrac-
tory grains revealed a high abundance of light noble gases and has
shown that the neon isotope composition is closer to a meteoritic
signature than to a solar one, precluding to establish a definite
composition for cometary noble gases. Measurements of noble gas
isotopes in comets should be a given a high priority in future space
programmes. In the absence of such, we only discuss here the case
of argon. The model cometary composition is given in Table 2. The
uncertainties represent the range of values observed in comets, un-
less a single set of values is available.

2.2. Carbonaceous chondrites

For noble gases, we use a literature survey of 87 noble gas anal-
yses of CI and CM (Schultz and Franke, 2004). The H, C and N
data are from 40 analyses compiled by Kerridge (1985). The re-
spective mean chondritic abundances of C, N, H,O and 36Ar are, in
mol/g: 2.3+1.2x 1073, 6.4+2.5x107%, 3.7+ 1.0 x 103 and
3.1+1.6 x 10711, respectively.

2.3. Earth

The inventory of volatile elements at the Earth’s surface (the
atmosphere, the oceans and the crust) is reasonably well known.
The problem is to estimate the amount of volatiles in the mantle,
since magmas tend to degas readily upon eruption, and the in-
ferred source compositions are model-dependent. Recent estimates
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Fig. 3. 35Ar/H,0 (a) and 36Ar/N (b) versus D/H mixing diagrams between cometary
and chondritic (asteroidal) end-members. The mixing curves are constructed as
[X/Y]observed = @ X [X/Y]1 + (1 — ) x [X/Y]2 for two end-members having
cometary/chondritic elemental/isotopic compositions. Coefficients « are computed
in each case using the end-member compositions (Tables 1 and 2). Terrestrial reser-
voir compositions from Table 3: HA, DM and MA are the bulk Earth estimates
from Halliday (2013), Dauphas and Morbidelli (2014) and Marty (2012), respec-
tively. Dotted lines indicate the percentage of cometary water (a) and of cometary
nitrogen (b), respectively, on Earth.

of the bulk Earth (mantle plus surface) volatile inventories have
been given by Marty (2012), Halliday (2013) and Dauphas and
Morbidelli (2014). We adopt here two limiting cases. The lower
limit is based on the reconstruction of the initial volatile inventory
of the mantle regions sampled by volcanism. The initial contents
of water, C, N and noble gases in the mantle source of mid-ocean
ridge basalts (MORB; volumetrically the main source of lavas at
the Earth’s surface) is derived from a combination of lava fluxes
and calibration to relevant tracers like 3He or refractory elements
like Ce, Nb. Halliday (2013) considered also the source of Ocean
Island basalts (another important source of volcanism thought to
tap deep regions of the mantle), (“HA” in Figs. 3 and 4). Dauphas
and Morbidelli (2014; “DM”) obtained an inventory comparable to
the one of Halliday (2013) from global calibration of volatiles to
refractory (Ce, Nb) elements, and obtained a total bulk Earth water
content of about 3 ocean masses (Mocean €quivalent to 230 ppm
H,O for bulk Earth). The isotopic compositions of helium, neon, ar-
gon and xenon suggest that deep mantle regions could be richer in
volatiles than the convective mantle sampled by mid-ocean ridges.
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Table 3

Earth’s volatile composition. Data are in mol/g for bulk Earth (mass =5.98 x 1027 g). “Atmosphere” refers to the atmosphere sensu stricto, the oceans and crustal and
sedimentary rocks (data are from Ozima and Podosek, 2002; Dauphas and Morbidelli, 2014, and refs. therein). Uncertainties on the C and N contents of the “atmosphere” are
~20%. Halliday (2013; HA) considered the mantle sources of MORBs and of ocean basalt islands (note that the listed abundances differ from those given by Halliday, 2013, in
which some of the numbers could not be reproduced). Marty (2012; MA) computed volatile element abundances from K-Ar systematics which predicts that, for a K content
of 28060 ppm (10; Arevalo et al., 2009), half of radiogenic “°Ar produced by the decay of “°K (T1/, = 1.25 Ga) over 4.5 Ga is still trapped in the mantle. The other volatile
contents are computed from “CAr/N/C/H,O0 ratio estimates for OIBs and MORBs. Dauphas and Morbidelli (2014; DM) published recently estimates for volatile content of inner
planets and other cosmochemical reservoirs, which are intermediate between HA and MA abundances, although closer to the former. HA and BM are assumed to represent
two limiting cases for the Terrestrial inventory of volatile elements in the silicate Earth + surface.

Atmosphere Halliday, 2013 - HA Marty, 2012 - MA Dauphas and Morbidelli, 2014
(mol/g) Mantle atm. + mantle Mantle atm. + mantle DM
(molfg) — +/- (mollg) — +/— (mollg) — +/- (moljg)  +/— (mol/g)
2c 1.29E—-06 4.00E—-06 1.89E—06 5.29E—06 1.89E—06 6.38E—05 2.50E—05 6.51E—05 2.50E-05 5.60E—06
14N 5.98E—08 7.48E—09 4.71E-09 6.73E—08 8.97E—-09 9.08E—08 4.60E—-08 1.51E-07 4.60E—08 112E-07
H,0 1.48E—05 1.80E—05 6.00E—06 3.28E-05 6.00E—-06 2.00E—-04 9.60E—05 2.15E-04 9.60E—05 4.35E-05
36Ar 9.33E-13 3.03E-15 1.59E—-15 9.36E—13 1.59E-15 7.83E—-14 4.30E-14 1.01E-12 4.30E—14 9.29E-13
a ® Table 4
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] | 'i timates for surface reservoirs). Elemental abundance data are from Bogard et al.
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1 ..-——"""_’-— isotope data are also given, referenced in Bogard et al. (2001), Dauphas and Mor-
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Fig. 4. D/H versus 36Ar/C mixing diagram between cometary and chondritic (aster-
oidal) end-members. HA, DM and MA are the bulk Earth estimates from Halliday
(2013), Dauphas and Morbidelli (2014) and Marty (2012), respectively. (a) Dotted
lines indicate the percentage of Terrestrial carbon of cometary origin. (b) Dotted
lines indicate the percentage of cometary 3Ar on Earth.

K-Ar systematics indicate that about half of radiogenic 4°Ar pro-
duced in Earth over 4.5 Ga is still trapped in the solid Earth,
the rest having been degassed into the atmosphere (Allégre et al.,
1996). Calibrating volatile elements to °Ar trapped in the man-
tle led Marty (2012) to propose a bulk mantle (“MA”) higher
than the above estimates, corresponding to 4-10 ocean masses.
This approach does not rely on models of the structure and the
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ratios, with the possibility that up to half of U, and therefore K,
could have been stripped off by impacts on a differentiated Earth
(e.g., Jellinek and Jackson, 2015; and refs. therein). This would re-
duce the 4°Ar inventory and therefore allow much lower volatile
contents. For this reason, we consider that the MA inventory of
Table 4 gives an upper limit for the Terrestrial volatile budget.

3. Discussion
3.1. How representative are cometary data?

We assume here that 67P data on one hand, and available
cometary data on another hand, are representative of the compo-
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sition of icy bodies that scattered in the inner solar system. This
assumption is certainly fragile in the sense that key species mea-
sured in 67P coma are likely to vary from comet to comet. How-
ever, comets formed probably from comparable building material,
water and other ice species making ~30-50% of total mass. For
most volatile species given in Tables 2 and 3, measurements were
done spectroscopically on several comets (Mumma and Charnley,
2011; Bockelée-Morvan, 2011; Le Roy et al, 2015) so the large
range of observed values is considered to be representative of the
natural variability.

For noble gases, the Ar measurement of Balsiger et al. (2015)
is the only available set of data, but we propose below that the
range of observed values is representative of the coma compo-
sition. Fractionation of a minor, low temperature species/element
like argon relative to HpO can range over 1-2 order(s) of mag-
nitude, depending on its sublimation temperature relative to that
of HyO0 ice. Marboeuf and Schmitt (2014) modeled fractional de-
gassing of cometary volatiles as a function of the distance to
the perihelion, under a range of different assumptions concern-
ing the thermal inertia of a comet, the nature of ice, and the
abundance and distribution of the different volatile species. Ar-
gon was not considered in their study, so we take as a proxy
CO which has a comparable condensation/sublimation tempera-
ture. Results of their modeling indicate that, at a distance be-
tween 3 and 4 AU from the perihelion, the CO/H;0 ratio of the
coma is comparable to that of the bulk comet. Argon measure-
ments by the ROSINA mass spectrometer were done on October
19, 20, 22, and 23, 2014 when Comet 67P was at ~3.1 AU from
the Sun, thus possibly minimizing fractionation of minor species
like Ar relative to HyO. The 67P 36Ar/H,0 ratio of 0.1-2.3 x 10>
is also comparable to, although lower than, ratios predicted from
modeling of ice trapping experiment data (2-40 x 10~ in the
30-45 K range according to Dauphas, 2003; 8-75 x 10> accord-
ing to Marty and Meibom, 2007, based on experimental data from
Notesco and Bar-Nun, 2005). Models and experiments of noble
gas trapping into cometary ice indicate that the main controlling
factors on the abundance of trapped noble gases are the tem-
perature and the partial pressures of gases (Bar-Nun et al., 1985;
Yokochi et al., 2012), so that other parameters of comet formation
being equal, we assume that the Ar content of cometary matter
is represented by 67P data. Although the above assumptions may
constitute the main weak point of the present approach, we note
that uncertainty range covers one order of magnitude of the stated
values (the 36Ar/H,0 ratio) whereas the present conclusions here
are based on variations of key parameters over several orders of
magnitude.

3.2. Impact driven atmospheric loss

The present approach assumes that impacts are conservative,
that is, contributed volatiles and target volatiles are not lost into
space. This was likely not the case since giant impacts probably led
to significant atmospheric loss (e.g., Genda and Abe, 2005). Recent
models argue for a steady state regime between replenishment
and atmospheric escape, depending on velocities, atmospheric en-
try angles, and sizes of impacting bodies (De Niem et al., 2012;
Schlichting et al., 2014), but modeling the overall budget of volatile
loss/gain is presently out of reach. Instead, we turn to a mass bal-
ance approach involving radiogenic '2?Xe, produced from the ex-
tinct radioactivity of iodine-129 (T1,2 = 16 Ma). lodine was present
when the Earth formed, as shown by the occurrence on Earth of
the stable isotope '27I. From meteoritic studies, it is possible to
derive the solar system initial '>°1/'27I (1.0 x 10~%). If the Earth
formed when '2°I was still alive, then terrestrial reservoirs should
present excesses of '29Xe produced by the decay of '?°I This is
the case as an excess of 7% 129Xe (the main reservoir of terres-

trial xenon) is present in air. This excess corresponds to about
1-2% of 129Xe that could have been present if the Earth formed at
the start of solar system formation. Assuming that produced 2°Xe
was lost before the atmosphere became closed for volatile escape,
one obtains a I-Xe closure age of ~100 Ma after start of Solar
System formation for the terrestrial system (Wetherhill, 1980). At-
mospheric xenon including '2°Xe might have been escaping from
the terrestrial atmosphere for prolongated periods of time, possi-
bly during about 2 Ga (Pujol et al., 2011), so that the 12?Xe excess
has to be corrected for subsequent loss of atmospheric Xe. After
correction, the closure age of the atmosphere becomes 30-60 Ma
(Avice and Marty, 2014). A comparable budget arises when com-
bining extinct radioactivities of '2° and 24Pu (T1/, = 82 Ma),
implying that Xe loss was early, within a few tens of Ma after start
of Solar System formation. Thus, according to I-Pu-Xe mass bal-
ance, early atmospheric loss, presumably during the proto-Earth
building epoch, might not have exceeded 60-80% of atmospheric
Xe, and probably less after the Moon-forming impact which oc-
curred within 40-90 Ma after start of Solar System formation. We
tentatively conclude that the atmosphere was grossly conservative,
within a factor of two, after the Moon-forming impact (the period
of time relevant to cometary contributions, see next sub-sections).

3.3. Origin of major volatile species on Earth

The Ar content of cometary material inferred from the analy-
sis of argon in 67P coma is 3-4 orders of magnitude higher than
the one of chondritic material, which makes Ar, and by inference
other heavy noble gases, a key tracer of cometary contribution to
Earth. Together with the D/H ratio, the ratio between argon and
H,0, C and N permits to establish firm constraints on the contribu-
tion of 67P-like material to Terrestrial volatiles. Swindle and Kring
(2001) considered the ratio between 36Ar and H,O in comets (they
took the Hale Bopp’s 36Ar/O ratio from Stern et al., 2000, which
has been questioned since then) to infer an extremely low con-
tribution of cometary material to the surfaces of Earth and Mars.
Dauphas (2003) noted that the low Xe/H;O ratio of the Earth com-
pared to other cosmochemical end-members could set stringent
constraints on the maximum amount of cometary water on Earth.
Since then, it has been proposed that the low terrestrial Xe/H,0
ratio could be secondary (Pujol et al., 2011), making the argument
less constraining. Figs. 3 and 4 represent mixing curves between
chondritic and cometary end-members using the 36Ar/X (where X
represents water, nitrogen or carbon) ratio versus the D/H ratio.
In fact the 36Ar concentration is more sensitive than the D/H ra-
tio alone, because contribution of 67P-like material can strongly
impact the atmospheric inventory of argon. For water, a cometary
contribution of the order of 1% or less is allowed depending on the
bulk silicate Earth 4+ surface composition (Fig. 3a), confirming that
Terrestrial water is mostly non-cometary. A comparable conclusion
arises for nitrogen (Fig. 3b), although a larger cometary contribu-
tion up to a few percent is allowed, due to the depletion of N in
Earth (Marty, 2012). Nitrogen isotopes may permit to get indepen-
dent constraints because spectroscopic measurements on comets
indicate that the measured N-bearing species, CN, HCN and NH,
(the latter presumably from NH3) are all enriched by a factor of
2 in PN relative to *N (e.g., Fiiri and Marty, 2015, for a review).
However, other N species like N, (Rubin et al., 2015) and refractory
organics are present in comets with unknown N isotope composi-
tion, preventing to establish an isotope budget for the cometary
reservoir.

Based on the same approach, Terrestrial carbon appears to
originate from chondrite-like material (Fig. 4a), with a possi-
ble cometary contribution being lower than ~1%. This conclu-
sion stands even when considering that cometary carbon may be
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hosted not only in ice but also in refractory organics from the nu-
cleus.

3.4. Possible cometary origin for atmospheric noble gases

Contrary to major volatiles, the mixing diagram of Fig. 4b sug-
gests that atmospheric argon, and by extension other heavy no-
ble gases, could originate from a cometary reservoir, a possibil-
ity already proposed by Anders and Owen (1977) and Owen and
Bar-Nun (1995) based on the noble gas abundance pattern of the
atmosphere, and by Marty and Meibom (2007) from mass balance
considerations. For the bulk silicate Earth inventory, the conclusion
depends on the adopted composition. For the HA and DM invento-
ries, a major cometary origin for argon is clearly possible (Fig. 4b).
The MA inventory does not require contribution of cometary no-
ble gases to the bulk Earth (Fig. 4b). In this model, noble gases are
mostly in the atmosphere, and major volatiles (H,0, C) are in the
mantle, the sum of which being consistent with the addition of
~2 wt.% of carbonaceous chondrite type material.

3.5. Potential cometary contribution during the major bombardment
periods

Here we examine possibilities of a cometary contribution from
the dynamical point of view. From solar system dynamics and iso-
tope cosmochemistry, the major events that contributed potentially
wet material to the building of Earth are:

1. Contribution of wet bodies to the growing proto-Earth
(Morbidelli et al., 2000; Raymond et al., 2004; O’Brien et al., 2006,
2014). Dry material in the Terrestrial region became scarce as a
result of accretion to larger bodies, leaving space to wet contri-
butions from larger heliocentric distances. These late contributions
should have consisted of volatile-rich asteroids, rather than comets.
In line with this, krypton (Holland et al., 2009), hydrogen and ni-
trogen isotopes (Alexander et al., 2012; Marty, 2012) point to a
chondritic, rather than cometary, source for contributed volatiles
that are now stored in the Terrestrial mantle (Fig. 2).

2. The giant impact that led to the Moon formation. It is not
clear if this event resulted or not in a major loss of volatile el-
ements the proto-Earth. Already existing atmosphere and oceans
could have survived the event (Genda and Abe, 2005), and/or the
impactor could have contributed volatiles to the Earth-Moon sys-
tem. From key isotope signatures (e.g., oxygen), the impactor was
likely to originate from the iner solar system, and a cometary con-
tribution is not considered further.

3. A late veneer (LV) might have supplied chondritic material
after the last equilibration of mantle material with the core, pre-
sumably after the Moon forming impact (Kimura et al., 1974). Its
contribution is estimated to be 0.3 wt.% (range 0.1-0.8%) of the
Terrestrial mass (Righter, 2003), that is, ~2 x 10*> g. According to
dynamical models, the LV was made of planetesimal leftover from
the Terrestrial planet formation, without contribution of comets
(Bottke et al., 2010; Raymond et al., 2013; Morbidelli et al., 2012;
Jacobson et al., 2014). In line with this view, a 100% cometary
LV (Fig. 5a) contributing 0.3% of the Terrestrial mass would sup-
ply too much atmospheric 3®Ar by 2-3 orders of magnitude, and
would have dominated the H, C and N inventory, which is un-
likely. A cometary contribution of 1% or less could account for
atmospheric Ar without impacting the stable isotope signatures
(Fig. 5b).

4, The Terrestrial late heavy bombardment (TLHB) is an extrap-
olation of the late heavy bombardment thought to have occurred
on the Moon from the size-age distribution of lunar craters (Tera
et al., 1974). Estimates of the mass contribution to Earth dur-
ing the TLHB, based on the Lunar cratering record, range from
2.2 x 10?3 g (Hartmann et al.,, 2002) down to 4 x 10?2 g (assuming
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that the TLHB started at the time of formation of Nectaris basin;
Morbidelli et al., 2012). From a modeling approach, Levison et al.
(2001) proposed a mass contribution of 8 x 1022 g. Gomes et al.
(2005) estimated a TLHB of 4 x 1023 g, about half of which being
cometary. The newest version of the Nice model, however, reduces
the mass flux to the Earth to about 4 x 1022 g of asteroidal ma-
terial (Bottke et al., 2012) and 2-4 x 10?> g of cometary material
(depending on the dynamical state of the trans-Neptunian disk be-
fore the dynamical instability). For the calculations presented here,
a conservative value of 2.0 x 1023 g is adopted. Marty and Mei-
bom (2007) concluded that less than 1% comets were present in
the TLHB, the rest being asteroidal material, and proposed that
atmospheric noble gases could constitute the only remaining ev-
idence for the TLHB. Their mass balance was based on noble gas
cometary concentration from ice trapping experiments, which are
higher than the one constrained by Ar in 67P. With the ROSINA
36Ar measurement, a 100% cometary TLHB would supply too much
36Ar to the atmosphere (Fig. 5¢). It would also supply most ma-
jor volatiles at the Earth’s surface, which is not allowed by the
D/H and '>N/!“N ratios of the atmosphere and oceans. A cometary
fraction of ~10% in the TLHB accounts reasonably well for atmo-
spheric 36Ar without impacting the stable isotope budget (Fig. 5d).
Thus a cometary contribution of ~2.0 x 1022 g respects our mass
balance and is in excellent agreement with the latest model re-
sults.

5. The post TLHB continuous flux of interplanetary dust par-
ticles (IDPs), and micrometeorites is estimated at ~2 x 10%°
g, assuming a constant flux comparable to modern one (about
30,000 tons/yr, Love and Brownlee, 1993). A near-constant flux
(with a possible factor of 5 increase in the last 0.5 Ga) is consis-
tent with the lunar soil record of extraterrestrial material (Culler et
al., 2000; Hashizume et al., 2002). From the analysis of IDPs, this
flux consists of both cometary and asteroidal materials. A 100%
continuous IDP flux would not impact the volatile inventory of the
Earth’s surface including noble gases, even when this flux is in-
creased by a factor of 5 (Fig. 5e).

3.6. Further evidence for heterogeneous sources of noble gases on Earth

From isotope geochemistry considerations, several distinct cos-
mochemical sources contributed noble gases to the growing Earth:

(i) Solar neon has been identified in the mantle (Honda et al.,
1991). It does not necessarily imply a solar origin for heavier no-
ble gases because the solar component is rich in light noble gases
compared to Chondritic, so that mixing between Solar and Chon-
dritic may impact light noble gases only. Neon is unlikely to have
been trapped in cometary ice given its elevated condensation tem-
perature.

(ii) The isotopic compositions of H, N and mantle Kr isotopes
are consistent with a chondritic source.

(iii) Atmospheric xenon is unique in the solar system and can-
not be derived directly from Solar or Chondritic. The light Xe
isotopes are isotopically fractionated (depleted) by 3-4%/amu rel-
ative to cosmochemical Xe (either Solar or Chondritic). However
this mass fractionation may be secondary and may not be a source
signature (Pujol et al., 2011; Avice and Marty, 2014). Even when
corrected for mass-dependent fractionation, the atmospheric Xe
isotope composition cannot be derived from either Solar or Chon-
dritic, because it is depleted in the heavy isotopes 13#Xe and 136Xe
relative to the latter. Secondary (nuclear) processes such as fission
of heavy radionuclides can only enrich, and not deplete, these iso-
topes. This observation led Takaoka (1972) and Pepin (1991) to
postulate the existence of a distinct primordial Xe having sourced
the Terrestrial atmosphere (the Xe-U component of Pepin, 1991).
This mass-independent isotope fractionation of Xe isotopes might
have resulted from an unknown nuclear effect, or from a different
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36Ar,

mix of nucleosynthetic components that were not fully homoge-
nized during solar system formation.

Given the possible cometary origin of atmospheric noble gases,
we speculate that this exotic Xe component could have been car-
ried out from the outer solar system to its inner region by icy
bodies. The dichotomy between mantle chondritic Xe and sur-
face Xe would then be a record of Terrestrial growth, with the
Proto-Earth being built from chondritic-like material, and its sur-
face having been subsequently contributed by cometary bodies. In
order to supply all atmospheric 3%Ar (5.55 x 10'> moles, Ozima
and Podosek, 2002), a cometary contribution between 3 x 102! and
6.5 x 1023 g would have been necessary (computed with a 36Ar

cometary concentration of 2.1+1.9 x 10~/ mol/g, and a cometary
density of 0.5 from the 67P measurements). This is in great agree-
ment with the most recent estimates of the cometary flux to the
Earth during the TLHB. Thus, there is no “missing comet bombard-
ment” unlike the earlier conclusions of Marty and Meibom (2007)
based on a higher 36Ar content of comets. The impact of a sin-
gle cometary body with a radius of 100-300 km, or of a limited
number of smaller bodies, could have sufficient to supply all at-
mospheric argon. Therefore, it may be possible that the supply
of atmospheric volatiles to the Terrestrial planets was a stochas-
tic process involving a small population of objects, which might
have resulted in a heterogeneous distribution of outer solar system
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isotopic signatures. In this respect, the high abundance of 36Ar in
the atmosphere of Venus could effectively be the result of random
contribution of cometary material ton inner planets.

3.7. Origin of prebiotic material on Earth constrained from atmospheric
argon

Peptide synthesis from amino-acids appears a necessary step
for the development of prebiotic material on Earth. Although a
number of possible scenarios invoking catalytic reactions in spe-
cific Terrestrial environments have been advanced, it has also been
proposed that impacts could have favored peptide synthesis from
ET amino-acids (Blank et al., 2001). Sugahara and Mimura (2014)
simulated comet impacts by shock experiments at low tempera-
ture in the range 5-26 GPa and found that linear peptide synthesis
up to tripeptide forms could be achieved only with initially low
temperature. As formation of linear peptide appears a key process
for further elongation of peptide chains, these authors argued that
comet impacts might have played a key role in the formation of
prebiotic material on Earth. An upper limit for the total delivery
of potential prebiotic material to Earth by comets can be set by
considering that all atmospheric 36Ar was delivered by icy bodies
to the Earth’s surface. Carbonaceous chondrites contain about 80
different amino-acids (Ehrenfreund and Charnley, 2000), with their
total concentration amounting for 250 ppm (e.g., Martins et al.,
2007). Their concentration in cometary matter is unknown. Stud-
ies of Stardust cometary grains suggest similarities with strato-
spheric IDPs and carbonaceous chondrites (Brownlee et al., 2006).
Thus, for the purpose of illustration, we consider that the carbona-
ceous chondrite concentration is representative of cometary mat-
ter. The mass of cometary material having the 36Ar content of 67P
(2.141.9 x 10~7 mol/g) that would have delivered atmospheric
36Ar (5.55 x 10" moles) is 0.2-5 x 10?2 g, leading to the deliv-
ery of 0.6-13 x 10'® g of amino acid-rich material. This amount
is comparable to the present-day mass of the biosphere (~2 x
10'® g). With the present-day mass of the oceans, comets could
have delivered up to 10-40 ppm prebiotic material to seawater.
Thus depending on the efficiency of survival and of peptide syn-
thesis upon impact, comets might have contributed non-negligible
prebiotic material during the TLHB.

3.8. The case of the Martian atmosphere

The composition of the atmosphere of Mars (Table 4) is reason-
ably known from the in-situ analyses by the Viking and the Mars
Science Laboratory (MSL) landers, and from the analysis of some
of the Martian meteorites which contain atmospheric volatiles
trapped in impact glasses (see Bogard et al., 2001, for a com-
prehensive review, and Wong et al., 2013, and refs. therein, for
recent Curiosity MSL data). Compared to Earth and bulk mete-
orites, the Martian atmosphere is rich in >N (81N = 572 + 82%c
relative to the Terrestrial atmosphere, Wong et al., 2013) and in
deuterium (8D = 5500%o relative to the oceans; Bogard et al., 2001;
Montmessin et al., 2005, and refs. therein; Fig. 2). Likewise, neon,
argon (3Ar, 38Ar) and xenon isotopic signatures are enriched in
their heavy isotopes by 246, 151, and 33%, respectively, relative to
the solar compositions (Table 4). In contrast, volatiles in the Mars
interior, also analyzed in Martian meteorites, have isotopic ratios
comparable to inner solar system signatures (Fig. 2).

The atmospheric signatures have been interpreted as resulting
from isotope fractionation during atmospheric escape processes.
Possibilities include solar wind-induced photochemical reactions
producing electrons able to dissociate N, for nitrogen (McElroy
et al., 1977), and sputtering for the noble gases (Jakosky et al.,
1994). Chassefiére and Leblanc (2004) reviewed potential escape
mechanisms that might have affected the atmosphere of Mars and

229

concluded that (i) not a single process can account for the obser-
vations; and (ii) non-thermal processes are required and therefore
might have affected different atoms/species at variable levels in-
dependently of their masses. Atmospheric loss is attested by mor-
phological evidence on Mars indicating past water flows (Carr and
Head, 2003), and major escape processes might have taken towards
the end of the Noachian period 4.0-3.7 Ga ago. Thus escape-related
fractionation of Martian volatiles is likely to have played a key role
in fractionating elemental abundances and isotopic compositions.
Nevertheless, we suggest here that possible source effects, namely
cometary contributions, should be also considered, especially after
the major escape events that resulted in a tenuous atmosphere on
Mars.

Several key observations are not entirely consistent with atmo-
spheric escape as a cause of isotopic enrichments. (i) The noble gas
elemental abundance of the Martian atmosphere and the C/N ra-
tio (Pepin, 1991) are comparable to those of Venus and Earth (for
which similar escape fractionations are unlikely). (ii) The krypton
isotopic composition of the Martian atmosphere is close to the so-
lar composition (Bogard et al., 2001, and refs. therein), contrary to
those of Ne, Ar and Xe (Table 4). Because the mass of Kr is in-
termediate between those of Ne, Ar and Xe, this difference points
to other processes than escape-related fractionation. We note that
the Martian Ne isotopic composition is within the range of chon-
dritic values, e.g., the so-called Ne-A (planetary) component of
carbonaceous chondrites. Neon is not expected to be trapped in
comets, so that Martian atmospheric Ne could have been sourced
by an another cosmochemical reservoir. The high 38Ar/36Ar ratio
(0.238 £ 0.005; Atreya et al., 2013) is indeed a good diagnostic
of escape-related fractionation, but cosmic-ray production of noble
gas isotopes (which also increases this ratio) could have been sig-
nificant for the tenuous Martian atmosphere. Such effects need to
be assessed. The Xe isotope fractionation could have arisen from a
Xe-specific non-thermal escape process, like the one proposed for
Terrestrial atmospheric Xe (Pujol et al., 2011). (iv) The isotopes of
C, O, S in the Martian surface and crust are little fractionated. CO;
is enriched in 13C relative to Terrestrial (§13C = 46 4 4%o; Mahaffy
et al, 2013) but to a much lesser extent than °N in nitrogen
(81°N = 572 + 82%o, Wong et al., 2013). However this argument
is not carved in stone since C, O, S isotope compositions might
have been buffered by crustal reservoirs.

We suggest that some of the Martian atmospheric character-
istics are consistent with a cometary origin. This possibility was
proposed by Owen and Bar-Nun (1995) who noted 36Ar/84Kr/132Xe
similarities between the Earth and Mars despite large differences
in atmospheric pressures, suggesting that a non-fractionating pro-
cess supplied atmospheric noble gases to both planets. They ar-
gued that the Martian 36Ar/34Kr/132Xe ratios resemble to those
obtained in experimentally grown ice, and proposed impacts of icy
planetesimals as the source of Martian surface volatiles. Although
we do not think that the Xe abundance pattern and its isotopic
composition are cometary (the Martian Xe fractionation could re-
sult from Xe-specific non-thermal processing like on Earth, Pujol et
al., 2011), we test below a possible cometary contribution by using
other volatile element signatures.

First, in @ N vs. H isotope diagram, the atmosphere of Mars
plots close to the field of comets (Fig. 2). Second, the Martian C/N,
C/3%Ar and N/36Ar ratios are all close within a factor of 2 to our es-
timate for cometary composition (and to Earth’s surface inventory,
Table 4, Fig. 6), whereas the C/*6Ar and N/3®Ar ratios are markedly
different from the chondritic values (Table 4). The §'°N vs. 36Ar/N;
isotope variations are consistent with a two-component mixing
(Fig. 7). In this format, mixings define straight lines (curves in the
semi-log diagram of Fig. 7). Both the Martian atmosphere’s §1°N
and 3Ar/N, values are within the estimated range of cometary
ratios, and variations observed in Martian meteorites define an-
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other end-member having lower 8§1°N and higher 36Ar/N; ratios,
that could be chondritic and/or terrestrial contamination (prefer-
ential adsorption of nitrogen relative to argon). The Kr isotope
composition is solar-like, as expected for a cometary origin. After
correction for mass-dependent fractionation, Xe is also isotopically
solar (Pepin, 1991).

We then explore the possibility of a cometary contribution by
scaling potential cometary fluxes on Earth to the dimensions of
Mars. In Fig. 6, the impacting fluxes on Earth have been adapted
to the Martian dimensions by dividing them by a factor of ~5.
This factor is obtained from the ratio of planetary surfaces (3.5
for Earth/Mars) plus a gravitational focusing effect of ~1.5. It
comes out that a Martian late veneer would supply far too much
cometary volatiles to Mars (Fig. 6). For a TLHB total (asteroidal+
cometary) flux of ~2 x 10?3 g, the total Martian LHB (M-LHB) flux
would be ~5 x 10%2 g. Ten % comet in the M-LHB as on Earth
gives a cometary flux on Mars of ~5 x 102! g, which is remarkably
comparable to the range of 7-14 x 102! g obtained from recent
simulations. However, a 10% cometary M-LHB would add too much
volatiles to Mars by ~1 order of magnitude (Fig. 6). Thus either
the LHB flux was heterogeneous between Earth and Mars, or part
of the Martian atmosphere was subsequently lost after M-LHB by
atmospheric escape processes. In line with the second possibility,

the D/H values of the Martian interior and Martian atmosphere
are shifted towards D-enrichments (right-hand side in Fig. 2) rela-
tive to inner solar system values defined by Earth and chondrites
on one hand, and by comets on another hand. Thus the Martian
D/H value is too high to be solely cometary, and it is likely that
atmospheric escape processes played a role in fractionating hydro-
gen isotopes, and, possibly, other light species (neon ?). Finally, the
continuous flux of IPDs on Mars could constitute a non-negligi-
ble source of cometary volatiles (Fig. 6), if made predominantly of
cometary material. In line with this possibility, Fries et al. (2016)
proposed recently that “meteor showers” made of cometary debris
could account for the presence of methane in the Martian atmo-
sphere.

4. Conclusions and outlook

The in-situ analysis of coma from comet 67P together with re-
mote sensing data from other comets gives semi-quantitative con-
straints on the origin of volatile elements in Terrestrial planets.
Particularly important is the discovery of significant amounts of
primordial argon in the coma of 67P, well above the level observed
in primitive meteorites.

For Earth, the major volatiles documented here - H;O, C, N
- were sourced mostly by material akin of wet asteroids. Only a
few percents at most of water, carbon and nitrogen could have
originated from comet-like bodies. However the terrestrial atmo-
sphere could contain a significant, possibly dominant, fraction
of cometary noble gases, which might have been delivered dur-
ing the Terrestrial Late Heavy Bombardment around 4 Ga ago.
This possibility is in line with dynamical models of solar sys-
tem evolution, which predict a significant fraction of icy bodies
in the TLHB. Resolving this question will require a better esti-
mate of the volatile element inventory of the Earth. Models that
ascribe a “low” volatile content of our planet (Halliday, 2013;
Dauphas and Morbidelli, 2014) imply that atmospheric noble gases
are cometary, whereas the “high” volatile content model (Marty,
2012) does not require comets and is consistent with a predom-
inantly asteroidal (chondritic) source (see Fig. 4b). A chondritic,
rather than cometary, origin for atmospheric noble gases is inde-
pendently consistent with Ne-Ar isotope variations among the ma-
jor terrestrial reservoirs including the atmosphere (Marty, 2012).
This problem may appear too specialized for a non-specialist au-
dience, but there are outstanding issues beyond it, such as the
origin of prebiotic material on Earth (which could be traced with
noble gases), the early processes of volatile delivery and escape,
the timing of volatile delivery (which can be addressed with no-
ble gas radiogenic isotopes), and the composition and mode of
transfer of material from the outskirts of the Solar System. For ex-
ample, the isotopic composition of atmospheric xenon cannot be
simply related to either the solar nebula or asteroidal material.
It requires a specific composition (U-Xe; Pepin, 1991) that could
trace nucleosynthetic heterogeneities in outer solar system bod-
ies. Resolving these important issues will require a better estimate
of the volatile content of the mantle on the one hand, as well as
precise cometary noble gas data including isotopes on the other
hand.

A cometary contribution to Martian surface volatiles (nitrogen
and noble gases) appears clearly possible, given our present state
of knowledge, and is consistent with solar system dynamical mod-
els. However, the strong deuterium enrichment of the Martian
surface can hardly be the result of a cometary contribution, and
requires isotope fractionation during escape processes at least for
these light species. Resolving source effects versus processing is a
major challenge that will require, as for the Earth, a better knowl-
edge of the Martian and cometary signatures for major and minor
volatile species.
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The volatile characteristics of the inner planets are consistent
with trapping of protosolar nebula gas during early stages on ac-
cretion, and contributions from wet bodies from increasing helio-
centric distance during the sequence of planetary building and late
accretion. However no unified picture emerges for the origin(s) and
processes of delivery of inner planets’ atmospheric volatiles. What
are now highly needed are measurements of the noble gas abun-
dances in comets and the isotopic ratios of neon, krypton and most
importantly xenon. Such measurements should be given a high pri-
ority in future cometary missions. The requested level of precision
(better than percent for noble gas isotopic ratios, and per mil for
stable isotopes including the three isotopes of oxygen) will require
a cometary sample return mission to permit laboratory analysis.
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Origine et évolution du xénon et des autres gaz rares

atmosphériques: implications géodynamiques et atmosphériques

L’origine de ’atmosphére terrestre demeure énigmatique. De plus, de nombreux événements tels que les contri-
butions de matiére extraterrestre, le dégazage de la Terre solide ou encore les fuites de 'atmosphére vers I'espace
ont modifié la composition de ’atmosphére au cours du temps. Ces travaux de thése visaient & analyser précisément
la composition de I’atmosphére ancienne piégée dans des roches dgées de plusieurs milliards d’années afin de mieux
contraindre son origine et son évolution. L’analyse des isotopes du xénon, un gaz rare, démontre qu’'une fraction
de I’atmosphére terrestre ne peut avoir été apportée par les météorites mais plutot par des corps riches en eau et
en éléments volatils tels que les cométes. De plus, la composition isotopique de ’atmosphére a évolué au cours du
temps jusqu’a il y a deux milliards d’années environ. Cette évolution du fractionnement est peut-étre concomitante a
celle 'oxygénation progressive de I’atmosphére qui a permis le développement de la vie telle que nous la connaissons
aujourd’hui.

mots-clés : atmosphére, gaz rares, xénon, géodynamique

Origin and evolution of atmospheric xenon and other noble gases:

geodynamical and atmospheric implications

The origin of the Earth’s atmosphere remains poorly understood. Its elemental and isotopic compositions have
been shaped by numerous events in the history of our planet, such as extraterrestrial contributions, mantle degassing,
atmospheric escape etc. This study aimed to analyze the composition of atmospheric gases trapped in several billion
years old samples in order to better understand the origin and evolution of the Earth’s atmosphere. Isotope analyses
of xenon, a noble gas, demonstrate that part of the atmosphere was not brought by meteorites but might have been
delivered to the Earth’s atmosphere by volatile-rich bodies such as comets. Furthermore, the isotopic composition of
atmospheric Xe evolved over geological ages and can be linked to the progressive oxidation of the atmosphere that
permitted the emergence and development of modern forms of life.

keywords : atmosphere, noble gases, xenon, geodynamics
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