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Mam’selle Bulle avait un réve un peu spécial

Pour une bulle quitter la Terre c’est peu banal

Et c’est dans la voie lactée que Mam’selle décida d’habiter

Ainsi dans le ciel depuis des millions d’années

Madame la Terre observe cette bulle illuminée

Chaque soir quand la nuit vient a tomber

Mam’sellle Bulle sur nous veille jusqu’a ce que le soleil ['interpelle
Mam’selle Bulle!

Mam’selle Bulle - Les Ogres de Barback






Résumé

La crofite lunaire est principalement composée d’anorthosite, une roche de faible densité
qui cristallise a basse pression (~ 1GPa). L’enrichissement en anorthite de la crotite
lunaire, mis en évidence grace aux échantillons des missions Apollo, a apporté des preuves
en faveur de la formation de la Lune par un impact géant entre la proto-Terre et un corps
de la taille de Mars. De plus, la crofite lunaire présente une dichotomie marquée : sur
la face visible, son épaisseur varie entre 20 et 30 km tandis que sur la face cachée elle
atteint 50 & 60 km. A partir d’un simple diagramme de phase eutectique, nous avons
développé un modele décrivant la solidification de 'océan magmatique lunaire (LMO) en
deux étapes de cristallisation. Ce modele nous a permis d’estimer un intervalle de temps
pour la solidification du LMO, en tenant compte de la teneur initiale en anorthite, de
la composition eutectique et de la conductivité thermique de la crotite. En combinant
cet intervalle avec les vitesses de refroidissement dérivées des roches lunaires, nous avons
estimé une plage de temps pour la formation de la Lune comprise entre 4400 et 4560
Ma. Dans un second temps, nous avons étudié le retournement mantellique lunaire d'un
point de vue thermique, lié au profil de température instable en fin de seconde étape de
cristallisation. En supposant un changement de phase par fusion et/ou cristallisation &
I'interface entre le manteau et le LMO, nous montrons qu’un retournement rapide de degré
un peut survenir au début de la seconde étape. La présence de ce retournement pourrait
affecter la cristallisation de la crofite par un flux thermique différentiel a la surface du
manteau ou par la persistance d’une perturbation de degré un.

Abstract

The lunar crust is mostly composed of anorthosite, a low-density rock that crystallizes at
low pressure (~ 1 GPa). The enrichment in anorthite within the lunar crust, revealed by
Apollo mission samples, provided evidence for the formation of the Moon through a giant
impact between the proto-Earth and a Mars-sized body. Furthermore, the lunar crust is
characterized by a significant dichotomy: on the near side, the crustal thickness ranges
from 20-30 km, whereas on the far side it reaches 50-60 km. Using a simple eutectic phase
diagram, we developed a model for the solidification of the Lunar Magma Ocean (LMO) in
two stages of crystallization. With this model, we estimated a range for the solidification
timescale of the LMO, taking into account the initial composition in anorthite content, the
eutectic composition, and the thermal conductivity of the crust. Combining this timescale
with cooling rates derived from lunar rocks, we estimated a range for the formation of the
Moon between 4400 and 4560 Myr. Secondly, we investigated the lunar mantle overturn
from a thermal perspective, driven by the unstable temperature profile at the end of the
second crystallization stage. Assuming phase changes by melting and /or crystallization at
the interface between the mantle and the LMO, we show that a rapid degree-one overturn
can occur at the beginning of the second stage. The presence of such an overturn could
affect crustal crystallization through differential heat flux at the surface of the mantle or
through the persistence of degree-one perturbations.
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Préambule

Pleine Lune du 9 aotit 2025. On distingue aisément les maria, les grandes taches sombres,
et les hautes terres, les surfaces claires et brillantes. Crédit Auriane Keromnes.



Préambule

A Paube des premiéres civilisations humaines, la Lune occupait déja une place centrale
dans I'histoire de 'humanité. Parfois associée a une divinité, elle est aussi I'objet de nom-
breux mythes, légendes et autres croyances populaires. Elle transformerait les hommes
en loup a la pleine lune, favoriserait la pousse des cheveux, ou bien serait habitée par un
lapin géant. Cette derniere croyance est liée a une paréidolie, qui consiste a voir un lapin
dans les maria. Sa présence marquée dans la peinture, le cinéma ou bien la musique,
illustre son role central dans les sociétés humaines. Elle est aussi le seul corps du systeme
solaire, hormis la Terre, a avoir été foulée par des humains.

La Lune exerce une influence directe sur la Terre puisqu’elle est a ’origine des marées.
Apres le Soleil, elle est 'astre le plus visible dans le ciel. Bien que ce dernier soit environ
400 fois plus grand que la Lune, il est aussi 400 fois plus éloigné, ce qui confere a ces
deux astres une taille similaire pour un observateur terrestre. Cette coincidence est a
l'origine des éclipses totales de Soleil, lorsque la Lune recouvre entierement le disque
solaire. La Lune n’est pas une planete, mais le satellite naturel de la Terre, un des deux
seuls corps telluriques du systeme solaire a en posséder. Elle n’est éloignée en moyenne
que de 360000 km de la Terre, une distance réalisable avec une voiture équipée d’'un bon
moteur. Avec un rayon de 1737 km et une densité moyenne de 3.3 x 10> kg m =3, la Lune est
le cinquiéme plus grand satellite du systeme solaire et la deuxieme lune la plus dense apres
o, une des lunes de Jupiter. Sa rotation synchrone avec la Terre fait que nous observons
toujours la méme face depuis notre planete. Il faut attendre la course a ’espace pendant
la guerre froide pour avoir les premieres images de la face cachée de la Lune.

Bien que la Lune ne soit pas une planete, elle constitue un objet d’étude unique
pour comprendre la formation des planetes telluriques. L’absence d’atmosphere et de
tectonique des plaques a permis la préservation de la crotite, archive de sa formation.
Celle-ci conserve les traces de sa différenciation interne et offre des indices uniques sur les

processus a 1’ceuvre lors de la formation et de I’évolution thermique des corps telluriques.

QOOCOO0D®



Chapter 1

Introduction

1.1 Histoire de 'observation de la Lune

1.1.1 De la Préhistoire au XVI° siecle

Les premieres représentations connues des phases lunaires remontent au Néolithique, il
y a 5000 ans. En Irlande, sur le site néolithique de Knowth, un monument est en-
touré de pierres gravées. L'une d’elles (K52, fig. 1.1) est interprétée comme l'un des
plus anciens calendriers astronomiques identifiés (Prendergast, 2017). Cette pierre gravée
pourrait aussi correspondre aux premieres représentations descriptives des maria, mare
au singulier, ou elles sont représentées par des arcs de cercle (fig. 1.1b, Stooke, 1994).
Cette pierre gravées (K52) n’est pas la seule ot les gravures sont interprétées comme des

représentations des mers lunaires sur ce site néolithique!. Bien plus tard, le philosophe

a Photo by Clare Tuffy

Figure 1.1: a- Pierre gravée K52 a Knowth en Irlande et b- représentation schématisée
des gravures (Prendergast, 2017; Stooke, 1994).

'Le site https://www.knowth.com/lunar-maps.htm fournit de nombreuses informations sur ce site
archéologique.


https://www.knowth.com/lunar-maps.htm

Chapitre 1: Introduction

grec Anazagoras (~ 500 av. J.C) est considéré comme le premier & avoir donné une ex-
plication aux éclipses. Des tablettes d’argile témoignent aussi, au V° siecle avant J.C.,
d’une compréhension avancée des cycles lunaires, avec notamment 1’enregistrement de la
périodicité des éclipses sur environ 18 ans, un cycle connu aujourd’hui sous le nom de
Saros (Aaboe et al., 1991). Au fil du temps, les observations de la Lune ont nourri de
nombreuses découvertes. Entre le VI® et le IV® siecle avant J.C., des astronomes chinois
établissent que la clarté de la Lune ne lui était pas propre mais provenait de la lumiere
solaire qu’elle reflete (Hummel, 1960, p.227). Peu apres, l'astronome Habash al-Hasib
parvient a estimer la distance Terre—Lune ainsi que le diameétre lunaire, ouvrant la voie a
une premiére quantification de ses dimensions (Langermann, 1985). Bien plus tard, a la
Renaissance, Léonard de Vinci réalisa les premieres cartes détaillées de la surface lunaire
(Reaves et al., 1987).

1.1.2 Du XVII® siecle a la guerre froide

Le début du XVII® siecle est mar-

qué par une avancée décisive dans

I’'observation de la Lune avec le per-
fectionnement des premieres lunettes
astronomiques par Galilée. Pour la
premiere fois, il devient possible de
cartographier avec précision la sur-
face de sa face visible et d’en révéler le
relief (Galilei, 1610, fig. 1.2). Dans les
décennies qui suivent, de nombreuses

cartes détaillées sont réalisées, per-

mettant non seulement de décrire les

grandes structures lunaires mais aussi  Figure 1.2: Croquis de la surface visible de la
une a l’ai une lun ronomique en fonc-
Lune a l'aide d’une lunette astrono e en fonc

tion des différentes phases de la Lune (Galilei,
marquables. Cette pratique a pro- 1610).

de nommer les crateres les plus re-

gressivement conduit a la nomencla-
ture encore en usage aujourd’hui, ou la plupart des cratéres portent le nom de scientifiques

et de savants célebres.

1.1.3 Durant la guerre froide

La guerre froide marque un tournant décisif dans la connaissance de notre satellite. La

course a ’espace entraine en effet une accélération spectaculaire des progres en exploration
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1.1. Histoire de 'observation de la Lune

spatiale, et en particulier lunaire avec la mise en place de 89 missions (réussies et échouées)
entre 1958 et 1976. En octobre 1959, la sonde soviétique Luna 3 transmet les premiers
clichés de la face cachée de la Lune. Bien que leurs résolutions soient faibles, ces images
révelent environ 70% d’une région jusque-la inconnue. Elles montrent notamment que la
face cachée differe fortement de la face visible : elle apparait beaucoup plus cratérisée et
dépourvue de mers basaltiques. La guerre froide est marquée par de nombreuses histoires
d’espionnage, et les missions spatiales n'ont pas échappé a la reégle. Deux mois apres
son lancement, I’'URSS envoie une reproduction du module de Luna 8 au Mexique pour
une exposition. Avec la complicité du gouvernement mexicain, les services américains
parviennent a détourner temporairement le camion qui transportait le module, afin de
I’étudier clandestinement avant de le restituer pour I'exposition publique (Harvey, 2007).
Cela a permis aux services américains de photographier I'entiereté du module. Il faut
attendre la mission Ranger 7, 5 ans plus tard pour avoir les premieres images en hautes

résolutions de la face cachée de la Lune.

L’apogée de la course a 'espace survient en juillet 1969, lorsque la mission Apollo 11
réussit le premier alunissage habité, avec Neil Armstrong, Buzz Aldrin et Michael Collins
a bord. Les missions Apollo suivantes (jusqu'a Apollo 17 en 1972) rapportent au total plus
de 300 kg d’échantillons lunaires, qui constituent encore aujourd’hui une ressource scien-
tifique majeure. Si la motivation premiere des missions Apollo reste politique, leur impact
scientifique est considérable, et a encore des retombées aujourd’hui puisque les échantil-
lons des missions Apollo sont toujours étudiés. Leurs études ont permis de nombreuses
avancées dans la compréhension de la Lune. Les analyses minéralogiques montrent que
la crofite lunaire est dominée par I'anorthosite, une roche peu dense qui se forme a faible
pression. Les datations géochronologiques ont affiné la chronologie des surfaces lunaires,
tandis que les rapports isotopiques révelent une similarité avec ceux de la Terre. Enfin,
les échantillons indiquent que la Lune est appauvrie en éléments volatils, et les mesures
géophysiques des missions Apollo montrent que son noyau est de petite taille (Crawford,
2012). De plus, cela a permis de mettre au point le scénario classique de solidification de

I'océan de magma lunaire (voir section 1.2.3).

Toutefois, les missions Apollo ont également laissé une empreinte durable a la sur-
face lunaire. En plus des modules et instruments scientifiques, plusieurs objets insolites,
comme la célebre balle de golf frappée par Alan Shepard lors d’Apollo 14, témoignent de
I’activité humaine. Ces déchets soulevent la question de I'impact anthropique sur les en-
vironnements planétaires et de la nécessité d'une réflexion sur la préservation des surfaces
planétaires (Glavin et al., 2004).
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1.1.4 De la fin de la guerre froide a nos jours

A la suite de la guerre froide, ’exploration lunaire est progressivement délaissée au profit
de Mars et des autres planetes du systeme solaire. Il faut attendre les années 1990 pour
que de nouvelles missions consacrées a la Lune voient le jour. En 1990, le Japon devient la
troisieme nation a placer un orbiteur autour de notre satellite. Quelques années plus tard,
la mission américaine Clementine (1994) fournit les premieres cartes globales de composi-
tion et de topographie de la Lune a partir d’images acquises dans le visible et I'infrarouge
(Nozette et al., 1994). En combinant les données topographiques et gravimétriques, cette
mission permet également d’estimer pour la premiere fois I'épaisseur de la crotite lunaire,
proche de zéro sous Mare Crisium, et plus de 100 km sur la face cachée, au niveau du
bassin Korolev (Zuber et al., 1994). En 1998, la mission Lunar Prospector (Binder, 1998)
affine cette cartographie globale en mesurant la composition chimique de la surface, le
champ magnétique et le champ de gravité. Elle met notamment en évidence une abon-
dance d’hydrogene, interprétée comme la présence de glace d’eau dans les régions polaires,
et permet de cartographier la distribution du composant KREEP (K - potassium, REE
- terres rares et P - phosphore), riche en éléments traces, ainsi que des principaux types
de roches lunaires. Les mesures du champ magnétique révelent par ailleurs des anoma-
lies localisées, notamment aux antipodes de Mare Serenitatis et Mare Imbrium, tandis
que les données gravimétriques confirment I'existence d’un noyau de petite taille (~300
km) enrichi en fer. Plus récemment, la mission GRAIL (Gravity Recovery and Interior
Laboratory, 2013) a fourni une vision sans précédent du champ de gravité lunaire (Zuber
et al., 2013). Elle montre que les anomalies gravitationnelles sont en grande partie liées a
la topographie. La topographie sur la face visible est nettement plus basse que celle de la
face cachée. Cette variation de degré un dans la topographie est attribuée a une variation
dans I’épaisseur de la croiite, celle-ci étant nettement plus fine sur la face visible (20 a
30 km) que sur la face cachée (50 a 60 km) (Wieczorek et al., 2013). Les données ont
également mis en évidence des structures auparavant invisibles, telles que des failles, des
reliefs volcaniques ou encore des structures d’impact comme des pics centraux au centre

des crateres.

Ces missions ont eu comme principal objectif d’étudier la surface et l'intérieur de
la Lune. D’autres ont ciblé des aspects différents, comme la mission LADEE (Lunar
Atmosphere and Dust Environment Explorer, 2013) dédiée a ’étude de la poussiére et
de I'atmosphere lunaire. Le retour d’échantillons n’est pas non plus I'apanage des mis-
sions Apollo : les missions soviétiques Luna 20 a Luna 23 ont également rapporté des
échantillons lunaires. Plus récemment, la mission chinoise Chang’e 5 a permis le retour de
nouveaux échantillons, suivie de Chang’e 6 qui a rapporté pour la premiere fois des échan-

tillons en provenance de la face cachée de la Lune. Dans un avenir proche, le programme

6



1.2. Formation de la Lune

Artemis prévoit quant a lui d’envoyer a nouveau des humains sur la Lune (fig. 1.3). En
2023, la NASA revele les quatre astronautes choisis pour participer a cette nouvelle explo-
ration de la Lune par les humains, avec notamment Victor Glover et Christina Hammock
Koch, temoignant une volonté de diversité dans les programmes spatiaux alors que les

précédentes missions Apollo n’avaient envoyé que des hommes blancs.

Galilée

Irl;iu}de Chang’e 5

~3000 av. J.C.

~450 av. J.C. 1959

2022-2027 ?

Babylone Luna 3 Artemis

Figure 1.3: Frise chronologique de certaines des grandes observations de la Lune du
Néolithique a nos jours.

1.2 Formation de la Lune

1.2.1 Les premiéeres hypotheses

Plusieurs hypotheses ont été formulées concernant la formation de la Lune. L’une des
premiéres est la théorie de la formation simultanée proposée par Roche (1873). Dans ce
scénario, la Terre et la Lune se seraient formées a partir d’une méme source de débris qui
se seraient agglomérés pour donner naissance, d'un coté, a la Terre et, de 'autre, a la
Lune. Peu apres, George Darwin (1879), fils de Charles Darwin, avance la théorie de la
fission. 1l propose que la Terre était une masse en fusion animée d’une rotation rapide,
cette rotation aurait entrainé la formation d’une protubérance qui se serait détachée
pour former la Lune. Au début du XX€ siecle, une troisieme hypotheése est proposée
par See (1909), la théorie de la capture. Elle suppose que la Lune se serait initialement
formée dans une autre région du Systéme solaire avant d’étre capturée par la Terre sous
I'effet de 'attraction gravitationnelle. Le corps capturé aurait ensuite été fragmenté apres

avoir franchi la limite de Roche, les débris se réassemblant pour former la Lune. Ce sont
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finalement les missions spatiales de la guerre froide qui ont permis de développer le scénario

le plus accepté actuellement : la formation de la Lune suite a un impact géant.

1.2.2 L’impact géant

Les analyses d’échantillons lunaires ont révélé une forte similarité isotopique entre la Terre
et la Lune. De plus, les roches magmatiques lunaires présentent des similitudes avec celles
du manteau terrestre, a la différence pres que la Lune est enrichie en éléments réfractaires
(& haute température de vaporisation) et appauvrie en éléments volatils (a faible tem-
pérature de vaporisation) (Taylor et al., 2006). Ces résultats ont conduit a la formulation
de la théorie de I'impact géant a la fin des années 1970 (fig. 1.4), selon laquelle la Lune
se serait formée a la suite d’une collision entre la proto-Terre et un corps différencié de la
taille de Mars, nommé Théia en référence a la titanide mere de Séléné, déesse de la Lune
(Hartmann et al., 1975).

Le matériau éjecté par cet impact
aurait formé un nuage de débris
chauds en orbite, dont l’accrétion
progressive aurait donné naissance
a la Lune. Toutefois, la similar-
ité isotopique Terre-Lune est diffi-
cile a expliquer si l'on considere que
la Lune s’est formée majoritairement
a partir du matériel de I'impacteur.
Des travaux plus récents proposent

que la proto-Terre était en rotation

tres rapide au moment de l'impact
Figure 1.4: Représentation artistique de I'impact

géant qui a conduit a la formation de la Lune.

I'impacteur avait une masse compa- Crédits : NASA /JPL-Caltech
rable a celle de la Terre (Canup,

(Cuk et al., 2012), ou encore que

2012).  Ces scénarios permettent de concilier I'’hypothese de l'impact géant avec
I’homogénéité isotopique observée entre la Terre et la Lune. Une autre proposition avancée
pour résoudre cette difficulté est le modele de la synestia. A la suite d’un impact trés
énergétique, la Terre et I'impacteur auraient formé une structure en rotation rapide, com-
posée d'un mélange de liquide et de vapeur de silicates. Lors du refroidissement, la Terre
se serait progressivement reconstituée au centre, tandis que des condensats se seraient for-
més dans les régions externes. L’accrétion de ces condensats dans la vapeur environnante
aurait alors conduit a la formation de la Lune (Lock et al., 2017; Lock et al., 2018). Ce
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processus permet aussi d’expliquer 'appauvrissement en éléments volatils de la Lune.

1.2.3 L’océan de magma

Le concept d’océan de magma n’est pas récent. Des le XIX® siecle, Kelvin (1863) propo-
sait que la Terre s’était refroidie a partir d’un état initialement chaud et incandescent.
Cependant, ce sont les échantillons rapportés par les missions Apollo, et en particulier
I’abondance d’anorthosites, qui ont conduit a I’hypothese d'un océan de magma lunaire
(Lunar Magma Ocean-LMO). Sur Terre, 'anorthosite se forme dans des chambres mag-
matiques a faible pression et sa faible densité favorise sa flottabilité. Produire une telle
quantité d’anorthosite sur la Lune implique donc une source de magma conséquente. C’est
a partir de ces observations qu’a émergé le modele classique de solidification du LMO,
qui permet notamment d’expliquer la formation des hautes terres. Dans ce scénario, les
cristaux d’olivine et de pyroxeéne précipitent en premier et sédimentent au fond, constitu-
ant le manteau lunaire (fig. 1.5). Ensuite, anorthite commence a cristalliser et, en raison
de sa faible densité, flotte a la surface de I'océan de magma pour former une crotite de
flottaison (Wood, 1970, fig. 1.6). Les dernieres phases du LMO sont riches en éléments
incompatibles et producteurs de chaleur, KREEP, et les dernieres couches du manteau
lunaire se composent de minéraux denses, en particulier I'ilménite.

Néanmoins, de nombreuses incertitudes subsistent concernant cet océan de magma,
notamment concernant sa profondeur initiale qui est encore débattue. Les travaux sur la
formation de la Lune suggerent plutot que la Lune a été initialement totalement fondue,
en particulier au vu de 1’énergie libérée par I'impact géant (Pritchard et al., 2000). De
plus, I’épaisseur actuelle de la crotite est utilisée pour contraindre la profondeur initiale
de l'océan de magma. En effet, si la crofite correspond a environ 8% de la masse totale
de I'océan de magma, ce dernier pourrait atteindre une profondeur d’environ 1000 km
(Elkins-Tanton et al., 2011; Snyder et al., 1992). En revanche, si la croiite constitue une
fraction plus importante de 'océan de magma, celui-ci doit étre plus mince, de 'ordre
de ~ 500km a 800km afin de rester compatible avec les épaisseurs crustales observées,
comprises entre 34 km et 43km (Rapp et al., 2018; Charlier et al., 2018). Cependant, la
présence d’eau dans le manteau lunaire (Lin et al., 2017) permet de former une crotite
plus fine a partir d’'un océan de magma global en retardant l'apparition de I'anorthite

dans la séquence de cristallisation.
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Moon

cumulates

olivine-pyroxene
cumulates

Figure 1.5: Schéma du modele classique de solidification de la Lune lors de la premiere
étape de cristallisation. L’olivine-pyroxeéne sédimentent au fond pour former les cumulats
(en vert) lors de la solidification de I'océan de magma (rouge). Le noyau est représenté
en gris foncé.

anorthosite crust
1 Moon

LMO

cumulates

olivine-pyroxene
cumulates

Figure 1.6: Schéma du modele classique de solidification de la Lune lors de la cristallisa-
tion simultanée d’olivine-pyroxene et d’anorthite. L’olivine-pyroxene sédimente au fond
pour former les cumulats (en vert), 'anorthite flotte en surface pour former la crofite (gris
clair) lors de la solidification de l'océan de magma (rouge). Le noyau est représenté en
gris foncé.
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1.3 Structure de la Lune

Comme toutes les planetes telluriques, la Lune est un corps différencié qui se compose

d’un noyau interne, d'un manteau et d'une crofite.

1.3.1 La croiite

Les roches de la crofite lunaire peuvent étre divisées en deux grandes catégories aisément
observables a l'oeil nu (fig. 1.7a). La premiere correspond aux grandes étendues claires
et brillantes, les hautes terres ou terrae. Elles représentent plus de 80% de la surface
de la Lune. Elles s’apparentent a la crofite primaire formée par flottaison des cristaux
d’anorthite en surface de l'océan de magma comme expliqué précédemment. La seconde
correspond aux taches sombres, les maria, qui représentent environ 17% de la surface et
sont principalement situées sur la face visible. Elles correspondent a des épanchements
de magma suite a des impacts, d’ou leur forme plutét circulaire. Trois grands terrains
peuvent étre définis a la surface de la Lune (Jolliff et al., 2000, et fig. 1.7) :

o Terrains du bassin Aitken au Péle Sud (South-Pole Aitken Terrane SPAT) qui cor-
respond au plus vaste et au plus profond bassin d’impact lunaire connu. Il s’agit

également du plus ancien, et 'impact a excavé une part significative de la crofite.

o Terrains feldspathiques des hautes terres (Feldspathic Highland Terrane FHT) qui

est la crotlite primaire constituée d’anorthosites.

o Terrains Procellarum riche en KREEP (Procellarum KREEP Terrane PKT) inter-
prété comme le produit éruptif du liquide résiduel enrichi en éléments incompatibles
(K-Potassium, REE-Terres Rares, P-Phosphore) lors des derniers stades de solidifi-

cation de 'océan de magma

Bassin Aitken au Péle Sud

Le bassin Aitken se situe sur la face cachée, et constitue la plus vaste structure d’impact
connue du Systeme solaire, avec un diametre estimé a environ 2600 km et une profondeur
topographique d’environ 12 a 13 km (Spudis et al., 1994). Les analyses spectrales in-
diquent que les matériaux de surface y présentent une teneur moyenne en fer plus élevée
que celle de la crotte lunaire feldspathique, ainsi qu’'un enrichissement modéré en titane
(Jolliff et al., 2000). Cette signature géochimique pourrait témoigner de la présence de
matériaux issus de niveaux profonds de la crofite ou du manteau supérieur, voire d'un
composant KREEP résiduel localisé sous le bassin (Ivanov et al., 2018). Toutefois, malgré

la profondeur de I'excavation et le fort amincissement de la croiite, il y a peu de traces
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Figure 1.7: a- Image de la surface de la Lune en projection Mollweide centrée sur la face
visible avec le nom des principales mers basaltiques. b- Carte de I’épaisseur de crotite
d’apreés Wieczorek et al. (2013) en projection Mollweide, centrée sur la face visible, avec
les délimitations des terrains définis par Jolliff et al. (2000), SPAT (ligne rouge), PKT
(ligne bleu) et les FTH (correspondent au reste), et les sites d’atterissages des missions
avec retour d’échantillons, Apollo (étoiles blanches), Luna (étoiles oranges) et Chang’e
(étoiles vertes).
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d’olivine, ce qui peut s’expliquer par la fusion de matériel suite a I'impact (Yamamoto
et al., 2010). Ce bassin se serait formé t6t dans I’histoire de la Lune, probablement avant

le retournement du manteau (Nakamura et al., 2009).

Hautes terres

Les hautes terres couvrent la plus grande majorité de la surface lunaire. Elles correspon-
dent aux surfaces les plus anciennes et sont fortement cratérisées en particulier sur la face
cachée. Elles témoignent des premiers stades de différenciation de 'océan de magma. La
grande majorité des anorthosites résulte de la cristallisation de 'océan de magma lunaire,
au cours duquel des cristaux légers de plagioclase riche en calcium (anorthite, CaAl;SisOg)
ont flotté en surface pour former une croftite primitive globalement homogene (Wood, 1970,
fig. 1.6). Ces roches se sont formées relativement tot avec des ages compris entre 4,52
et 4,35 milliards d’années (Ga) ce qui en fait les roches les plus anciennes de la crotite
lunaire (Borg et al., 2023). Elles ont aussi la particularité d’étre enrichies en europium
(Eu), tandis que les roches basaltiques en sont au contraire appauvries.

Un type de roche particulier est aussi présent dans ces hautes terres, il s’agit de la
suite magnésienne. Elles témoignent des premieres intrusions magmatiques dans la crotite
primaire. Il s’agit de roches qui sont a la fois enrichies en magnésium donc témoignent
d’une formation au début de la solidification de 'océan de magma mais sont parfois aussi
enrichies en éléments KREEP, qui témoignent cette fois-ci d’une cristallisation plutot
tardive. Elles sont datées entre 4,3 et 4,6 milliards d’années (Borg et al., 2023). Leur
origine demeure incertaine et peut résulter de processus dynamiques au sein du manteau

lunaire.

Maria et KREEP

Les mers lunaires forment un vernis relativement mince, recouvrant la croiite primaire
anorthositique de la Lune, avec des épaisseurs généralement comprises entre quelques
centaines de metres et 4 km dans les grands bassins (Taylor et al., 2009; Michaut et
al., 2016). Elles représentent environ 17% de la surface lunaire et peuvent ainsi étre
considérées comme une croiite secondaire. Principalement situées sur la face visible,
elles sont facilement observables a 1'ceil nu, tandis que celles présentes sur la face cachée
sont rares et associées a de grands bassins d’impact tels que Mare Moscoviense, Mare
Orientale ou encore Mare Ingenii (fig. 1.7a). Contrairement aux provinces basaltiques
terrestres ou aux surfaces volcaniques de Vénus et Mars, les mers lunaires se caractérisent
par leur planéité et ’absence de volcans boucliers. Leur mise en place résulte de plusieurs
épisodes éruptifs distincts, majoritairement datés entre 3,8 et 3,0 Ga, bien que des ages

plus anciens datés a 4,380 Ga et plus récents de 2,030 Ga aient également été identifiés
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(Taylor et al., 2009; Snape et al., 2018; Li et al., 2021a). Les mers basaltiques présentent
des hétérogénéités et un enrichissement en fer important en comparaison aux basaltes
terrestres principalement issus de la crotite océanique. Elles sont aussi caractérisées par
un enrichissement en terres rares et un appauvrissement en europium, ce qui confirme que
les mers basaltiques proviennent de la fusion partielle d’'un manteau différencié (Taylor
et al., 2009).

Les KREEP constituent une composante particuliere des basaltes lunaires, fortement
enrichie en éléments incompatibles, et sont principalement concentrés dans la région
d’Oceanus Procellarum (fig. 1.7). Les datations isotopiques Sm-Nd (samarium -néodyme)
et Lu-Hf (lutécium-hafnium) indiquent un age de cristallisation de 4345 + 26 Ma, an-
térieur a celui de la majorité des autres mers basaltiques (Borg et al., 2023). Le composant
KREEP est interprété comme le liquide résiduel de I'océan magmatique lunaire, cristallisé
a partir des derniers ~ 2% de liquide restant aprés la cristallisation de 1’olivine-pyroxeéne
et de I'anorthite, et sont particulierement riches en éléments incompatibles. Ce composant
résulte des derniers liquides de la cristallisation de 'océan de magma, ou le liquide riche

en éléments compatibles a été piégé entre les cumulats sous-jacents et la crofite.

1.3.2 Le manteau
Données sismologiques

Les principales contraintes sur la structure du manteau proviennent des données sis-
mologiques acquises par les missions Apollo. Celles-ci ont permis d’enregistrer environ
1800 impacts de météorites, 28 séismes peu profonds et trés énergétiques, ainsi que pres
de 7000 séismes profonds de plus faible énergie (Wieczorek, 2009). Les séismes profonds
proviennent de sources regroupées sur environ 300 sites (ou « nids ») et semblent étre prin-
cipalement liés aux effets de marée. L’ensemble de ces événements n’a toutefois été détecté
que sur la face visible de la Lune. Par ailleurs, aucune onde sismique n’a été enregistrée
a des profondeurs supérieures a 1200 km, laissant une incertitude sur l'intérieur profond.
Enfin, la qualité des données disponibles est inégale, certains enregistrements présentant
des incertitudes de temps d’arrivée supérieures a 10 secondes (Wieczorek, 2009).

Les profils de vitesse utilisés pour contraindre la structure du manteau lunaire provi-
ennent de U'inversion des temps d’arrivée des ondes P (ou premieres, il s’agit d’ondes de
compressions) et S (ou secondaire, il s’agit d’ondes de cisaillements, qui ne se propagent
pas dans les milieux liquides). Ces vitesses sismiques fournissent des informations pré-
cieuses sur la structure interne du manteau et permettent de construire des modeles de
structure interne analogues au PREM (Preliminary Reference Earth Model) établi pour

la Terre. Garcia et al. (2011), proposent un modeéle préliminaire de la structure interne
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de la Lune, VPREMoon. D’autres modeles plus anciens montrent la présence d’une dis-
continuité sismique autour de ~400-750 km de profondeur (Goins et al., 1981; Nakamura,
1983; Khan et al., 2000; Lognonné et al., 2003). Cependant, cette discontinuité n’est
pas présente dans le modele de Garcia et al. (2011). L’idée de cette discontinuité a été
abandonnée, les différences entre les modeles peuvent étre liées a une mauvaise couverture
des rayons sismiques a ces profondeurs, ainsi qu’aux incertitudes dans la determination
des temps d’arrivée (Lognonné et al., 2015). La présence d’une zone partiellement fondue
a la base du manteau a été suggérée pour expliquer I'atténuation des ondes S en pro-
fondeur (Nakamura et al., 1973). L’analyse des données sismiques d’Apollo par Weber
et al. (2011) suggere aussi la présence d'une zone partiellement fondue, dont le sommet
se situe a un rayon d’environ 480£15 km a la base du manteau (fig. 1.8). La mission
Artemis, devrait permettre de déposer un nouveau sismometre a la surface de la Lune,
ce qui permettra d’apporter de nouvelles informations. Outre la sismologie, des mesures
électromagnétiques issues des missions Apollo (12 et 15) ainsi que de la mission orbitale
Explorer 35 révelent une augmentation de la conductivité électrique avec la profondeur
(Banerdt et al., 2014). Cette tendance peut étre reliée a une élévation de température en
profondeur, mais aussi a une teneur accrue en fer ou a la présence d’eau, deux facteurs
susceptibles d’accroitre la conductivité. Dans le cas ou une zone partiellement fondue
existerait, elle pourrait résulter d’un enrichissement local en matériaux plus denses et
producteurs de chaleur, issus de la déstabilisation des couches supérieures du manteau
(Stegman et al., 2003a).

Séismes profonds

La présence de séismes profonds uniquement sur la face visible de la Lune demeure énig-
matique et contre-intuitive. En effet, I'occurence des séismes profonds est associée a
la présence de matériel froid et cassant. Cependant, la face visible est marquée par la
présence des maria ainsi qu'une possible zone partiellement fondue a la base du manteau
ce qui suggere au contraire un manteau chaud. Plusieurs explications ont été proposées
pour expliquer I'occurence de ces séismes. Il pourrait s’agir d’un biais d’observation car
toutes les stations ont été installées sur la face visible. Il est possible qu’il y ait une
zone d’atténuation dans l'intérieur profond de la Lune, ce qui empéche d’observer des
séismes lunaires profonds (Nakamura, 2005). De méme, la présence d'une zone partielle-
ment fondue compliquerait la détection des séismes profond (Weber et al., 2011). La
corrélation entre la localisation des séismes profonds et celle des maria a également été
proposée. Les mers basaltiques résulteraient de la fusion, en profondeur, d’'un mélange
olivine—pyroxeéne—ilménite issu du retournement compositionnel. Des instabilités dans

cette couche favorisent la remontée puis I’éruption de ce matériel, qui, une fois refroidi,
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s’enfonce de nouveau. En présence d’eau et de volatils, ce matériau peut alors se fracturer
plus facilement sous l'effet des forces de marée terrestres (Qin et al., 2012). Enfin, malgré
les températures élevées a la base du manteau, la rupture et donc la sismicité pourraient
étre favorisées par rapport a une simple déformation ductile, en raison des contraintes de

marée (Kawamura et al., 2017).

nearside farside

anorthosite crust

PKT

~240 km solid inner core

~330 km fluid outer core

partial melting zone?

South Pole Aitken Bassin

Figure 1.8: Représentation schématique de 'intérieur de la Lune aujourd’hui.

1.3.3 Le noyau

Toutes les planetes telluriques et certains satellites de glace possedent un noyau métallique,
représentant généralement pres de la moitié de la taille de leur corps parent. Les analyses
de masse du rayon et du moment d’inertie suggere la présence d’un noyau métallique,
mais dont la taille est faible en comparaison a la taille de la Lune. Les études basées sur
le moment d’inertie, sensible aux variations de densité avec la profondeur, estiment que
si le noyau est riche en fer alors le rayon de ce noyau est d’environ 460 km (Wieczorek,
2009). Différentes mesures géophysiques, permettent aussi de donner des estimations de
la taille du noyau. Par exemple, a partir des données du champ magnétique, il est possible
d’obtenir la conductivité électrique qui donne des informations sur la structure interne
de la Lune. La conductivité électrique est obtenue en comparant le champ magnétique
variable dans le temps a la surface de la Lune avec celui d’'un satellite distant (Banerdt
et al., 2014). Avec ces méthodes, la mission Lunar Prospector a permis d’estimer que le
rayon du noyau lunaire est de 390 £ 90 km (Banerdt et al., 2014). Plus récemment, les
données géophysiques de la mission Kaguya estiment cette limite a 290 km (-120 km, +

60 km), avec une limite haute possible de 400 km (Shimizu et al., 2013). Les données
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sismiques permettent elles aussi d’estimer le rayon du noyau, bien que les ondes soient
atténuées en profondeur, ce qui rend la tache plus complexe (voir section 1.3.2). Weber
et al. (2011) suggerent que le noyau est, comme sur Terre, composé d’une graine solide
et d’'un noyau liquide, ayant pour rayon 240 £+ 10 km et 330 4+ 20 km respectivement.
Ce noyau serait peut-étre entouré d’une zone partiellement fondue de 140 km d’épaisseur
riche en matériel dense (voir section 1.3.2 et fig. 1.8). Garcia et al. (2011) estiment le

rayon du noyau a 380440 km, pour une densité moyenne du noyau de 5,24-1.0 kg cm 3.

Champ magnétique

La Lune ne présente pas de champ magnétique global aujourd’hui. Toutefois, elle en
a possédé un par le passé, comme en témoignent les échantillons de roches lunaires qui
conservent une magnétisation rémanente indiquant I’existence d’'un champ magnétique an-
cien. Celui-ci aurait persisté jusqu’il y a environ 2 milliards d’années, avec des variations
d’intensité : un champ initialement fort et proche de l'intensité du champ magnétique
terrestre actuel (>50pT), entre 4,2 et 3,5 milliards d’année (Ga), qui a considérablement
baissé vers 3,2 Ga (S5nT), puis s’est encore atténué apres 1 Ga (<0.1puT, Cai et al.,
2025). Les mécanismes pouvant générer un champ magnétique sur la Lune restent incer-
tains, notamment pour expliquer un champ a la fois intense et de longue durée, en accord
avec les mesures des échantillons. La Lune étant petite, il a été montré que 'extraction de
chaleur du noyau n’est pas suffisante pour produire un champ magnétique pendant plus
de quelques millions d’années (Konrad et al., 1997). Toutefois, cette dynamo peut étre
entretenue par un retournement du manteau riche en éléments producteurs de chaleur, ce
qui limite le refroidissement du noyau (Stegman et al., 2003a). De plus, le refroidissement
du noyau dii a sa cristallisation peut soutenir une dynamo relativement longue (Laneuville
et al., 2014). Le refroidissement rapide du noyau par des cumulats denses et froids peut
également prolonger la dynamo lunaire (Evans et al., 2022). D’autres scénarios, tels
qu'une rotation différentielle entre le noyau et le manteau induite par la précession de
I'axe de rotation (Dwyer et al., 2011), ou par des variations de la vitesse de rotation du

manteau liées a des impacts (Le Bars et al., 2011), ont aussi été proposés.

1.4 Asymétrie face visible et face cachée

1.4.1 Observations de ’asymétrie

La Lune présente une asymétrie marquée entre sa face visible et sa face cachée. Sur le
plan morphologique, la premiere est caractérisée par ’abondance des maria, tandis que la

seconde montre une surface beaucoup plus cratérisée (fig. 1.9a). Cette différence se reflete
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également dans 1’dge des terrains. Les maria, plus jeunes, contrastent avec la crofite
anorthositique face cachée, supposée plus ancienne au vu de 'importance du nombre de
crateres. Elle se manifeste aussi dans 1’épaisseur crustale, qui varie de 20 a 30 km sur la
face visible contre 50 & 60 km sur la face opposée (Wieczorek et al., 2013, et fig. 1.9b).
Enfin, elle concerne aussi la composition, puisque des éléments tels que le titane (Ti) ou
le thorium (Th) sont principalement concentrés dans la région d’Oceanus Procellarum
(fig. 1.9¢).

Principalement visible en surface et au niveau de la croitite, cette dichotomie pour-
rait également concerner 'intérieur de la Lune. Par exemple, les séismes profonds n’ont
été détectés que sur la face visible, sans qu’on puisse exclure leur présence sur la face
cachée, les observations pouvant étre limitées par des biais lié a la localisation des sta-
tions des missions Apollo et I'atténuation des ondes sismiques en profondeur. Ainsi, les
contrastes observés dans la crofite pourraient résulter de processus internes suggérant une
asymétrie plus profonde, au sein du manteau lui-méme. En particulier, 'asymétrie peut
étre thermique. C’est ce que suggere la récente étude de Park et al. (2025). A partir
des données de la mission GRAIL, les auteurs calculent les nombres de Love de la Lune
ki, qui permettent de caractériser les variations temporelles du champ de gravité pour
chaque harmonique sphérique de degré [ et d’ordre m, et refletent la déformation tidale.
La valeur obtenue en particulier pour k3 est bien plus élevée que celle attendue pour un
corps symétrique, ce qui suggere une anomalie de température de 'ordre de 100-200°C
entre la face visible et la face cachée. Ce résultat est appuyé par les analyses de la mission
Chang’e 6. La mission Chang’e 6, a récémment permit de prélever et ramener des échan-
tillons de la face cachée de la Lune. L’analyse de ces échantillons suggere que les minéraux
qui composent ces échantillons se sont refroidis a des températures inférieures (~ 100 °C)
a ceux de la face visible. Cela suggere que 'asymétrie lunaire n’est pas restreinte a la

crolite mais touche aussi U'intérieur plus profond (He et al., 2025).

1.4.2 Meécanismes proposés pour expliquer la dichotomie

Depuis les années 1970, plusieurs mécanismes ont été proposés pour expliquer cette di-
chotomie. Une premiere hypothese est celle d'un bombardement précoce ayant aminci une
partie de la crofite, ce qui aurait entrainé une redistribution des masses et une réorienta-
tion de la Lune. Une croiite amincie favorise par ailleurs les éruptions de lave en surface
(Wood, 1973). L’impact géant responsable de la formation du bassin Pole Sud—Aitken
a également été envisagé comme origine de I'asymétrie (Jones et al., 2022). L’énergie
dégagée aurait pu induire une hétérogénéité dans le manteau et conduire a la ségrégation
des éléments producteurs de chaleur du coté de la face visible. Une autre hypothese met

en avant la position précoce de la Lune par rapport a la Terre, dans son stade d’océan
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Figure 1.9: a- Photographies de la face visible (& gauche) et de la face cachée (a droite),
crédits : NASA/JPL. b- Carte de 'épaisseur de crotite sur les faces visible et cachée
(Wieczorek et al., 2013). c- Carte de la concentration du titane (Ti) a la surface de la
Lune en w% (Jones et al., 2022).
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de magma. Ce scénario impliquerait un chauffage différentiel entre les deux hémispheres,
aboutissant a une crotite plus fine sur la face visible (Roy et al., 2014). La cristallisation
de l'océan magmatique elle-méme a également été invoquée pour générer une asymétrie
particuliere dans le manteau (Wasson et al., 1980). La croissance instable d'une couche
stagnante au-dessus d’un manteau partiellement fondu ou d’un océan de magma avec
cristaux en suspenssion (slushy magma ocean) est également évoquée (Watson et al.,
2022a). La ségrégation d’'une couche enrichie en éléments KREEP, piégée entre man-
teau et crotite, pourrait aussi expliquer I'amincissement de la crotite sur la face visible
(Laneuville et al., 2013). Cependant, si cette hypothése rend compte de la différence
d’épaisseur crustale, elle ne précise pas comment I’asymétrie initiale a la base de la crofite

s’est mise en place.

Evolution dynamique du manteau

Une piste pour expliquer ’asymétrie entre la face cachée et la face visible est la dynamique
du manteau lunaire. De nombreuses études s’accordent sur le fait que la Lune a connu
une phase de retournement du manteau, résultant de la solidification tardive d’une couche
dense située a faible profondeur. En effet, la stratification du manteau lunaire est directe-
ment héritée de la cristallisation du LMO. Au fur et a mesure de la solidification des
cumulats, qui s’effectue de la base vers la surface par sédimentation, le liquide résiduel
du LMO s’enrichit en éléments incompatibles. Lorsque la cristallisation du LMO atteint
environ 89-95% (Elkins-Tanton et al., 2002), les phases riches en éléments denses, tels que
I'ilménite, et producteurs de chaleur commencent a se former dans les derniéres couches de
cumulats (Snyder et al., 1992; Elkins-Tanton et al., 2011; Lin et al., 2017; Charlier et al.,
2018; Rapp et al., 2018). Cette couche enrichie se retrouve alors piégée entre les cumulats
et la crotte de flottaison, créant une situation gravitationnellement instable (Hess et al.,
1995; Parmentier et al., 2002). Selon la rhéologie du manteau lunaire, cette couche peut
soit se déstabiliser et s’enfoncer, soit demeurer confinée sous la croite (Elkins-Tanton
et al., 2002; Maurice et al., 2024).

Dans le scénario ot la couche dense plonge et se retrouve a la frontiere noyau-manteau,
sa densité élevée la rend a priori stable et empécherait tout développement de convection.
Cependant, cette couche est fortement enrichie en éléments producteurs de chaleur par
rapport aux cumulats situés au-dessus. Plusieurs études suggerent ainsi, que la couche
dense pourrait alors se déstabiliser, et entrainer des mouvements convectifs (Hess et al.,
1995; Zhong et al., 2000b; Stegman et al., 2003a). En particulier, si cette couche se desta-
bilise en prenant la forme d'une harmonique sphérique de degré un, cela peut produire
naturellement une asymétrie globale (Zhong et al., 2000b).

Les modeles d’évolution thermique du manteau qui étudient la convection se placent
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généralement aprés la phase de retournement. A ce stade, les couches denses situées sous la
croiite se sont déja déstabilisées et la Lune est entierement solidifiée. Ces modeles reposent
sur ’hypothese d’une solidification rapide de 'océan de magma lunaire. Ils montrent alors
que la convection mantellique a pu s’établir. Ce processus pourrait expliquer I'origine des
mers basaltiques ainsi que la longue durée du volcanisme lunaire, dont les basaltes les
plus récents sont datées de 2030+4 Ma (Li et al., 2021b). La Lune étant un petit corps,
son refroidissement aurait pu étre rapide. Cependant, la présence d’une lithosphere froide
isolant le manteau, permet de maintenir une convection et d’expliquer la durée d’éruption
des mers basaltiques (Ziethe et al., 2009). Cette convection peut persister encore de nos
jours avec des vitesses inférieures 4 1 cm an™! (Ziethe et al., 2009). L’approfondissement
progressif de la zone de fusion partielle pourrait expliquer la diminution de la teneur
en titane des mers lunaires les plus jeunes (Spohn et al., 2001), tandis que la remontée
de la couche dense riche en éléments producteurs de chaleur contribuerait également a
I’alimentation du volcanisme basaltique (Zhang et al., 2017). Cependant, ces modeles ne

permettent pas d’expliquer la présence des maria uniquement sur la face visible.

Dynamique des cumulats en présence d’un océan de magma

A Texception de I’étude de Maurice et al. (2020) and Maurice et al. (2024), les travaux
portant sur la dynamique des cumulats lunaires se placent dans un contexte de solidifi-
cation complete de la Lune, et négligent donc les interactions potentielles avec 'océan de
magma encore en cours de cristallisation.

Morison et al. (2019) se sont intéressés au temps de mise en place de la convection
dans les cumulats lunaires, alors que ces derniers s’épaississent au cours du temps. Leur
approche repose sur une étude de stabilité linéaire avec un profil initial de température
dépendant de la composition et de la pression. La spécificité de leur modele réside dans
I'introduction d’une condition aux limites mécanique perméable entre 'océan de magma
liquide et les cumulats solides. En effet, les études classiques de la convection dans les
cumulats imposent généralement des conditions de glissement libre et non-pénétratives
aux limites : la contrainte tangentielle y est nulle et la vitesse normale est imposée a zéro.
Cela néglige la possibilité de la formation d’une topographie dynamique a l'interface. Il
s’agit d'une hypothese raisonnable, puisque le poids de la topographie limite son ampli-
tude. Cependant, une telle topographie peut avoir le temps de se développer, et ces reliefs
dynamiques a l'interface solide/liquide peuvent étre rapidement effacés par des processus
de fusion et de cristallisation par le transport de chaleur latente dans I'océan de magma
(fig. 1.10). Cela a notamment été proposé a l'interface graine solide/noyau liquide terrestre
(Deguen, 2013; Alboussiere et al., 2010). Une topographie positive du solide pénétrant

dans le liquide tend a fondre, tandis qu’une topographie négative est comblée par solidi-
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fication (fig. 1.10). En introduisant cette condition aux limites de changement de phase,
Morison et al. (2019) montrent que la convection mantellique pourrait démarrer tres tot
durant la solidification de 'océan de magma lunaire. De plus, la condition de changement
de phase favorise le fait que convection puisse se developper en prenant la forme d’une

harmonique sphérique de degré un (Morison et al., 2019; Morison et al., 2024, fig. 1.10).

‘_
(—.

crystallization melting
(—.

Figure 1.10: Représentation schématique du changement de phase a l'interface cumu-
lats/océan de magma. La noyau est représenté en gris foncé, les cumulats en vert, 'océan
de magma en rouge et la croiite en gris clair. Les lignes en zigzag correspondent a la
chaleur latente libérée par la cristallisation dans les zones « creux » topographiques et
transportée par convection dans 'océan de magma pour la fusion des cumulats dans les
« sommets » topographiques. Les fleches rouges-bleues représentent les lignes de flux a
I'intérieur des cumulats.

1.5 Problématique et plan

Les études du temps de solidification ont souvent argumenté en faveur de temps courts, de
I'ordre de 10 Ma (Elkins-Tanton et al., 2011). Cependant, 1’étude récente de Maurice et al.
(2020) propose des temps de solidification beaucoup plus longs, atteignant plus de 200 Ma.
Cela conduit a la question suivante : quelle est la durée de solidification de 1'océan de

magma ? Les études portant sur la dynamique des cumulats se basent généralement sur
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I’hypothese d'un temps de solidification rapide de 'océan de magma et s’intéressent donc
a la dynamique des cumulats lorsque 'océan de magma est totalement solidifié, en nég-
ligeant les interactions possibles entre les cumulats et 'océan encore présent. Les travaux
de Boukaré et al. (2018) et Maurice et al. (2024) montrent que, dans le cas d’un océan de
magma a durée de vie longue, des instabilités thermiques peuvent se développer dans les
cumulats avant la fin de la solidification. En tenant compte d'un changement de phase
a l'interface entre les cumulats et 'océan de magma, le développement des instabilités
est facilité et le degré préférentiel de ces instabilités correspond alors a une harmonique
sphérique de degré un. Ces résultats amenent alors a formuler une nouvelle question :
quel est le temps caractéristique du développement de ces instabilités thermiques 7 Et
est-ce que la durée de solidification de I'océan de magma lunaire est suffisamment longue
pour que le retournement des cumulats se produise avant la fin de la solidification de
I'océan de magma lunaire 7 Si ces instabilités peuvent effectivement se développer avant
la solidification complete, quel est le temps d’initiation d'un retournement dans les cu-
mulats et quelle est sa durée ? Selon quel degré d’harmonique sphérique ce retournement

va-t-il se développer ?

Dans un premier temps, j'ai étudié le temps de solidification de 'océan de magma.
En effet, des estimations du temps de solidification de 'océan de magma lunaire existent
déja. Par exemple, Elkins-Tanton et al. (2011), proposent un temps de cristallisation
relativement rapide de I'ordre de 10 Ma, mais sans prendre en compte la faible conductivité
thermique de la crofite, la production de chaleur radiogénique, ni un océan de magma
global. A P'inverse, Maurice et al. (2020), obtiennent des temps de solidification beaucoup
plus longs atteignant plus de 200 Ma, en prenant en compte la faible conductivité de la
crolite anorthositique, la production de chaleur radiogénique, mais ne prennent pas en
compte un océan de magma global. Pour estimer le temps de solidification de 1'océan de
magma lunaire global, j'ai développé un modele 1D basé sur la conservation de la chaleur
dans I'océan de magma a partir d’un diagramme de phase simple avec un eutectique. Ce
modele permet de contraindre le temps de solidification de la Lune en étudiant 'effet de
différents facteurs : I'épaisseur finale de la crotite, la composition eutectique, qui contraint
le moment ou I'anorthite commence a cristalliser, et la conductivité thermique de la crofite.

Ce travail constitue I'objet du Chapitre 2.

Dans un second temps, je me suis intéressée a la dynamique des cumulats lors de la
solidification de I'océan de magma lunaire en prenant notamment en compte une condition
aux limites pénétrative a la frontiére cumulats/océan de magma. Dans le chapitre 3, je
détaille les méthodes numériques utilisées pour étudier la dynamique des cumulats, en
partant d’un cas simple. En utilisant a la fois une étude de stabilité linéaire et des

simulations numériques directes, j’étudie la convection dans les cumulats en prenant en
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compte une condition de changement de phase a 'interface. Dans le Chapitre 4, j’applique
les méthodes développées dans le chapitre 3 au cas spécifique de la Lune. Pour cela, les
conditions initiales découlent directement du modele de solidification du LMO développé
dans le Chapitre 2, et je prends en compte le refroidissement séculaire du noyau a la base
des cumulats.

Dans la suite de ce manuscrit, je me suis intéressée a l'application du modele d’évolution
thermique a Mars. La question d’une couche primaire anorthositique formée de la méme
maniere que sur la Lune a souvent été écartée sur Mars. Cependant, les missions spatiales
orbitales ont permis de mettre en évidence des traces d’anorthosites sur Mars (Carter et
al., 2013). C’est pourquoi dans le Chapitre 5, je propose d’estimer ’épaisseur maximale
d’une crofite primaire anorthositique sur Mars ainsi que le temps nécessaire a sa formation.

Enfin, dans le Chapitre 6 de ce manuscrit, j’explore les éventuelles conséquences d'un
retournement de degré un dans les cumulats sur la cristallisation de la crotite. J’étudie
aussi la possibilité de la mise en place de la convection dans la crofite en prenant en

compte un changement de phase a la base de la crofite.

QOOCOO0D®
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Chapter 2

Thermal evolution of the lunar magma
ocean

Le chapitre suivant a fait [’objet d’un article publié en Novembre 2024 dans la revue Earth
and Planetary Science Letter (Colin et al., 2024). Dans cet article nous présentons un
modele pour la solidification de 'océan de magma lunaire basé sur un diagrame de phase
anorthite/olivine-pyrozéne avec un eutectique. A partir de ce diagrame de phase, il est
possible de diviser la solidification de l'océan de magma en deuz étapes. (1) L’olivine-
pyroxéne cristallisent et sédimentent au fond de ['océan de magma pour former les cumu-
lats. (2) Une fois l'eutectique atteint, il y a cristallisation simultanée d’olivine-pyrozéne
qui continuent de faire croitre les cumulats, et d’anorthite qui flotte en surface pour for-
mer une couche de flotaison isolant l'océan de magma. A partir de la conservation de
la chaleur dans [’océan de magma pendant ces deux étapes, nous pouvons suivre la crois-
sance des cumulats et de la croute et ansi, estimer le temps de solidification de l’océan de
magma lunaire en fonction de différents parameétres. Nous étudions aussi l'influence d’un

retournement des cumulats sur le temps de solidification de l’'océan de magma lunaire.
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Chapter 2. Thermal evolution of the lunar magma ocean

abstract

The energy of the giant impact was large enough to generate an initially fully molten
Moon. During the solidification of this lunar magma ocean (LMO), an anorthosite crust
formed by flotation of light anorthite crystals. Lunar anorthosites show crystallization
ages as young as 4.360 Gyr, suggesting a long-lived LMO or a rather young Moon. Existing
models for LMO solidification are for a specific phase diagram based on one compositional
model. However, the LMO solidification timescale depends on the lunar bulk composition
and on the appearance of anorthite in the crystallization sequence.

Here, we propose a physically robust 1D model for LMO evolution based on a simple
anorthite-olivine eutectic phase diagram. Cumulates first settle at the ocean base for
about a thousand years. This first stage results in an unstable thermal profile for the
cumulates that can lead to their overturn. In the second stage, simultaneous crystalliza-
tion of anorthite and cumulates leads to the formation of a buoyant lid that considerably
slows down LMO cooling.

We explore the impact of an initially hydrated composition, which reduces the stability
of plagioclase, of the eutectic position and the crust thermal conductivity. We show that
cumulates overturn may reduce or extend the LMO solidification time depending on its
duration. The total LMO solidification timescale ranges between 45 and 250 Myr. Given
the most reliable age of 4.360 Gyr for FAN sample 60025, which derives from more than
99% of crystallization, we estimate an age of 4400 to 4560 Myr for the Moon.

2.1 Introduction

The energy from the giant impact between the proto-Earth and a Mars-sized body was
sufficient to give rise to an initially hot Moon with a global magma ocean (Pritchard et
al., 2000; Canup, 2012; Cuk et al., 2012; Nakajima et al., 2014). A global magma ocean
appears particularly inevitable if the formation of the Moon occurred in a Synestia, a
planetary structure resulting from a high-energy, high-angular momentum giant impact,
as recently suggested (Lock et al., 2017; Lock et al., 2018). The lunar Highlands, forming
the pale and bright regions on the Moon’s surface, are remnants of the initial crust formed
by the cooling and crystallization of this lunar magma ocean (LMO). Samples collected
by astronauts during the Apollo missions, meteorite samples, and remote-sensing studies
indicate that the lunar Highlands are predominantly made of anorthosite, containing more
than 90% of Ca-rich anorthite (Warren et al., 1979; Ohtake et al., 2009). In the LMO
solidification scenario, this primary crust is formed by aggregation of buoyant anorthite
minerals floating on the surface and insulating the magma ocean beneath while, cumu-

lates form by sedimentation of dense olivine and pyroxene crystals (Wood et al., 1970)
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(fig. 2.1c). Fractional crystallization of the LMO would have resulted in the formation
of a residual liquid, highly enriched in incompatible elements (K: Potassium, REE: Rare
Earth Elements and P: Phosphorus), which could explain the singular composition of the
Oceanus Procellarum KREEP terrane. LMO fractional crystallization would also lead to
an unstable density profile in the cumulates, resulting both from the decrease in the LMO
liquidus temperature and its progressive enrichment in iron as crystallization proceeds
(Hess et al., 1995; Parmentier et al., 2002; Boukaré et al., 2018; Morison et al., 2019).

Dating of ferroan anorthosite, believed to be the oldest crustal rock type on the Moon,
yield ages ranging from 4.29 to 4.55 Gyr (Alibert et al., 1994; Borg et al., 2020; Marks
et al., 2019; Nyquist et al., 2006), hence spanning over ~ 250 Myr. It has been argued
that these ages may not reflect the true crystallization ages of anorthosites as different
chronometers do not always give overlapping results (Borg et al., 2015). The intense early
bombardment of the lunar crust could have perturbed the crystallization and metamor-
phic history of these rocks (Carlson, 2019). Nonetheless, the sample FAN 60025 shows one
of the youngest ages of 4.360 Gyr, consistent for several radiometric systems (Borg et al.,
2011). Borg et al. (2011) proposed that this age could reflect a relatively late formation of
the Moon, more than 100 Myr after Solar System formation. Numerous studies summa-
rized in Borg et al. (2023) have also shown that many lunar rocks show ages that cluster
around 4.33-4.360 Gyr suggesting rapid cooling of a magma ocean. These observations
were used to argue that the Moon formation took place shortly before 4.360 Gyr. The
debate about the age of the Moon has been ongoing since then and is closely tied to the
timescale of solidification of the LMO, approximately 200 Myr after the formation of the
Solar System. Indeed, this young age for a ferroan anorthosite can also imply that the
LMO took longer to solidify than previously thought (Maurice et al., 2020) or that the
lunar crust did not form by flotation but by a process closer to serial magmatism (Longhi,
2003; Borg et al., 2011; Gross et al., 2014), for instance by extraction of melts from a
slushy magma ocean which cools down over a longer time-scale than in the classical LMO
solidification scenario (Michaut et al., 2022).

Existing models provide variable estimates for the solidification time in its classical
scenario, from 10 Myr (Elkins-Tanton et al., 2011) to 100-200 Myr (Maurice et al., 2020;
Zhang et al., 2021b). These models are based on only one specific phase diagram asso-
ciated to the compositional model of Elkins-Tanton et al., 2011. However, the shortest
estimate does not account for the production of radioactive heat. In this model, anorthite
appears rather late in the crystallization sequence, when 80% of the lunar magma ocean
has solidified. Other fractional crystallization experiments have been carried out, based
on slightly different bulk compositions for the Moon, or different LMO depths (considering

a whole magma ocean rather than a shallower one as in Elkins-Tanton et al., 2011).
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Chapter 2. Thermal evolution of the lunar magma ocean

They notably differ in the overall final proportion of anorthite and the specific point in
the crystallization sequence when anorthite emerges (Snyder et al., 1992; Elkins-Tanton et
al., 2011; Charlier et al., 2018). Adding water to the bulk composition of the Moon reduces
the stability of plagioclase and delays its appearance in the crystallization sequence (Lin
et al., 2017). Such differences in composition not only result in different final possible
thicknesses for the anorthosite crust, they also affect the time at which the flotation
crust starts to insulate the magma ocean beneath, and hence the total amount of latent
and radioactive heat that must be conducted away through this lid. In some models,
anorthite starts to form when only ~66-70% of the LMO has crystallized (Lin et al.,
2017; Rapp et al., 2018; Johnson et al., 2021; Schmidt et al., 2022), i.e. notably earlier in
the crystallization sequence than in the model of Elkins-Tanton et al. (2011), which could
prolong the lifetime of the LMO.

To evaluate the consequences of different compositional models as well as the con-
sequences of an overturn of the cumulate layer on the LMO solidification timescale, we
propose a physically robust 1D model for the evolution of the Moon in its magma ocean
stage. Our model is based on a simple anorthite/olivine-pyroxene eutectic phase diagram,
which naturally results in a two-stage cooling process for the LMO. Before anorthite be-
comes a stable phase, the LMO cools down rapidly by radiative loss of heat at its surface
(Solomatov, 1999). In the second stage, the simultaneous crystallization of anorthite
and olivine-pyroxene cumulates leads to the formation of a buoyant anorthositic lid that
considerably slows down the cooling of the magma ocean (fig. 2.1c). We solve for heat
conservation in the different layers of the lunar body to follow the evolution of the crust,
LMO and cumulates thicknesses and temperatures and evaluate the LMO final solidifica-

tion time.

2.2 Compositional Model

2.2.1 Phase diagram and mass conservation

We consider a simple binary eutectic phase diagram with two components: anorthite
on the one hand and olivine-pyroxene on the other. The liquidus temperature T14,(t) is
assumed to be linearly related to the mass fraction in anorthite component C(t) of the
liquid (fig. 2.2a):

T1iq(t) = Tor, — mC(t), (2.1)

where Toy, is the liquidus temperature for the olivine-pyroxene component and m =
% characterises the liquidus slope. T and C§ correspond respectively to the eutectic

temperature and composition. As the LMO convects vigorously, it is well-mixed and we
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v = 1737 km

—+

olivine-pyroxene

LMC
cumulates

Figure 2.1: Schematic representation of the two stages of crystallization of the lunar
magma ocean. Left two panels (a, b): first, “radiative’, stage. Right two panels (c,
d): second, “conductive", stage. a and d: Radial profiles of the temperature and heat-
producing element concentration during the first and second stage respectively. b and
c: Schematic of the structure of the Moon, the heat sources and fluxes in the first and
second stage, respectively. The core is shown in dark gray, the olivine-pyroxene cumulates
in green, the LMO in red, and the conductive crust in light gray.

assume that its temperature is uniform and equal to the liquidus temperature T yo(t) =
T1iq(t). Considering the onset of crystallization as the initial time for our calculation,
we note Cy the initial LMO content in anorthite component and TPy the corresponding
liquidus temperature. The pressure range inside the LMO is small because of the low
lunar gravity, in particular during the second stage where the thickness of the LMO at
the beginning of the second stage varies between 250 and 50 km (see section 2.4.2); we
thus neglect the effect of pressure on the phase diagram, which would have a second order

influence on our results.

Two stages of crystallization naturally appear from this simplified phase diagram
(fig. 2.2a). In the first stage, as the magma ocean cools down along the liquidus, dense
crystals of olivine and pyroxene settle at the bottom leading to a crystallization of the
LMO from the bottom-up. The LMO becomes richer in anorthite component as it crys-
tallizes until it reaches the eutectic composition Cy and temperature Tg. Conservation
of the anorthite component provides a relation between the upper radius of the cumulate
layer R.,(t) and the LMO content in anorthite component C(t):

(R~ B2)Co = (RS — B0 Cl), (2.2)

where Ry is the radius of the Moon and R, that of the core, and where, for simplicity, we

consider a uniform average density for the different layers of the Moon. At the end of the
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Figure 2.2: a- Simplified olivine-pyroxene/anorthite phase diagram with liquidus
Tiq(C) = Ty — mC(t) as a function of anorthite content of the liquid C(t), where
Tor, = 2150 K is the liquidus temperature of the olivine-pyroxene component, Ty = 1600 K
is the eutectic temperature, Cg € [0.2,0.7] the eutectic composition and m represents the
slope of liquidus. The initial conditions are Cy € [0.05,0.1] and the corresponding initial
temperature of the LMO T}, adapted from O’Driscoll et al., 2010. b- Simplified solid-
ifying mantle mineral assemblage adapted from Elkins-Tanton et al. (2011).

first stage C'(t) = Cg and the ratio (Cg — Cj)/Cg thus corresponds to the total percentage
of LMO crystallized at that time. Equations (2.1) and (2.2) can be used to obtain an
analytical expression for the temperature variation in the cumulates as a function of the
radial coordinate, assuming that diffusion is negligible because this first stage is short.
During stage 1, the temperature profile in the cumulates is thus considered frozen and
depends on the radius as the temperature at the cumulates-LMO boundary evolves along
the liquidus (fig. 2.2):

R3, — R3
Teu(r) =Tor, — mC()% for Reo <7 < Rey. (2.3)
=

As the LMO crystallizes, the cumulate temperature profile becomes super-isentropic and
thus prone to instability and overturn.

When the eutectic composition is reached in the LMO, anorthite starts to crystallize
and olivine-pyroxene crystals continue to form in eutectic proportions. This constitutes
the second stage of the thermal evolution. Light anorthite crystals then form a float-
ing crust, while the LMO remains at the eutectic temperature Tg. Conservation of the

anorthite component gives the final radius of the crust R, s:

(R~ ) = (B - B, )Co 24)

where we assume that all available anorthite floats to form a pure anorthositic crust. This

buoyant and conductive lid then insulates the LMO, which significantly slows down its
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rate of crystallization.

2.2.2 Parameters of the phase diagram

The parameter Cj represents the available amount of anorthite. As we assume all available
anorthite reaches the crust, Cj controls the final thickness of the crust. This parameter
depends on the exact composition of the bulk silicate Moon, its water content in particular,
as water tends to delay and diminish the appearance of anorthite. To estimate a range for
Co, we refer to the various phase diagrams published in the literature (Snyder et al., 1992;
Elkins-Tanton et al., 2011; Lin et al., 2017; Charlier et al., 2018; Rapp et al., 2018; Johnson
et al., 2021; Schmidt et al., 2022); these studies suggest the overall range Cy € [0.05,0.1].
The larger Cy, the thicker the anorthositic crust, the slower the heat conduction through
the lid and the longer it takes to solidify the LMO. Assuming a global magma ocean, a
water concentration of 1600 ppm in the LMO, corresponding to a value of Cy = 0.075,
may be necessary to explain the reduced crustal thickness of the Moon, as constrained
from gravity and topography data (Wieczorek et al., 2013; Lin et al., 2017). This appears
significantly larger than available estimates based on the water content measured directly
in lunar rocks (Saal et al., 2008; Hauri et al., 2011; Hauri et al., 2015). Alternatively, a
fraction of anorthite crystals may have not reached the lunar crust and remained trapped
in the cumulates ; the parameter C then represents the effective concentration of anorthite
forming the lunar primary crust. The second key parameter of the phase diagram is Cg
which represents the percentage of anorthite component crystallizing during the second
stage. As Cg decreases, more olivine and pyroxene crystallize during the second stage
and more latent heat must be evacuated through the floating crust. While Cf varies from
~ 0.3 to 0.5 among the different proposed compositional models (table 2.1), we explore
the wider range [0.2 — 0.7] based on the phase diagram of O’Driscoll et al. (2010).

Table 2.1: Values of Cy, Cg, percentage of LMO crystallized at the end of the first
stage, initial LMO depth and final crustal thickness for different studies.

study Cy Cg % crystallization initial LMO depth [km] crustal thickness [km]
Snyder et al. (1992) 0.088 0.4 78 400 28
Elkins-Tanton et al. (2011) 0.089 0.43 80 1000 49

Lin et al. (2017) (no water) 0.1 0.31 68 700 47

Lin et al. (2017) (~ 3000 ppm) 0.06 0.2 78 700 27

Charlier et al. (2018) 0.1 0.5 78 600 43

Rapp et al. (2018) 0.1 0.37 4 1347 60

Johnson et al. (2021) 0.084-0.92 0.27-0.36 70-75 1347 50-55

Schmidt et al. (2022) 0.14 0.3-0.5 72 600-1150 60-82
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Chapter 2. Thermal evolution of the lunar magma ocean

2.2.3 Heat Producing Elements (HPEs)

The decay of radioactive Heat Producing Elements (HPEs) contributes to a non-negligible
source of heat during the magma ocean evolution and must be considered. Uranium (35U
and ?3U), Thorium (**?Th), and Potassium (*°K) are the main HPEs in the LMO. These
highly incompatible elements tend to remain in the liquid phase as their solid /liquid parti-
tion coefficients are low (Sun et al., 2017). For simplicity, we consider all of these elements
as a single one with a given radiogenic decay constant A\ and distribution coefficient D
between the liquid phase [ and the crystallized layer s:
HPE];
D= [[H%Jh (2.5)
HPEs are assumed to be homogeneously distributed in the LMO, but not in the solid
layers, where their distribution varies radially and is calculated based on eq. (2.5) and on
the rate of crystallization (see section 2.3.2). We track the radial distribution of the heat
production from HPEs h;(¢) during magma ocean crystallization, in the two solid layers

i, where index 7 stands for crust (cr) or solid cumulates (cu).

During the first stage, as the cumulates grow with time, the total content of the LMO
in HPEs decreases. Morison et al. (2019) and Boukaré et al. (2018) give an analytical
solution for the radial distribution of the heat production from HPEs as a function of the
radius of the cumulates, which can be converted in a function of the radial position in the

cumulate r:
3 3
RM - Rco

1-D
5 ) for Re <71 < R, (2.6)
= g,

hcu(T) = ho (

with hg the heat production rate per unit volume of the initial LMO. This expression
neglects radioactive decay during the first, very rapid, stage. The actual heat production
as a function of time in the second stage is obtained by taking into account radioactive
decay as he ', with \ an effective mean radioactive decay constant. We call hy and hey
heat production coefficients for the initial magma ocean and the cumulates, which are the

products of the concentration in HPEs by their heat production rates.

During the second stage, the concentration in HPEs increases in the LMO as the
two solid layers grow. Conservation of HPEs gives the variation of the heat production
coefficient in the LMO induced by LMO solidification:

dhLMO _ (1 - D) d‘/cryst (27>

M
hino Vimo

where Vi is the LMO volume and —dV,ys; its volume variation. We follow the evolution

in radiogenic heat production in the LMO from eq. (2.7), and compute that in the crust
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and cumulates from the partition coefficient (see section 2.7).

2.3 Thermal model

2.3.1 Stagel

Surface temperature

The LMO forms a spherical shell of outer radius Ry and inner radius Re,(t), which
increases with time as the LMO cools down and solidifies. During the first stage, the
heat flux lost by radiation at the surface is balanced by the flux supplied by convection in
the LMO. We parameterize the convective heat flux following the boundary layer theory
which assumes that convection near one boundary is independent of processes near the
other boundary and which provides a simple relationship between the Nusselt number Nu

and the Rayleigh number Ra:

Nu = vyRa”, (2.8)

where Nu is the ratio between the convective heat flux and the characteristic conductive
flux in the LMO, v the scaling prefactor and, f = 1/3 is the exponent given by the
thermal boundary layer theory at the limit of weakly rotating convection (Gastine et al.,
2016). The Rayleigh number Ra characterises the strength of convection and is defined

as:
apg(Timo — Ty)d?
Ra = ( ) (2.9)
K
where « is the thermal expansion coefficient, p the LMO density, T; the surface tempera-
ture, d = Ry — Re, the LMO thickness, s the thermal diffusivity, and g the LMO viscosity,

a, p, k, i being assumed constant. As Trvo and d decrease with time, the Rayleigh num-

ber is time-dependent. From eqs. (2.8) and (2.9), the surface equilibrium between the

radiative and convective heat fluxes is expressed as:

T — T
_ j,2LMO

ea(Tf—Tfo) 7

YRa”, (2.10)

where € is the emissivity, o the Stephan-Boltzman constant, k& the thermal conductivity.
T, is the equilibrium temperature, derived from the equality between the solar flux

absorbed by the Moon and the radiative heat flux it emits:

Too = (1 — A)/4Tyy 2%?‘, (2.11)
03
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Table 2.2: List of the parameters and variables of the model.

Symbol Description Value References
Parameters
Ry Radius of the Moon 1737 km
Reo Radius of the core 390 km
ToL Liquidus temperature for the ol-px component 2150 K O’Driscoll et al. (2010)
Ty Eutectic temperature 1600 K O’Driscoll et al. (2010)
m Liquidus slope = w
ho Initial heat production 25pW kgE’1 Taylor (1982)
Initial uranium abundance 33 ppb Taylor (1982)
Initial thorium abundance 125 ppb Taylor (1982)
Initial potasium abundance 400 ppb Taylor (1982)
A Effective radiogenic decay constant 5.8 x 10710 Myr~!
D Solid/liquid partition coefficient of HPEs 1073 Sun et al. (2017)
g Gravity acceleration 1.62ms™2
P Density 3.3x 10°kgm™3
[ Heat capacity 1x 103 Jkg 'Kt
L Latent heat 5x 10% Jkg ™! Weill et al. (1980)
o Stefan-Boltzman constant 5.67 x 1078 JK1
€ Emissivity 1
A Albedo 0.12
Ty Sun surface temperature 5780 K
Ry Sun radius 700 x 10%km
Dy Moon-Sun distance 1495 x 10° km
T Black body equilibrium temperature (eq. (2.11)) 270K
! Thermal expansion coefficient 105Kt Maurice et al. (2020)
JLMO Viscosity 1kgm ts7!
k Thermal conductivity of the LMO 4Wm tK!
keu Thermal conductivity of cumulates 4WmK! Maurice et al. (2020)
Ié] Thermal boundary layer coefficient 1/3 Gastine et al. (2016)
~ Scaling prefactor 0.07 Gastine et al. (2016)
Cp, co Heat capacity of the core 840 Jkg ' K1 Maurice et al. (2020)
Peo Density of the core 7.2 x 103 kgm™3
Explored parameters
Co Initial content in anorthite component € [0.05, 0.1]
Cg Eutectic composition €102, 0.7]
Ker Thermal diffusivity of the crust € [5.5,82] 107"m?s™!  Roy et al. (2021)
Ker Thermal conductivity of the crust €18, 2.7W m~' K~! Branlund et al. (2012)
Roy et al. (2021)
Q Energy released at the beginning of the overturn € [3x 10", 2 x 1012] W
Tov Overturn time € [1.8, 180] Myr

Variables stage 1
Tinmo(t)
Rcu (t)
T(t)
heu(t)

Variables stage 2

Reu(t)

R..(t)
Te(t,r)
Teu(t,r)

her (1)

heu(r)

LMO temperature

Radius at the top of the cumulates
Surface temperature

HPEs concentration in the cumulates

Radius at the top of the cumulates
Radius at the base of the crust
Temperature in the crust
Temperature in the cumulates
HPEs production in the crust
HPESs production in the cumulates

eq. (2.1)
from eq. (2.13)
eq. (2.10)
eq. (2.15)

eq. (2.15)
eq. (2.7) and 2.7
eq. (2.7) and 2.7

34



2.3. Thermal model

where Ty is the surface temperature of the Sun, Ryy the radius of the Sun, Dy the

Moon-Sun distance, and A the surface albedo of the Moon.

Heat budget in the magma ocean

During the first stage, only olivine and pyroxene cumulates crystallize (see section 2.2).
We neglect pressure effects and assume a homogeneous temperature for the LMO. As
the first stage is very rapid (~ 300 yr, which is verified a posteriori), we neglect heat
conduction in the cumulates.

In the LMO, the heat lost by radiation into space at the surface is balanced by the
sum of the latent heat released by crystallization of olivine-pyroxene cumulates, the heat
produced by radiogenic decay and secular cooling of the LMO, that is written as in Lister
et al. (1995) ; we neglect the heat flux associated to compositional changes in the LMO:

d‘/cr S
dty ® + hiao(t) Vimo (t)

Bva 0Timo |, o
— drred
Per (/Rcu(t) o )

where L is the latent heat of crystallization, hryo(t) the LMO radioactive heat production

codT Ry <Ts(t)4 — Tfo) = pL
(2.12)

per unit volume, ¢, the heat capacity. As the LMO temperature is uniform, the third
term representing secular cooling on the right hand side of eq. (2.12) can be simplified
using the expression of Tryo from eq. (2.3). Given eq. (2.3) and eq. (2.12), the heat
budget can be simplified as:

dRcy
dt

+ hLMO(t)iw(Rid — R3,(1)).

drRYoe(T,(t)* — TL) =47 R2, {pL + (Tor, — Tiamo(t)) ,Ocp]

(2.13)

Equations (2.10) and (2.13) are solved numerically to calculate the temporal evolution
of the cumulates radius R., and of the surface temperature T, during the first stage. At
the end of the first stage, the amount of heat stored in the cumulates that can be released

during an overturn episode is calculated from:

RC‘J
B = pe /R At (Ton(r) — Ti)rdr
(2.14)

Y

(Tor, — Tg) (R, — R)) — mCy(R3; — R?)1 By — R,
OL E cu co mig M (o) n R3 . R3
M cu

= pcpgw

where we use eq. (2.3).
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2.3.2 Stage 2
Heat conduction in the crust and cumulates

In the second stage, cooling of the LMO occurs by diffusion of heat through the floating
anorthositic lid. Diffusion of heat in the cumulates is not negligible anymore and we solve
for the 1D time-dependent conduction equation in both the crust and cumulates to obtain

their temperature profiles as a function of time:

ITi(t, i 0 (50T, hi(t,r)e™
(t,7) _ g (7‘2 (t,r) > + (t,r)e ) (2.15)
ot r2 Or or PCp
where index ¢ stands for crust or solid cumulates, x; = p’zip is the thermal diffusivity

and h;(r) the heat production coefficient per unit volume, computed from the partition
coefficient D, eq. (2.5) (see section 2.2.3).

For the anorthositic crust, the boundary conditions are T'|,—g,, = Tr and T'|,—g,, = Ts
(see section 2.2), where Ty is given by the balance between the radiative and conductive

fluxes at the surface:

ajﬂcr tu

eo(Th— Ty = — o, Harller) (2.16)
or | _g,

For the solid cumulates, we use: T|,—gr., = T and T|,—gr, = Tg (see section 2.2).

The diffusion equation is solved using a fully implicit finite volume scheme on a regular
grid with a front-fixing method to deal with the growth of the solid layers with time
(section 2.7).

Core

The core is considered as a sphere of uniform temperature T,,. Heat conservation in the

core gives the evolution of T,,:

4 dT,,
pcocp,cogﬂ'RgO dt

where p., is the core density and ¢, o, the heat capacity and the heat flux out of the core

= —4TR2 Geo, (2.17)

Geo is deduced from the temperature gradient at the base of the cumulates:

(2.18)

r=Rco

Equation (2.17) is used to calculate the thermal evolution of the core, which gives the

boundary condition at the base of the cumulates eq. (2.18).
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Conservation of heat in the LMO in stage 2

In stage 2, the magma ocean is a spherical shell of inner radius R.,(t) and outer radius
R, (t). Heat conservation in the LMO requires that the heat flux evacuated by conduction
through the anorthositic lid balances the sum of the heat fluxes coming from the diffusion
of heat in the cumulates, latent heat released by crystallization in the LMO and radiogenic
decay of HPEs (fig. 2.1¢):

cryst

dV.
Schcr = SCuQCu + pL T + hLMoe_AtVLMo. (219)

S = 4mR2.(t) is the surface of the LMO-crust interface, S., = 4w R?(t) is the surface
between the LMO and the cumulate layer, ¢. and g., are respectively the heat flux
conducted away by the crust and the heat flux brought by conduction in the cumulates.

These conductive fluxes are given by:

o,
1 a/r Y

"":Ri, i=cr, cu

¢a=—k (2.20)

and are computed at each time step from the temperature profiles in the crust and cu-
mulates (section 2.3.2). We also consider the case of a thermal overturn of the cumulates
and then modify the heat flux from the cumulates g, as described in section 2.3.3. Vim0
and hpyo depend on time as the LMO crystallizes and concentration of HPEs increases
(section 2.2.3). % is the total rate of crystallization, which is the sum of the rate of
crystallization of anorthite and olivine-pyroxene components. Since anorthite and olivine-

pyroxene are in eutectic proportion, we have:

dVAn —C dVYcryst dRcr

— ArD2
= O = Ar R S (2.21)
del—Px dv;:ryst 2 dRcu

=(1- =4 2.22

g - =0k — mhRew —gy (2.22)

Using eq. (2.21) into eq. (2.19), we obtain an equation for the evolution of R,, as a function
of time:

dR, Cg 0T, R} — R, _, R% 0T,
_ _ B kcr _ Trer cu — th kcuﬁ . 2.23
it oL ( I VR P (2:23)

In case of an overturn, the last term on the right-hand-side is modified according to
section 2.3.3. The evolution of R, is then derived from eqgs. (2.21) and (2.22):

dRe (1 — CE> R AR,

2.24
dt Cy ) R, dt (224)
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2.3.3 Case of cumulates overturn during the stage 2

At the end of the first stage, the temperature profile in the cumulates is super-isentropic
and can induce a thermal overturn. The timescale for the onset of cumulates overturn
may be short, as short as several thousand years (Elkins-Tanton et al., 2011; Boukaré
et al., 2018; Morison et al., 2019), which is however longer than the first stage of LMO
solidification (see section 2.3.1). Consequently, heat released by the overturn can be
considered in the second stage only and heat conservation in the LMO eq. (2.19) then

writes:

d ‘/Cryst
dt

where ®,, represents the rate of heat released at the surface of cumulates during overturn

StopGtop = Pov(t) + pL + hivoe MVimo, (2.25)

and varies with time as the overturn progresses. As the onset time of overturn is likely
short compared to the timescale of the second stage of LMO solidification (thousands of
years compared to millions of years), and to explore the effect of overturn decay time, we

parameterise this rate of heat released with an exponential decay function:
__t
Do, (t) = Qe 7ov, (2.26)

where () is the heat flux from the overturn at the start of stage 2, and 7, its characteristic
decay time. Assuming that the additional heat stored in the cumulates is fully released

during the overturn, we have:

Fow = / T Do (1)dt = Q. (2.27)
0

The total overturn energy available, E.,, is determined by the choice of phase diagram
through eq. (2.14). The values of ) and 7,, can then vary with the constraints that their
product must equal E,, eq. (2.27).

2.4 Results

2.4.1 Reference case

We first show the thermal evolution of a reference case, considering an initial global magma
ocean, a final crustal thickness of 44 km and 80 % of crystallization at the end of the first
stage (i.e.: Cp = 0.075, Cg = 0.37), no overturn in the cumulates and a low thermal
conductivity for the crust, ko, = 2Wm™1 K~!, corresponding to a thermal diffusivity of
Ker = 6.06 x 107"m?s™! (Branlund et al., 2012; Roy et al., 2021).
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Figure 2.3: Temporal evolution of a the radius of the cumulates and b the surface
temperature in blue and the LMO temperature in green. Radial evolution of c¢ the tem-
perature in the cumulates and d the heat production in the cumulates.

The first stage is very fast: in 275 yr, 80% of the LMO is crystallized and the eutectic
temperature is reached (Figure 2.3a). This timescale is much shorter than the diffusion
timescale in the cumulates, it is also shorter than the onset time for cumulates overturn
(Morison et al., 2019; Hess et al., 1995; Elkins-Tanton et al., 2011); this justifies that we
neglect the heat flux from the cumulates for this stage. The temperature in the cumulate
layer decreases with radius following the decrease of the LMO temperature with time,
which is associated to its gradual enrichment in anorthite (fig. 2.3 b and ¢). As the
LMO solidifies, its concentration in HPEs increases and therefore the concentration in

the cumulates increases with radius (fig. 2.3d).
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Figure 2.4: Temporal evolution of a the crustal radius and cumulates radius, b the
various contributions to the LMO heat budget: conductive flux at the base of the crust
., (blue solid line), heat flux from radioactive decay of HPEs in the LMO & ,/0 (red
dotted line), latent heat flux Ppatent neat (dashed purple line), conductive flux from the
cumulates @, (dash-dotted green line), sum of @170, Pratent heat and P, (dash-dotted
green line). ¢ Full temperature profile at times t = 275 yr (green line), t = 20 Myr (in red
dashed line) and at ¢ = 165 Myr (blue dotted line). Temperature profiles in the crust are
shown in the inset. d Heat production distribution as a function of radius at the same
times as in panel ¢ The inset shows the radial heat production distribution in the crust.

The total solidification time at the end of the second stage is 166 Myr in the reference
case (fig. 2.4a). Owing to the presence of the conductive lid, the heat loss from the LMO is
significantly reduced compared to stage 1 (fig. 2.4a and b). The temperature profile within
the crust gradually approaches a linear conduction profile (inset in fig. 2.4c), typical of

steady-state conduction in a thin shell with negligible heat production. In the cumulates,
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the larger heat production in the solid at the end of LMO crystallization tends to curve
the temperature profile with time (fig. 2.4c). As the crust thickness increases, its basal
heat flux decreases and the growth rate of both the crust and cumulates decreases over
time, which implies a decrease of the latent heat release (purple curve on fig. 2.4b).
The heat flux due to radioactive heat production in the LMO remains quasi-constant
throughout the solidification process and, although latent heat released by crystallization
first dominates the LMO heat budget, radioactive heat production prevails after 25 Myr
(red dashed line fig. 2.4b). Thus, radioactive heat production must be taken into account

to properly compute the solidification time of the LMO.

2.4.2 Exploration of the model parameters

Having presented a typical evolution for the reference case, we now explore the effects of
varying the main control parameters: initial composition Cjy, or equivalently final crust
thickness, eutectic composition Cg, and thermal conductivity k., (or equivalently thermal
diffusivity k), within the range given in table 2.2.
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Figure 2.5: a LMO solidification time as a function of initial anorthite content Cjy and
crust thermal conductivity k. for a fixed eutectic composition corresponding to Cg =
0.37 of crystallization at the end of the first stage. b Total crystallization time as a
function of initial anorthite content Cy and eutectic composition Cg for a fixed value of
ke = 2 W m™' K1, The bright area between the red dashed lines is the acceptable
range of crustal thickness as estimated from the inversion of topography and gravity data
by Wieczorek et al. (2013). The dashed lines corresponds to the estimated values of the

solidification time according to Fu et al. (2023). The blue star corresponds to our reference
case.
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Chapter 2. Thermal evolution of the lunar magma ocean

As the LMO solidification time is controlled by the timescale for diffusion of heat
through the crust, 75 = (Rm — Rer)?PerCp/ker, it strongly depends on the crustal con-
ductivity and final crustal thickness. As shown by Maurice et al. (2020) and Zhang et al.
(2021b), the lower the conductivity k., and the diffusivity k.., the more difficult it is to ex-
tract heat through the crust and the longer it takes for the LMO to crystallize (fig. 2.5a).
The thermal conductivity of anorthosites does not appear to depend on temperature
(Roy et al., 2021), we thus use a constant value. Thermal conductivity measurements
on anorthosites vary between 1.5 and 2.5 Wm™! K~!, while the thermal diffusivity range
between 5 x 1077 and 8 x 1077 m? s™! (Roy et al., 2021; Clauser et al., 1995). We thus
vary ke between 1.8 and 2.7 W m ' K1, which gives values for . between 5 x 107 and
8 x 107" m? s7! given our chosen density and heat capacity value (see table 2.1). Increas-
ing ke from 1.8 to 2.7W m~! K~! the solidification timescale decreases by 160 Myr (going
from 250 Myr to 90 Myr) for a 45km thick crust (fig. 2.5a). The LMO solidification time
increases with the initial anorthite content Cj (fig. 2.5a and b) because the larger Cj, the
thicker the anorthositic crust, the slower the heat transfer through the crust is. For a
crustal thickness increasing from 34 to 45 km, the range of crustal thicknesses compati-
ble with the inversion of gravity and topography data (Wieczorek et al., 2013), the LMO
crystallization time increases from 70 to 170 Myr using ker = 2Wm 'K~ and O = 0.37.

The LMO solidification time also increases as the anorthite eutectic composition Cg
decreases: if Cf is smaller, more olivine and pyroxene crystallize during the second stage
because the crust starts to form earlier for a given value of Cy (i.e. a given final crustal
thickness), and more latent heat must be extracted through the anorthositic lid. For
instance, decreasing by 0.2 the value of Cg in our reference case, which corresponds to
the estimated difference between the compositional models of Charlier et al. (2018) and
Lin et al. (2017) (see table 2.1), makes the total solidification time increase from 160 Myr
to 200 Myr for a final crustal thickness of 45km (fig. 2.5b).

Overall, the solidification time can range between 44 Myr and 250 Myr.

2.4.3 Effect of an overturn

Here, we examine the effect of cumulates overturn considering the same parameters as in
our reference case. The heat flux from the cumulates is then not diffusive but decreases
exponentially with time (section 2.3.3). Using the phase diagram of our reference case,
we estimate that the additional heat stored in the cumulates that can be released during
overturn is of 1.8 x 102 J, eq. (2.14). This is significantly larger than the total amount of
latent heat released during the second stage, which is 0.7 x 10?8 J, showing that, depending
on its amplitude and decay rate, cumulate overturn may induce melting of the crust. Given

our parametrisation, the initial heat flux () increases as the characteristic decay time of
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the overturn decreases following eq. (2.27). We explore decay times between 1.8 and 180
Myr. For a short-lived overturn such that 7., < 5 Myr, the solidification time of the LMO
is reduced when accounting for an overturn compared to our reference case because the
heat released by the overturn is quickly evacuated through the initially very thin crust,
marked by a large temperature gradient and basal heat flux (fig. 2.6b). The growth rate
of the crust remains negligible for the first million years and then follows the trend of the
reference scenario (fig. 2.6a) once the overturn has died out. When the crust is thicker
and more insulating, no conductive heat flux remains to be evacuated on the contrary to
the reference case, which explains the shorter solidification time for a short-lived overturn.
For decay times smaller than ~1.8 Myr, the heat flux () becomes too large to be evacuated
through the initially thin crust and can melt it, possibly entirely if the overturn proceeds
quickly enough. This would increase the heat flux at the LMO surface and accelerate
even more its cooling. If, on the contrary, the decay time of the overturn exceeds 5 Myr,
a significant fraction of the heat stored in the cumulates is then released when the crust
becomes thick and insulating, and this can significantly prolong the LMO solidification
time: for 7o, = 100 Myr, the LMO solidification timescale reaches 388 Myr (fig. 2.6).

2.5 Discussion

2.5.1 LMO solidification time

The LMO solidification time depends strongly on the crustal conductivity, initial anor-
thite content and eutectic composition. For a crustal thickness of 44 km, a percentage of
crystallization of 80 % at the end of the first stage, as in Elkins-Tanton et al. (2011), and
using k = 2Wm ™! K~!, the LMO solidification time is 166 Myr. This is much larger than
the timescale of ~ 10 Myr estimated by Elkins-Tanton et al. (2011), who neglect heat
production by radioactive decay, an important heat source in the LMO energy budget
(fig. 2.4b), and assume an initial LMO depth of 1000km and a larger thermal diffu-

I corresponding to a crustal conductivity of ke = 3.3Wm 1 K=! in

sivity of 1076m?s~
our model. Neglecting the heat flux from the cumulates, radioactive heat production
and assuming a steady-state conduction in the crust, an analytical solution for the total
solidification time 7y, can be obtained (section 2.8):

pL 1 RMREM R? R},

cr, f

ol = TR kAT Cg | 2 3 6

(2.28)

Using Cg = 0.37, Repust final = 1693 km and k¢, = 3.3Wm! K, this solidification time is
~ 30 Myr, which is still significantly larger than in Elkins-Tanton et al. (2011). Results

43



Chapter 2. Thermal evolution of the lunar magma ocean

a 04
,g‘ ...........................................................................
Iﬁ‘ 50 1 T T
= | T T
~ | e
o, | L e
= 100 e
........ Toy = 181.8 Myr
0 50 100 150 200 250 300 350 400
time [Myr]
b — crystallization time
. 350 - — === reference case

; 1 % 7, =18Myr
= 300 4 * 7oy = 181.8 Myr
22501
% -4

*= 2004

150 1 . —— ; —
10° 10! 102

Tov [MyT]

Figure 2.6: a Temporal evolution of the crustal radius and cumulates radius, in the
reference case assuming a conductive heat flux from the cumulates fig. 2.4a (olive green
dashed line), in the case of a short-lived overturn (blue line), and for a long-lived overturn
(dotted red line). The parameters are the same as for the reference case, i.e.: Cy = 0.075,
ke = 2Wm ™K™' and Cg = 0.37. b Crystallization time (black line) as a function of
Toy the decay time of the overturn. The olive green dashed line corresponds to the LMO
solidification time in the reference case and the blue and red stars correspond to the
extremums of a.

for our reference case are very similar to that of Maurice et al. (2020), who use the more
complex, i.e. pressure-dependent, version of the phase diagram of Elkins-Tanton et al.
(2011): for a magma ocean extending down to the core and accounting only for heat
conduction in the cumulates as assumed here, their solidification timescale is 165 Myr fig.
S6 of Maurice et al., 2020, which is very close to our estimate. Small differences arise
from the variation of the phase diagram with pressure, which corresponds to a variation
of Cg during the second stage, as well as from a different distribution in heat producing
elements, whose partition coefficient is not constant and depends on the crystallizing
minerals in Maurice et al. (2020). The influence of the pressure-dependence of the phase
diagram or of a varying HPEs partition coefficient during LMO solidification are thus
clearly of second order given our current knowledge of the average lunar crust thickness,

crust bulk conductivity and phase diagram (fig. 2.5). Our simplified, though physically
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robust, approach, with a binary eutectic phase diagram, appears thus of appropriate

complexity to estimate the LMO solidification timescale.

With a range of LMO solidification time between 45 and 250 Myr for crustal thicknesses
between 34 and 45km (fig. 2.5), the lifetime of the LMO appears increased compared
to initial estimates by Elkins-Tanton et al. (2011). Our results show that the crustal
conductivity value as well as the occurrence and timescale of cumulates overturn can
significantly affect estimates of the LMO solidification time. The thermal conductivity of
anorthosites is low compared to other crustal rocks (Clauser et al., 1995) which increases
LMO insulation. Analyses of GRAIL gravity data additionally shows that the lunar crust
is highly porous, with an average porosity of ~ 12% over a few tens of kilometers depth
(Wieczorek et al., 2013). Accounting for such a large porosity would significantly decrease
the crustal conductivity and prolong the LMO duration (Zhang et al., 2021b). However,
the lunar megaregolith most likely formed after LMO solidification, concommittantly to
large basins through impacts and ejectas (Li et al., 2023). Impacts large enough to deeply
fracture the crust and forge a megaregolith may in fact create holes in a flotation crust,

which would accelerate the cooling of the underlying LMO (Perera et al., 2018).

The LMO solidification time can be significantly extended if the overturn has a long
duration (fig. 2.6). However, the impact of the overturn is highly sensitive to its lifetime,
it may even reduce the LMO solidification time by ~ 10 Myr if its characteristic decay
timescale is smaller than 5 Myr, because all the heat from the cumulates is then quickly
evacuated through the thin floating crust. Furthermore, the decay timescale of the thermal
overturn is not likely to be several orders of magnitude longer than its initiation timescale,
which is likely to be less than 1 Myr (Morison et al., 2019; Boukaré et al., 2018).

Studies of LMO solidification often use an initial depth of 1000 km, based on a potential
seismic discontinuity (Khan et al., 2000; Lognonné, 2005). Using our model and varying
the initial LMO depth still leads to a solidification time larger than 50 Myr (fig. 2.7), using
ke = 2Wm~' K1, as it mainly depends on the final crustal thickness. Our results thus
suggest a long-lived LMO and show that this classical scenario, which explains a wide
range of lunar crust characteristics, from the large feldpar enrichment of the lunar crust
to the formation of the KREEP Province, can also explain the age range of anorthosites,
in particular given dating uncertainties (Borg et al., 2023). By comparison, the model
of Michaut et al. (2022), which propose that anorthosites form by extraction of melts in
a stagnant lid from a slushy magma ocean could lead to even longer crustal formation
timescales and account for the compositional heterogeneities of anorthosites, a character-
istic that is more difficult to explain with the flotation scenario (Gross et al., 2014; Russell
et al., 2014). More data on lunar rocks are thus needed to fully understand the lunar

crust formation scenario.

45



Chapter 2. Thermal evolution of the lunar magma ocean

2.5.2 Formation age of FAN 60025 and age of the Moon
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Figure 2.7: LMO solidification time as a function of initial LMO depth for the two
extreme values of average crustal thickness according to Wieczorek et al. (2013): a 45 km
thick crust (blue line) and a 34 km thick crust (orange line). Cg = 0.37, ke, = 2Wm ™1 K!
and Cj is calculated using eq. (2.4).

Based on the compositional profiles of pigeonite and augite, McCallum et al. (1996)
estimated a maximum cooling rate of 18 K Myr~* for ferroan anorthosite sample 60025.
Using our model, we calculate the cooling rate in the crust as a function of depth and
time (fig. 2.8). Cooling rates are initially large, of the order of a few hundreds of K Myr ™"
and decrease with time as the crust thickens. Calculated cooling rates are consistent with
the upper limit given by McCallum et al. (1996) and show that sample 60025 formed at
depths larger than 15 km and at least 20 Myr after the onset of LMO crystallization for
a closure temperature ranging between 1070 K and 1300 K.

Fu et al. (2023) argued that the Ca and Mg isotopic composition of anorthosite sample
60025 is compatible with this sample marking the end of LMO differentiation and indicates
a formation after more than 99% of solidification. Such a large percentage of crystalliza-
tion is reached after at least 40 Myr, in the configuration of the shortest solidification
timescale (fig. 2.8b), and up to 200 Myr after Moon formation (longest crystallization
time, fig. 2.8a). Anorthosites crystallizing after 99% of LMO solidification would form at
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Figure 2.8: Cooling rate as a function of depth and time a- for the "longest scenario"
where the final crustal thickness is 45 km and the total solidification time is 246 Myr, and
where we use Cy = 0.0765, Cg = 0.37 and ko, = 1.8 Wm~'K~! and b- for a thinner
crustal thickness of 35 km and a shorter LMO solidification time of 47 Myr, and where we
use Cy = 0.06, Cg = 0.37 and ke, = 2.7Wm~' K=, This cases correspond to the shortest
and longest total solidification time (fig. 2.5). The black dashed line corresponds to the
maximum cooling rate of 18 K Myr ™! inferred for FAN sample 60025 by McCallum et al.
(1996). The solid black lines represent different isotherms and the range of temperatures
corresponding to the cooling rates determined by (McCallum et al., 1996) are shown in
the brighter area. The red solid and dotted lines correspond respectively to the times and
crustal thicknesses reached when 99 % of the LMO has crystallized.
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more than 30km depth and cool down at rates ~ 10 K Myr~! if considering the shortest
solidification timescale, or <1 K Myr™* for the “longest scenario”. These cooling rates are
compatible with estimates of McCallum et al. (1996).

Sample 60025 has been dated at 4.51 Gyr using the U-Pb method and the plagioclase
fraction by Hanan et al. (1987). A later study by Borg et al. (2011) reported an age
of 4.360 Gyr using the U-Pb and Sm-Nd methods. However, as argued by Borg et al.
(2023), the age reported by Hanan et al. (1987) can be questioned as it assumed that the
initial Pb isotope composition of the Moon was identical to that of the Canyon Diablo
iron meteorite, commonly used to represent the starting composition of the Solar System.
There are many reasons to think that the Pb isotope composition of the Moon did not
result from a single stage process and that the Moon precursors must have initially evolved
with a U/Pb higher than that of Canyon Diablo. A multistage evolution would certainly
modify the age calculated by Hanan et al. (1987). Our modeling results are indeed not
consistent with the age of Hanan et al. (1987) and are more consistent with an age of
4.360 £0.003 Gyr for the last stages of the LMO crystallization (Borg et al., 2011).

Our model depicted in fig. 2.5 indicate that 99% of crystallization for a whole magma
ocean (depth extending to 1300km) is reached after 40 to 200 Myr, depending on the
crustal thickness (34-45 km) and thermal conductivity. This means that the age of the
Moon formation would have to be older than 4400-4560 Myr. This inference is at odds
with the conclusions of Borg et al. (2023) who argued that the clustering of age for lunar
rocks between 4.33-4.360 Gyr was a strong indication that the lunar magma ocean had
cooled rapidly and that the Moon forming impact should have taken place at 4.360 Gyr.
Our study suggests that an alternative interpretation of the chronological record for lunar
rocks is necessary. First, the clustering of ages is indeed around 4.360 Gyr but, based on
the data compiled by Borg et al. (2023) and including all uncertainties stemming from
different dating methods, we estimate that the range of possible ages is 4297 to 4402
Myr suggesting that the duration of LMO crystallization could actually be longer than
what is argued in that study. Second, apart from the age of mare basalts based on the
146Sm-12Nd chronometer, all the ages correspond to rocks formed at a late stage of LMO
crystallization (>80%) or simply post-date LMO crystallization (KREEP, FAN, Mg- and
alkali suites). Thus, the most problematic age is the **Nd model age of lunar mare basalts
because the mare basalts are generally thought to originate from the melting of the first
cumulates of olivine and pyroxene, that should have the oldest age of LMO crystallization
(Borg et al., 2019). Looking more closely at this dataset (as compiled in Borg et al.,
2019), several questions arise: in their fig. 6, if one considers only the mare basalts, a
dichotomy appears between the low Ti-basalts and the high Ti-basalts, with the high-Ti
basalts characterized by high Sm/Nd ratios that strongly constrain the *>Nd age. Four
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of the low-Ti basalts plot in the field of high Ti-basalts. However, by looking at their
actual Ti contents, all of these samples are characterized by Ti contents greater than 4
wt% and cannot represent melts derived from an olivine + orthopyroxene cumulates, as is
commonly thought for low-Ti basalts. They rather represent intermediate Ti basalts. As
argued by Shearer (2006) the intermediate Ti basalts with 4 wt% TiO, require a Ti-rich
phase in their sources derived from the late stage Ti-rich cumulates. Thus, one cannot
consider that these rocks formed early during LMO crystallization, similarly to true low-Ti
basalts. Consequently, it is not surprising that their apparent ages are very similar to those
of more differentiated rocks such as anorthosites, or KREEP rocks. If one reexamines the
146Sm-142Nd isochron in light of these considerations, it becomes obvious that the only
rocks representative of the early stage of LMO crystallization are the low-Ti mare basalts
with TiOs <2wt%. This is represented by the rocks that have a nearly chondritic Sm/Nd
source ratio and are as expected to be mildly fractionated (in incompatible elements)
from a bulk Silicate Moon source. From these rocks, it becomes very difficult to extract
an isochron age because there is little spread in their 47Sm/“4Nd ratios. To the very
least, their variable Ti contents could still be used to argue that the residual *2Nd/**4Nd
versus 7Sm/MNd source trend represents a mixing line. These considerations strongly
relax the argument that the LMO life span was extremely short and that requires that
the Moon formation only shortly precedes the time of late LMO crystallization.

Third, there are new observational evidence for zircons that have crystallized at a time
that precedes the late stage crystallization of the magma ocean (Zhang et al., 2021a),
yielding an age of 4460 & 31 Myr. This age was confirmed by a closer examination of
the same sample using an atom probe that demonstrated that there was no clustering
of radiogenic Pb (Greer et al., 2023) that would have resulted from a disturbance of
radiogenic lead distribution. Thus, these observations suggest that the age of the Moon
is at least 4460 Ma, which is well before the age of FAN and Mg-suite samples reported

above, and consistent with our estimated age range for the Moon, based on our model.

Last, the studies of Jacobson et al. (2014) and Woo et al. (2024) have shown that the
late accretion to the Earth that post-dates the Moon forming impact, indicated by highly
siderophile element (HSE) enrichment in the bulk Silicate Earth, is not compatible with
a late age for the formation of the Moon, as argued by Borg et al. (2023). Incidentally,
these ages are also in agreement with the recent Rb-Sr age determination of the Moon
(Yobregat et al., 2024), showing that the Moon-forming impact should have taken place
no later than 79 Myr after the beginning of the Solar System.
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2.6 Conclusion

We study the thermal evolution of the lunar magma ocean (LMO) using a physically
robust 1D model. Our model is based on the sequential crystallization of olivine-pyroxene
cumulates and a floating anorthositic crust, while taking into account conductive heat
fluxes through the crust and from the cumulates, latent heat released by crystallization
and radiogenic heat production. The first stage of crystallization is very fast: in 275 yr,
80 % of the LMO is crystallized. The second stage is slowed down by the formation of
the buoyant crust with a low thermal diffusivity. For our reference case, the total LMO
solidification time is 166 Myr. This solidification time depends on the crust conductivity
and on the parameters of the phase diagram: the initial content in anorthite component
Cy, which controls the final crust thickness, and the eutectic composition Cg, which
affects the LMO thickness at the initiation of anorthosite crust growth. Considering
these parameters variability, the LMO solidification time ranges from 45 Myr to 250 Myr
and is long-lived.

The occurrence of an overturn during the second stage of LMO evolution may reduce
this solidification time it if short-lived (i.e. less than ~ 5 Myr), or extend it if long-lived.
Ferroan anorthosite sample 60025 has been consistently dated at 4360 Myr by different
radiometric systems. Considering that this sample derives from more than 99% of LMO
crystallization, as suggested from its Ca and Mg isotopic composition, we estimate that
the Moon formed between 4400 Myr and 4560 Myr.
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2.7 Appendix A: Numerical solution

To obtain the flux at the base of the crust and at the top of cumulates, we need to solve

the diffusion equation in the two layers:

OTi(t,r) _ ki O <r2 0Ti(tﬂ“)> | Tl t)e™

ot r2or or pep (2:29)
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2.8. Appendix B: Analytical solutions

where subscript ¢ stands for crust or cumulates. To deal with the growing thickness of
the layer, we use a front-fixing method. This method consists in rescaling the radial

coordinate r into a dimensionless radial coordinate y € [1, 2]:

r— R~

=—+1 2.30
= (2.30)

)
where R is the radius at the top and R~ the radius at the bottom of the layer. For the
crust R = Ry and R~ = R..(t), for the cumulates R™ = R.,(t) and R~ = R.,. We also

define the dimensionless temperature 1" using;

T—-T"

T=—"-—¢€l01 2.31
where T and T~ the temperatures at the top and bottom of the spherical shell, with
T~ > T". Introducing eq. (2.30) and eq. (2.31) into eq. (2.29) gives, in the case of the

crust:

oT T OR™ [ y—2 K O [ LT\ hily t)e ™
R ) RS (232
ot Oy Ot (R+ — R) + r2(Rt — R=(t))? Oy (r 0y) + pep (2.32)

A similar equation is also obtained for the cumulate layer. The change in variable intro-
duces an advection term related to the growth rate of the solid layer. Similarly, we follow

the evolution of the radial distribution in heat production in the spherical shell using:

— = t) ——~ 2.33
o u(y,t) oy (2.33)
dR~ -2
where subscript ¢ stands for crust or cumulates, u., = TR +y_ =0 and uq, =
drt  y-1 gy ti Ived using a fully implicit time sch d
— . ese equations are solved using a fully implicit time scheme and a
dt R*(t) - R- b & @ My P

first-order finite-volume scheme on a regular grid.

The thermal evolution code developed and used for this study is available in open
source at https://github.com/LineColin/NEMMO.git.

2.8 Appendix B: Analytical solutions

An analytical approximate relation between the evolution of the radius at the base of
the crust and the time can be found for the second stage when considering several sim-

plifications to the model. Considering no radiogenic heating and no heat flux from the
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cumulates, eq. (2.23) in Stage 2 becomes:

dR, Cg, dT

= ko —. 2.34
dt pL — dr ( )
Considering a steady-state in the crust, the solution to the diffusion equation is:
A
T(r)y=—-——+RB (2.35)
r

where A and B are constant. With T'(r = Ry) = T, where T is constant, and T'(r =
Ry Rex A .
Ry) = Tg, we have A = AT—2 and B = — + T, with AT = T, — Ts. The

RM - RCI‘ RM
temperature gradient at the base of the crust can be expressed as:
dT(r) RuRe 1
=Al—F—— 2.36
dr RM — Rcr 7’2 R ’ ( )

Considering the following initial condition, at ¢t = 0, R, = Ry and introducing eq. (2.36)
into eq. (2.34) and integrating, we obtain:

. oL 1[RuRL() RA(t) Rk (2.37)
Rutka AT Cg | 2 3 6 | |
pL 1 _RMRET e R R
sol — (' - 6 >
= Tsol RMkcrAT CE 2 3 6 ( 38)

QOOOO0D®
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Chapter 3

LNumerical methods to study convection
inside the cumulates

Dans le chapitre précédent, nous avons présenté un modele pour [’évolution thermique
de l'océan de magma lunaire. Il permet notament d’estimer le temps de solidification
de cet océan de magma, en fonction de la composition initiale en composant anorthite,
donc de ’épaisseur finale de la crotte, de la composition eutectique et de la conductivité
thermique de la croite. Bien que ce modéle soit simple, il permet d’isoler précisément
leffet des différents parametres sur le temps de solidification total de l’océan de magma
lunaire. Nous montrons en particulier que ce temps de solidification est long, de [’ordre
de plus d’une centaine de millions d’années. Plusieurs études suggerent qu’a la fin de
la cristallisation de [’océan de magma, la formation de phases minérales plus denses en
haut des cumulats peut entrainer un retournement de ces derniers par une destabilisation
de densité. Ce retournement pourrait étre une explication de l’asymétrie dans l’épaisseur
crustale. Cependant, ces modeles se basent sur une solidification rapide de l’océan de
magma lunaire, de [’ordre de quelque dizaines de millions d’annés. Dans le cas ou l’océan
de magma cristallise sur des échelles de temps plus longues, il est possible que des instabil-
ités thermiques se développent avant la cristallisation des phases denses. Nous proposons
d’étudier le développement de ces instabilités thermiques dans les cumulats en prenant en
compte une condition aux limites perméable a l’interface entre les cumulats et [’océan de
magma lunaire, qui est en cours de cristallisation. C’est-a-dire qu’un échange de maticre
par cristallisation et/ou fusion a cette interface est possible.

Ce chapitre présente les méthodes numériques employées pour étudier la convection dans
les cumulats. Nous combinons une analyse de stabilité linéaire, qui fournit les taux de
croissance et les modes préférentiels des instabilités, et des simulations numériques di-

rectes, qui décrivent l’évolution temporelle et spatiale de la convection. L’objectif est de
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valider la cohérence entre ces deuxr approches dans un cadre simplific. Nous considérons
un profil initial de température conductif, une gravité uniforme et des conditions aux lim-
ites thermiques fizes. La difficulté principale réside dans la condition de changement de
phase a l'interface entre les cumulats et [’océan de magma. Enfin, nous explorons ’effet de
différents autres parameétres sur la dynamique convective dans les cumulats, en particulier
I’épaisseur de la coquille sphérique, l'influence d’'une gravité non uniforme et la forme du

profil initial de température.
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3.1. Convection equations for the cumulates

3.1 Convection equations for the cumulates

Figure 3.1: Schematic representation of the problem. The core is shown in dark gray,
the cumulates in white and the magma ocean in light gray. R; corresponds to the inner
radius of the cumulates, R, to the outer radius, v to the aspect ratio, p, to the density of
the solid cumulates and p,,, to the density of the magma ocean.

3.1.1 Conservation equations

Solid-state convection is examined within a dimensionless spherical shell of inner radius R;
and outer radius R,, with an aspect ratio v = }]? = 0.2, and thickness H = R, — R; = 1.
o
The values of the two dimensionless radius R; and R, are calculated according to v. The
solid cumulates have density ps, and the density contrast between the solid and liquid
layers is expressed as Ap = ps — Pmo, With ps > pmo (fig. 3.1). Gravitational acceleration
is considered uniform, ¢g(r) = —goe,, where g, is its intensity and e, is the radial unit
vector. The cumulates are modeled as an incompressible Newtonian fluid with constant
viscosity n. We adopt the infinite Prandtl number approximation, which is appropriate
for the cumulates and implies negligible inertial effects. In the Boussinesq approximation,
density variations are considered negligible, except in the buoyancy term. We use the
ﬁ, with AT = T, — T,, the initial temperature
2

difference. Using the diffusive time scale tqir = —, with s the thermal diffusivity, the
K

dimensionless temperature © =

dimensionless mass, momentum, and energy conservation equations are:
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V.u =0, (3.1)
0= —Vp+ RaOe, + V?u, (3.2)
00
— +u-VO=VT (3.3)
ot
Ra is the Rayleigh number:
ATH?
Ra = apPsgo 7 (34)
K1

with « the thermal expansion coefficient.

3.1.2 Boundary and initial conditions
Thermal boundary conditions

For simplicity, the temperature at the top and bottom of the solid layer is assumed to be

constant. The thermal boundary conditions in dimensionless form are:

T(r=R,) =0 (3.5)
T(r=R)=1 (3.6)

This assumption is made in this chapter, but in the following chapter (Chapitre 4) we
take into account the thermal evolution of the core, which modifies the thermal boundary

condition for r = Ri.

Mechanical boundary conditions

Traditionally, convection studies assume a non-penetrative boundary condition at the
horizontal boundaries between the solid and liquid. However, the present study accounts
for possible material exchange through melting and crystallization at the interface between
the cumulates and the Lunar Magma Ocean (LMO), as these layers are assumed to be
in phase equilibrium at the interface. Our study is based on the work of Deguen (2013),
Labrosse et al. (2018), Morison et al. (2019), and Morison et al. (2024).

The phase change condition is characterized by the competition between the time
needed to build a viscous topography and the time needed to erase this topography.
Material arriving at a horizontal boundary via convection movements forms a topography,
whose height is limited by the weight that viscous forces can support. The timescale 7,
is the time needed to build a viscous topography h, and it corresponds to the viscous

relaxation timescale:
n
T, = )
T |AplgH

(3.7)
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3.1. Convection equations for the cumulates

Its development occurs on a timescale similar to the post-glacial rebound on Earth (Tur-
cotte et al., 2002). By assuming that the dynamic pressure on the liquid side can be
neglected as its dynamic is fast compared to the solid side and its time average value is

null, the normal stress continuity is:

ou,
g or

(hs) = p(hs) + Apgh =0, (3.8)

with Ouy

,
boundary. The topography of the solid h, is formed by the velocity of the solid w, and

(hs) the strain rate and p(hs) the dynamic pressure on the solid side of the

the freezing front velocity V,.. The heat flux from the solid is neglected since it is small
compared to the one transported by the liquid q;, the conservation energy is given by the
Stephan’s law:

psLnV, =q - T, (3.9)

with Lj the latent heat of crystallization. To estimate the heat flux in the liquid, we use

the parametrization introduced by Deguen et al. (2013):
q - T~ ple,lum05T7 (310)

where u,,, is the fluid velocity in the magma ocean and 67T the temperature difference
relative to the average temperature profile in the liquid due to the topography. Convection
in the magma ocean should be vigorous, so we assume that the average temperature profile

is isentropic, this lead to:

oT oT,
M=—| — = h. 3.11
( aP s~ 0 P) Py (3.11)
oT , . L . o1,
9P |s is the addiabatic temperature gradient and 2P the Clapeyron slope. The ex-

pression for the freezing velocity V,. is obtained by combining eq. (3.9), eq. (3.10) and
eq. (3.11):
h
Ve, = ——, (3.12)
To

with 74 the phase change time scale. This timescale correspond to the time needed to

as:

transport latent heat from the crystallization front to the melting front. It is expressed
pLy
or, 0T

_ 2 -
(p A,O) Cp,l <8P 8P S) JUmeo

According to Labrosse et al. (2018) and as justified by Morison et al. (2024), the viscous

time scale 7, is much shorter than the time scale associated with the evolution of the

Ty = (313)

57



Chapter 3. Numerical methods to study convection inside the cumulates

topography, which can be considered quasi-static, so that V,, = —u,., and the topography
can be express as h = u,74. The competition between 7, and 7, allows us to introduce @,

a dimensionless number that quantifies the exchange between solid and liquid:

o="2 (3.14)
Tn

Using the dimensionless number ® (eq. 3.14), the continuity of the normal stress at the

top of the spherical shell can be written in dimensionless form:

ou,
du, + 2
Uy + or

—p=0. (3.15)

The radial velocity at this boundary may be non-zero if the melting/crystallization time
74 is shorter than 7,. In the limit ® — 0, the boundary condition reduces to a balance
between the pressure and viscous normal stress, without constraining u,., the boundary
is therefore permeable (or penetrative). Conversely, as & — oo, the condition enforces

u, — 0, corresponding to an impermeable boundary (or non-penetrative).

Free-slip conditions are applied to the boundaries of the solid layer, corresponding to

null shear stress in the tangential directions, in dimensionless form:

0 Ug 1 8ur B
o= ()5 O (310
0 [ug 1 Ou,
e =T 5. (7‘) + rsing 0¢ 0 (3.17)

At the base of the spherical shell, we impose free-slip (eqs. 3.16 and 3.17) and an

impermeable (or non-penetrative) boundary condition:

u.(r=R;) = 0. (3.18)

Initial conditions

The initial temperature profile is defined as the steady-state solution of the heat conduc-

tion equation:
VT = 0. (3.19)

Using the boundary condition described in eqs. (3.5) and (3.6), the initial temperature
profile is defined as

(R; — #isfe)
T0) =y (3.20)
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3.2. Methodology

For the direct numerical simulation, we introduce a small-amplitude random thermal
perturbation into the temperature field to start convection. This initial noise, which has
an amplitude A, is crucial in determining when the overturn starts. We adopt A = 1073,

which is commonly used in the solid-state convection model.

3.1.3 Parameters

The problem can be characterized by two parameters: the Rayleigh number Ra (eq. 3.4)
and the phase change number ® (eq. 3.14). The Rayleigh number corresponds to the
competition between buoyancy and diffusivity. A high value of Ra promotes convection
in the cumulates. Convection can be established in the cumulates if the Rayleigh number
is higher than the critical Rayleigh number Ra.. In this chapter, we explore the range of
Ra € [10%,108]. The phase change number characterizes the permeability of the boundary
between the magma ocean and the solid. If & — 0, the boundary is considered permeable,
meaning that exchange between the cumulates and the magma ocean is straightforward.
In the other case, if ® — oo, the boundary is impermeable and there is no exchange
between the cumulates and the magma ocean, as commonly used in models mantle con-
vection. For this chapter, we explore a large range of phase change number values, from

® = 1072 to the non-penetrative condition ® — oo.

3.2 Methodology

3.2.1 Linear stability analysis

We perform a linear stability analysis (LSA) to determine whether thermal convection
can develop within the cumulates and, if so, to characterize the most unstable mode. The
principle of this method is to consider an infinitesimal perturbation superimposed on a
steady, motionless conductive background state. The sum of these perturbations with the
background are assumed to satisfy the conservation equations egs. (3.1) to (3.3) and the
boundary conditions. Due to their small amplitude, nonlinear terms in the equations can
be neglected. In the infinite Prandtl number approximation, the only nonlinear term in
the conservation equation is the advective term w + VT in the energy conservation (eq.
3.3), which is thus omitted in the linearized formulation.

The perturbations result from the superposition of fluctuations of all possible wave-
lengths and directions, namely in the radial direction r, latitude ¢ and longitude 6, and
vary with time. These perturbations can be represented as a sum of spherical harmon-
ics Y(0, ¢), where | € N denotes the spherical harmonic degree and m € [—[,[] the

azimuthal order, whith a radial dependence. The temperature, velocity, and pressure
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fields are then expressed as the sum of a stationary conductive background and a time-

dependent perturbation. For instance, the temperature field can be written as:
@(7"7 97 (b? t) = é(r) +é(r7 07 (b? t)? (3.21>

where the perturbation term is expanded as:

(r,0,6,t) Z Z O (r)Y,™(0, p)et. (3.22)
1=0 m=—1

The radial dependence of the perturbation is discretized using a Chebyshev polynomial
basis. The system can be written as a generalized eigenvalue problem using differential
matrices. The growth rate og; is the eigenvalue of the problem. The most unstable mode
corresponds to the maximum value of $(0;), and its associated value [ gives the preferred
mode of convection. As shown by Morison et al. (2024), the problem is laterally degen-
erate, and the eigenvalues do not depend on m, so we focus on the dependence on [. We
do not reproduce the full demonstration of this method here, but a detailed analysis is
provided in Deguen (2013), Labrosse et al. (2018), Morison et al. (2019), and Morison

et al. (2024).

In this study, we use the numerical tool StablinRB developed by Morison et al. (2024),
to assess the stability of the conductive state in the problem. The results provide insights

into the onset of convection and the dominant convective mode.

3.2.2 Direct numerical simulations

The LSA is useful for exploring a wide range of parameters values and provides information
about the growth rate and the preferred convection mode, but it can not provide infor-
mation about the temporal and spatial evolution of convection. This is why we perform
direct numerical simulations (DNS) to have access to the temporal and spatial evolution
of convection for a given value of the Rayleigh number and phase change number.

To perform these DNS, we use the software Dedalus. It is a parallelized open source
platform designed to solve partial differential equations using spectral methods (Burns
et al., 2020). The aim is to solve the partial differential equations (PDEs) described previ-
ously (egs. 3.1, 3.2 and 3.3) by taking into account the phase change boundary condition
(eq. 3.15) at the top of the spherical shell. This requires solving the PDEs numerically,
in particular by discretizing the variables. The software Dedalus is based on spectral
methods. The solutions are developed on an orthogonal basis (Chebychev polynomial

and spherical harmonics in the spherical case). The aim is to combine high precision with
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3.3. Comparison between the two numerical methods

flexibility in terms of equations, domain, and parallelism. This software is precise and
flexible for simple geometry. DNS provides access to the temporal and spatial evolution
of temperature, velocity, and pressure fields. This information is used to calculate the
quantities used to study convection at different points on the sphere. In addition, as the
model uses spectral methods to resolve the equation system, we can deduce the precise

convection mode.

3.3 Comparison between the two numerical methods

We combine linear stability analysis with direct numerical simulations, as the parameter
space accessible to direct numerical simulations is inherently limited. Linear stability
analysis expands our ability to study regimes that are inaccessible with direct numerical

simulations.

3.3.1 Results from LSA

In this section, we present the results obtained from the LSA. As explained earlier in this
chapter, with the LSA, we can obtain the growth rate of all modes, for a large range of
parameters. We assume that the highest growth rate o;g4 corresponds to the preferential
mode of convection .

In Morison et al. (2024), the critical Rayleigh number Ra, for v = 0.2 and penetrative
condition only at the top is Ra. = 73 and Ra. = 1058 for non-penetrative boundary
conditions. We work with a value of the Rayleigh number Ra higher than the critical
Rayleigh number Ra. to study the effect of an increase in the Rayleigh number. We
systematically vary the Rayleigh number and the phase change number. An increase
in the Rayleigh number leads to an increase in the growth rate (fig. 3.2). Convection
is facilitated by an increase in buoyancy, which is correlated with an increase in the
Rayleigh number. As the phase change number increases, the growth rate decreases. The
presence of a penetrative boundary condition at the top of the spherical shell promotes the
development of convection by increasing the growth rate (Morison et al., 2019; Morison
et al., 2024). The preferential mode of convection is mostly influenced by the value of the
phase change number. For a low value of the phase change number, the preferential mode
of convection is kept at [ = 1. In fig. 3.2b, by increasing the phase change number, we
observe a transition at ® ~ 10 where the mode of convection changes from [ =1 to [ = 2.

Figure 3.3 illustrates the temperature perturbation and the streamlines of the fastest-
growing mode in the equatorial plane (0 = 7/2) for the extreme cases, corresponding

to a low (Ra = 10*) and high (Ra = 108) value of Rayleigh number and penetrative
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Figure 3.2: Growth rate oyg4 as function of ® for different values of Rayleigh number
Ra. The solid lines correspond to case where £ = 1 and the dotted lines to £ = 2.

(® = 107?) and non-penetrative (® — oo) boundary conditions. In the case ® = 1072,
streamlines deviate around the core, and the dominant mode of instability corresponds to
the spherical harmonic degree [ = 1 for both tested Rayleigh numbers. In contrast, when
® — oo, the flow exhibits a degree [ = 2 pattern, indicating a lower value of the growth
rate of the degree-one mode. On fig. 3.3, we observe that for a penetrative boundary
condition, the streamlines are open while for a non-penetrative condition, the streamlines
are closed. This behavior is linked to the non-penetrative boundary condition imposed at
the outer surface of the spherical shell. There is no effect of the Rayleigh number on the
temperature perturbation and the streamline. With penetrative boundary conditions,
even at Rayleigh numbers two to six orders of magnitude above the critical Rayleigh
number, the degree-one harmonic remains dominant in the spherical shell, indicating that

boundary permeability plays a crucial role in preserving large-scale convective structures.

3.3.2 Results from DNS

To present the results obtained from the DNS, we selected a reference case defined by
a Rayleigh number Ra = 10* and a phase change number ® = 6. With DNS, it is not
possible to explore the entire range of parameters. It is difficult to increase the value
of Ra while keeping the values of ® low. The reference case corresponds to the highest

Rayleigh number for which such a low value of ® can be reached. Therefore, the case
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P =107 ¢+ o0
Figure 3.3: Temperature perturbation and streamlines of the most unstable mode for

extreme cases: Ra = 10* and Ra = 10® with penetrative boundary condition, ® = 1072
and non-penetrative condition, & — oo.

Ra = 104

Ra = 108
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(Ra = 10%, ® = 6) is chosen as the reference case. The total flux is defined as the sum

of the convective flux and the conductive flux:

We study the temporal evolution of the dimensionless heat flux at the outer boundary
of the spherical shell (r = R,) (fig. 3.4a), as well as the evolution of the mean temperature
within the shell (fig. 3.4b). The heat flux is initially constant, then rapidly increases until

it reaches a maximum value fi.x at time t,,., (red star in fig. 3.4a). The time when the
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Figure 3.4: a- Temporal evolution of the outer flux f,, the red star corresponds to
the maximum flux and the green arrow to duration of the overturn At;.. b- Temporal
evolution of the mean temperature. c- Temporal evolution of the RMS of the radial
velocity at the outer radius (u,(r = R,)), with the growth rate of the DNS opyg in
dashed dark-orange line and LSA o154 in dotted black line.

flux starts to grow depends on the initial amplitude noise A. Convection increases rapidly,
and the duration of the peak is defined by Atioia. It is defined as the duration between
the time when the flux reaches the average of min and max values, fiq = (fmax + fmin)/2

when it grows and the same value when it decreases. Following the maximum, the flux
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gradually decreases, reaches a second, less intense peak, and stabilizes. Convection is
sustained because the basal temperature is kept constant, ensuring a continuous supply
of thermal buoyancy that maintains the convective motions. The mean temperature
begins to decrease as convection starts, and it decreases more rapidly during the period
when the heat flux reaches its maximum. Afterwards, it stabilizes, with a small peak
occurring before the secondary maximum of the heat flux.

In addition, we study the time evolution of the RMS of the radial velocity at r = R,
between ty and ¢, to obtain the growth rate of convection (fig. 3.4c). The growth rate
is computed as the slope over the linear phase of the instability, from ¢t = 0 to t = t,pax. A
series of linear regressions is performed over multiple segments within this interval, and

the average slope is taken as the DNS-based growth rate (fig. 3.5).

a
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— 107" 1 slope=261.8
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Figure 3.5: Temporal evolution of the RMS of the radial velocity at » = R, for the
reference case Ra = 10*, ® = 6. The dashed lines represent the slope calculated taking
different percentage, from 90% of the slope in orange to 10% of the slope in purple, of
the exponential part of the curve between ¢, and t¢,,,,. The black line corresponds to the
middle of the curve.

Since Dedalus is a spectral code, the temperature field can be decomposed into its
spectral components. The resulting spectrum represents the amplitude associated with
each spherical harmonic degree [. At ty, the spectral coefficients are randomly distributed
(fig. 3.6a). At t = tyay, the dominant mode corresponds to the spherical harmonic degree
[ = 1. Higher-order coefficients are significantly smaller in amplitude, confirming the

dominance of the [ = 1 mode. We note an increase in the coefficient value for [ = 31,
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which may be related to the initial noise. Indeed, for this same harmonic, the coefficient
value is higher. This elevated value for [ = 31 persists until the end of the simulation at
tena, but it is still lower than the amplitude of [ = 1.

Figure 3.7 provides a Mollweide projection of the outer surface heat flux at t = ¢,.«.
The spatial pattern of the flux is consistent with the spectral analysis, showing a large-

scale structure dominated by degree [ = 1, as expected by the spectral analysis.
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Figure 3.6: Spectral amplitude of the temperature field as a function of the spherical
harmonic degree [ at a the initial time ¢y, b the maximum time ¢,,,, and c the final time
corresponding to the end of the simulation t¢.,4. The inset corresponds to the amplitude
for the first 5 degrees of spherical harmonics. On b and ¢ the amplitude is normalized by
the maximum of the amplitude at ¢,,.x.
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Time: 0.04700

Figure 3.7: Mollweide representation of the surface heat flux at ., = 0.047, normalized
by is maximum. The full video is availlaible at https://youtu.be/ipdkyJ8jSQg.

3.3.3 Comparison: LSA vs DNS

To assess the agreement between LSA and DNS, we focus on the only two quantities that
can be directly compared: the instability growth rate, denoted o, and the dominant mode
of convection, characterized by the spherical harmonic of degree [. As shown in fig. 3.8,

the growth rate computed from the DNS closely matches the value predicted by LSA.

This comparison provides a valuable validation step for the DNS framework. LSA,
although limited to infinitesimal perturbations and linear dynamics, allows rapid explo-
ration of a wide range of parameters. In contrast, DNS captures the full nonlinear evo-
lution of convection, both in space and time, but is computationally limited, particularly
when dealing with high Rayleigh numbers. The presence of the phase change boundary

condition reduces the range of accessible parameters through the DNS.

Given the good agreement between the LSA and the DNS, and the growth rate that
can be scaled by Ra (dotted line on fig. 3.8b), the DNS results can be extrapolated to
more extreme regimes, in particular for lower values of ® and higher values of Ra. This

extrapolation is examined in more detail in the following chapter (Chapter 4).
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Figure 3.8: a- Growth rate of the convective instability obtained from DNS as a function
of that predicted by LSA, for various values of Ra and ® (see table 3.2). Marker size scales
with Ra, while color indicates ®, with darker shades corresponding to higher values. The
black line represents the y = x reference. b- Map of growth rate values as a function of
Ra and ®. Symbols represent DNS results, each symbol type corresponding to a different
convection mode. Black solid lines indicate the boundaries where transitions between
convection modes occur as predicted by LSA. Gray dashed lines corresponds to growth
rate contour lines.

3.3.4 Effect of Ra and o

In this section, we investigate the influence of two dimensionless numbers, the Rayleigh
number and the phase change number, for a given initial temperature profile (eq. 3.20)
and aspect ratio v = 0.2. Both dimensionless numbers are unconstrained, as they depend
on the properties of the solid shell and on the dynamic of the overlying magma ocean.
With linear stability, we study the influence of these two dimensionless numbers on the
growth rate and preferred mode of convection. As explained in section 3.3.1, the increase
of the value of the Rayleigh number and the decrease of the phase change number favor the
establishment of convection in the spherical shell. The low values of ® favor a convection

mode corresponding to a spherical harmonic of degree-one (fig. 3.8).

With DNS, we study how these two dimensionless numbers affect the outer flux f,
(fig. 3.9). At constant Ra, increasing the phase change number to a non-penetrative
boundary condition ® — oo delays the onset of convection and reduces the peak surface
flux. Conversely, for a fixed ® = 6, decreasing Ra (green line on fig. 3.9) results in an later
onset of convection and a lower peak flux. More generally, increasing Ra or decreasing
® leads to earlier and more vigorous convection, characterized by a stronger maximum

surface flux. Furthermore, a thinner peak width indicates that most of the energy stored
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in the spherical shell is released over a shorter timescale.
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Figure 3.9: Dimensionless temporal evolution of the outer flux f, for Ra = 10*, & =6
(blue line), Ra = 10, ® — oo (orange line) and Ra = 1.5 x 10®, ® = 6 (green line).

3.4 Effect of other parameters

The previous section (section 3.3) of this chapter is focused on a simplified case to compare
the LSA and DNS. This case corresponds to a conductive initial temperature profile (eq.
3.20), a spherical shell with an aspect ratio v = 0.2, a uniform gravity acceleration, and
fixed thermal boundary conditions (eqs. 3.6 and 3.5). The aim of this section is to study
the effect of other parameters on the convection. Particularly, we study the effect of the
shell thikness (by varying the aspect ratio v), a radially-dependent gravity acceleration,

and the initial temperature profile.

3.4.1 Effect of the aspect ratio vy

In the study by Morison et al. (2024), the authors investigate the influence of the aspect
ratio on the critical Rayleigh number Ra,. (table 3.1) and on the prefered mode of the

instabilities as a function of the value of ®. We also propose to examine the influence of
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the aspect ratio on convection, growth rate and mode of convection, through both LSA
and DNS, using an initially conductive temperature profile, and a uniform gravity, by
systematically varying Ra and .

As in section 3.3.3,

we first compare the Table 3.1: Values of the critical Rayleigh number Ra. and
results from LSA with associated wavelength [ as function of the phase change number
those from the DNS. ® and the aspect ratio v from Morison et al. (2024).

We vary the aspect P

. . 6 100
ratio of the spherical 0%
shell such that v € 02 | Ra.=481,1=1| Ra.=985,1=1
[0.2,0.6] (fig. 3.10). 04 | Ra.=364,1=1| Ra,=709,1=2
In the case v = 0.6 | Ra.=317,1=3 | Ra. =632,1 =4

0.4, the agreement be-
tween LSA and DNS remains robust (fig. 3.10a). The preferred convective mode is in-
fluenced by the phase change number: a transition is observed from a mode [ = 1 to
Il =2 for ® =5, and then to [ = 3 for & = 10. Compared to previous configurations,
the reduced shell thickness causes this transition toward shorter wavelengths to occur at
slightly lower values of ® (fig. 3.10c). A thinner shell makes the value of [ to increase.
For the DNS, we use a Rayleigh number Ra = 1500, which is higher than the critical
value for the onset of convection (table 3.1). The simulations are performed for two values
of the parameter ® (® = 6 and ® = 100). For the lower value of ®, the growth rate is
larger than for the higher one (fig. 3.11). This behavior is consistent with the fact that
a lower ® corresponds to more penetrative thermal boundary conditions at the top of
the spherical shell, which promotes the onset of convection. For both explored values of
®, the growth rate increases as the shell becomes thinner (i.e.: for higher values of ).
Convection therefore starts earlier in thinner shells (fig. 3.11). As shown by Morison et al.
(2024), the critical Rayleigh number increases with shell thickness for values of & = 10.
Consequently, for the chosen Ra = 1500, the case with v = 0.2 is closer to the critical
threshold than the case with v = 0.6, which explains why the growth rate is smaller for
thicker shells (table 3.1). In addition, a higher aspect (7 — 1) ratio reduces the curvature

of the spherical shell, which further facilitates the development of convection.
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Figure 3.10: a-c Growth rate of the convective instability as obtained from DNS as a
function of the growth rate obtained with LSA for different Ra and ® for an aspect ratio
~ = 0.4 on the panel a and v = 0.6 on the panel c. The size of the points is proportional
to the value of Ra, the color corresponds to the value of ®, a darker color corresponding
to the highest ® values. The black line correspond to the y = x line. b-d Map of growth
rate values as a function of Ra and ®. Symbols represent numerical simulation results,
each symbol type corresponding to a different convection mode. Black solid lines indicate
the boundaries where transitions between convection modes occur as predicted by LSA.
Gray dashed lines corresponds to growth rate contour lines.
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Figure 3.11: Temporal evolution of the dimensionless mean outer flux for Ra = 1500
and a- ® = 6 and b- & = 100 for different aspect ration v = 0.6 in blue line, v = 0.4 in
orange line and v = 0.2 in green line.

3.4.2 Radius dependent gravity acceleration

This section investigates the influence of spatially varying gravitational acceleration on
thermal convection by comparing two configurations: one with a uniform gravity field,
as considered in previous sections, and another in which gravity increases linearly with

radius. In this latter case, the gravitational acceleration is defined as

r

g(r) = —ogyer: (3.24)

where g is the reference gravity at R, and e, is the radial unit vector. The dimensionless
governing equations are modified accordingly. The continuity and energy equations remain
unchanged, while the buoyancy term in the momentum equation now depends explicitly

on the radial coordinate:

Vu=0, (3.25)
0=-Vp+ RaT}%er + Viu, (3.26)
aaf +u-VT =VT. (3.27)
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For the rest of this section, we consider the initial temperature profile described in
eq. (3.20) and an aspect ratio v = 0.2. We have modified the linear stability analysis
code (StablinRB) to take into account a gravity varying linearly with radius. To quantify
the impact of this radial gravity profile, we perform a LSA at fixed Rayleigh number while
systematically varying the phase change parameter ®. The results show that, for a given
®, the onset of convection is slightly delayed when gravity increases with radius: growth
rates are lower compared to the uniform gravity case (blue vs. orange line in fig. 3.12a).
Consequently, a uniform gravitational field facilitates the development of convective in-
stabilities. In addition, when gravity varies linearly with radius, the transition from the
dominant spherical harmonic mode [ = 1 to | = 2 occurs at slightly higher values of ®
(fig. 3.12b). This indicates that the radial dependence of gravity has a stabilizing effect
on the lowest degree modes.

To further assess the dynamical impact of non-uniform gravity, we perform DNS at
Ra = 10* and ® = 6, incorporating the same radial gravity profile. The mean surface
heat flux is then used to characterize the vigor of convection. As shown in fig. 3.12c,
convection sets in earlier and the surface heat flux is slightly higher in the case of uniform
gravity (blue line) compared to the case with linearly increasing gravity (orange line).
This reduction in convective efficiency is attributed to the fact that buoyancy forces are
weaker near the inner boundary in the non-uniform case, where radial distance, and thus
gravity, are smaller. This radius dependent gravity acceleration reduces the driving force
for convective motions at depth, thereby delaying the onset and slightly weakening the

overall heat transport.

3.4.3 Effect of the temperature profile

In the lunar context, the temperature distribution within the solidifying mantle is more
curved than the conductive temperature profile (fig. 2.3 in Chapter 2). This tempera-
ture profile is typically derived analytically from the phase diagram and exhibits a sharp
variation near the top of the mantle, over a relatively thin region. To capture this behav-
ior while maintaining an analytical formulation, we approximate the temperature profile

using a parabolic function defined as:

1 if R; <r < (R,—d),
T(r) = (3.28)

1
—E(T—Ro—i-d)z—i—l if (R,—d) <r<R,,

where the parameter d sets the thickness of the layer in which the temperature follows
a parabolic profile (fig. 3.13). This parameterization allows us to systematically explore

how the thickness of the region over which temperature varies affects convection. A
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Figure 3.12: a- Growth rate and b-associated wavelength (LSA) as function of phase
change number ® for Ra = 10* with a uniform gravity acceleration, in blue line, and
for a radius dependent gravity acceleration, in orange line. c- Temporal evolution of the
dimensionless mean outer flux (DNS) for Ra = 10* and ® = 6 for a uniform gravity
acceleration, in blue line, and for a radius dependent gravity acceleration, in orange line.
The LSA and DNS are perfomed with a conductive initial temperature profile (eq. 3.20)
and v = 0.2. For the DNS the initial amplitude noise is A = 1073,

value of d = R, — R; (corresponding to d = H, see section 3.1.1) corresponds to a
temperature variation extending over the entire domain (blue line on fig. 3.13). This
temperature profile is not a solution of the stationary diffusion equation (eq. 3.19),
therefore, we use the "frozen-time" approach, in which we neglect the diffusive evolution
of the reference temperature profile. This definition leads to an effective Rayleigh number,
Rag, associated with the region where the temperature variation is effective:

apgATd?

Rap = —2—— (3.29)
Kp

which increases with d®.

To isolate the effect of the curvature of the temperature profile on the dynamics, we
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Figure 3.13: Dimensionless temperature profile according to eq. (3.28) as function of
the dimensionless radius for dimensionless 6 = 1 in blue line, § = 0.5 in orange line and
0 = 0.2 in green line.

conducted simulations with fixed temperature boundary conditions, a uniform gravita-
tional acceleration, a constant aspect ratio v = 0.2, and dimensionless thickness §. By
varying d, we assess the effect of the curvature of the temperature profile on the onset and
characteristics of convection in the spherical shell. This approach enables us to evaluate
how the localization of thermal buoyancy affects the convective behavior. Using LSA,
we examine how the critical Rayleigh number Ra,. evolves as a function of the thickness
0 of the domain over which the temperature variation is effective (see fig. 3.14). The
critical Rayleigh number corresponds to the minimum value of the Rayleigh number for
which convection can develop in the spherical shell. We observe that Ra. decreases as §
increases. When 6 — 1, Ra. approaches a lower limit. For values of ¢ close to 1, the tem-
perature variation is effective throughout the entire shell. As the value of ® increases, the
critical Rayleigh number Ra, also becomes larger. This behavior is physically consistent,
since a higher ® corresponds to a non-penetrative boundary condition at the top of the
cumulate (fig. 3.14a). In this case, it becomes more difficult for convection to develop,
and a higher Ra is therefore required to trigger the instability. The representation of
Ra.6? (fig. 3.14b) shows the opposite trend, i.e., it increases with §. Plotting Ra.0® aims
to test the influence of the effective temperature variation over the thickness ¢ on the

onset of convection. If Ra.6® is independent of §, then only the temperature variation in
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Figure 3.14: a- Evolution of the critical Rayleigh number Ra, and b- Ra.d® as function
of d, the dimensionless proportion of the domain where the variation of temperature is
effective for ® = 1072 in blue line, ® = 1 in orange line, ® = 10 in green line, ® = 100 in
purple line, and ® — oo in gray line. The solide lines correspond to [ = 1 and the dotted
line to [ = 2.

the thickness § influences the onset of convection. As shown in fig. 3.14b, this is not the
case, even if the source of buoyancy is located in d, because the deformation affects the
entire shell, not just the layer of thickness §. The onset of convection does not depend
only on the thickness over which the temperature varies, but also takes into account a
global mode, as it developps on the entire shell (with v = 0.2).

A preferential convection mode with degree [ = 2 is observed only in the limit where
® — oo (fig. 3.14), particularly for small values of §, that is, when the temperature vari-
ation occurs over a thin layer (d < 0.56). In all other cases, the dominant convective
mode remains [ = 1. When the temperature gradient is confined to a thin region and
non-penetrative boundary condition is imposed, the system is more resistant to defor-
mation. Under these conditions, convection is less efficient at developing large-scale flow
(low-I modes) and instead favors smaller-scale structures corresponding to higher spher-
ical harmonic degrees. This trend suggests that both the thickness of the layer where
the temperature variation is effective and the permeability contrast play a key role in

determining the spatial pattern of convection.
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We now investigate the evolution of the growth rate opga as a function of 9, for fixed
values of Ra = 1500 and Ra = 107, while varying ® € [1072, o[ (fig. 3.15). This analysis
complements the critical Rayleigh number trends discussed previously and provides insight
into the temporal development of instabilities within the parameter ranges detailed above
(see section 3.3). For Ra = 1500 and ® = 1072 or ® = 1, the growth rate increases
slightly with §, reaches a maximum around d ~ 0.2, and then gradually decreases. For
the same Rayleigh number but with higher values of ® (& = 10, 100, and & — ), the
growth rate increases and reaches a plateau. In particular, for & = 100 and & — oo,
the growth rate becomes negative for d < 0.38 and d < 0.45, respectively, indicating that

convection cannot develop in these cases.

a
103 3 - —— Ra = 1500, & =102
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§ ] —— Ra = 1500, ® = 100
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Figure 3.15: Evolution of the growth rate o;s4 as function of § the proportion of the
domain where the variation of temperature is effective for ® = 1072 in blue line, ® = 1
in orange line, ® = 10 in green line, ® = 100 in purple line, and & — oo in gray line for
~v = 0.2. a correspond to Ra = 1500 and b to Ra = 107.

For higher Rayleigh numbers (i.e., Ra = 107), the behavior differs depending on
the boundary condition: for permeable boundary conditions (® = 1072, ® = 1 and
® = 10), the growth rate decreases slightly with ¢ (fig. 3.15a). On the contrary, while
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for impermeable conditions (& = 100 and & — o0), the growth rate increases with §
(fig. 3.15Db).

When the temperature gradient is restricted to a thinner region of the spherical shell
(i.e., for small §), the effective Rayleigh number is reduced, which tends to delay the
onset of convection, as observed in fig. 3.14. However, when a phase change boundary
condition is imposed at the top of the spherical shell, this trend may reverse: the growth
rate tends to decrease with 0. In particular, for high Rayleigh values, in the case of an
impermeable condition (® = 100 and ® — o0), the establishment of convection is mainly
controlled by the thickness over which the temperature variation is effective. This is why
the growth rate increases with 0, and larger [ are observed at low . In this case, the
phase change boundary condition alters the force balance near the boundary, reducing
viscous dissipation and facilitating vertical motion. This allows convection to develop
more easily, even when the unstable layer is thin. The maximum observed in the growth
rate therefore results from the combined effect of increased buoyancy with increasing o
and improve the efficiency of convective transport enabled by the permeable interface at
small to moderate 9.

It is not possible to compare the results of LSA with DNS in this section due to the
diffusivity of the temperature profile. Indeed, at low Rayleigh numbers such as Ra = 1500,
the growth rate is slow (fig. 3.15a). During this initial phase, the initial temperature profile
has enough time to diffuse throughout the shell before convection begins. As a result, the
temperature profile is no longer representative of the unstable base state configuration
assumed in LSA (see Chapter 4).
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Figure 3.16: Temperature perturbation and streamlines of the most unstable mode for
different values of Ra and ® depending of the thickness of effective temperature ¢.

3.5 Conclusions

This chapter presents the two methods used in the following sections to investigate the
overturn of lunar cumulates: linear stability analysis and direct numerical simulations.
The comparison between these two approaches demonstrates the consistency of the results

and provides validation for the direct numerical simulations, particularly since phase
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change has not previously been incorporated into such simulations (previously explored
only in a 2D spherical annulus geometry Morison, 2019). Additionally, I investigate how

different parameters influence convection in lunar cumulates:

1. The aspect ratio () controls the preferred mode of convection. In thin spherical
shells (i.e., higher v), the dominant convection mode shifts toward higher spherical

harmonic degrees compared to cases with lower v values.

2. Accounting for a gravitational acceleration that varies linearly with radius reduces

the growth rate, thereby delaying the onset of convection.

3. Finally, I examine the influence of the curvature of the temperature profile. The
results show that when temperature variations are confined to a thin thermal bound-
ary layer, the onset of convection is delayed. However, this stabilizing effect can be
partially compensated by the presence of phase change at the interface between the

cumulates and the magma ocean.
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Parameters for DNS

Table 3.2: List of DNS and parameters used. Ra Rayleigh number, & phase change

number, v aspect ratio, safety for CFL, dti,a1 the initial time step for the simulation
and also corresponds to the maximum value of time step allowed, N, resolusion in the
Ny N, radial resolution.

Ra P 7 safety | dtinitia | Ny | Ng | N, | cadence | threshold | max_change | min_change initial _noise | gravity BC
1 10* 6 0.2 2 107 ] 96 | 64 | 128 1 0.1 1.5 0.5 1073 cst fixed temperature
2 10* 6 0.2 2 1072 64 | 32 | 96 1 0.1 1.5 0.5 1073 cst fixed temperature
3 107 10 0.2 2 107 96 | 64 | 128 1 0.1 1.5 0.5 1073 cst fixed temperature
4 107 50 [0.2 2 107° [ 32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
5 107 100 | 0.2 2 107° [ 32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
6 107 107 0.2 2 107° [ 32]16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
7 10* 30000 | 0.2 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
8 10" oo |02 2 107° [ 64 | 32| 64 1 0.1 1.5 0.5 1073 cst fixed temperature
9 | 5x10° 6 0.2 2 107> | 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
10| 5x10° 50 0.2 2 10~° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
11| 5x10° 100 | 0.2 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
12 [ 5x10° 3000 | 0.2 2 1072 32 |16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
13| 3x10° 6 0.2 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
14| 3x10° 50 [0.2 2 107° [ 32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
15 | 3x10° 100 | 0.2 2 107° [32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
16 [ 1.5 x 10° 6 0.2 2 107° [32]16] 64 1 0.1 1.5 0.5 1073 cst fixed temperature
17 [ 1.5x 103 | 10 ]0.2 2 107° | 32 ] 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
18 | 1.5 x 10° 50 0.2 2 10— 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
19 | 1.5x 10 | 100 [ 0.2 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
20 | 1.5 x 10° 6 0.2 2 10~° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
21 [1.5x10°] 10 [0.2 2 107° [ 3216 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
22 | 6 x 10? 6 0.2 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
[28] 10" ] 6 Jo2] 2 10° [64]32]9 ] 1 0.1 15 05 10°° r [ fixed temperature
24 107 6 0.4 2 107° 13216 | 64 1 0.1 15 0.5 1073 cst fixed temperature
25 10" 50 |04 2 107° [ 32|16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
26 10" 100 | 0.4 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
27 10* 1000 | 0.4 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
28 107 30000 | 0.4 2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
29 | 3 x 103 6 0.4 0.5 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
30 | 3x10° 50 0.4 0.5 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
31] 3x10° 100 | 04 0.5 107 [32]16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
32 3x10° | 1000 [ 0.4 0.5 107> [32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
33 ] 3x10° 100 | 0.4 0.5 107° [32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature
34 [ 3x10% |30000 | 0.4 0.5 107° [32]16] 64 1 0.1 1.5 0.5 1073 cst fixed temperature
35 | 1.5 x 10° 6 0.4 0.5 107 | 32 ] 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
36 [ 1.5x 10 | 100 | 0.4 0.5 107 | 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
37 ] 1.5 x 10° 6 0.6 0.5 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
38| 3x10° 100 | 0.6 0.5 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
39 x103 6 0.6 0.2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
40 x103 50 0.6 0.2 107° 32 | 16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
41 x10° 100 | 0.6 0.2 1072 32 |16 | 64 1 0.1 1.5 0.5 1073 cst fixed temperature
42 x103 1000 | 0.6 0.2 107° [32]16 | 64 1 0.1 15 0.5 1073 cst fixed temperature

QOOCOO0D®
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Chapter 4

Duration of the lunar overturn during
magma ocean crystallization

Dans ce chapitre nous appliquons les méthodes dévelopées dans le chapitre précédent au
cas de la Lune spécifiquement. Nous étudions le retournements des cumulats lunaires,
en prenant comme état initial, I’évolution thermique de l’océan de magma lunaire. Nous
nous plagons au tout début de la seconde étape de cristallisation, au moment ou la croite
commence a se former. Nous considérons un refroidissement séculaire et homogéne du
noyau, et nous tenons compte du changement de phase a linterface cumulats/océan de
magma. Nous montrons que le retournement peut se mettre en place bien avant la fin de
la solidification de l'océan de magma lunaire, et qu’il se développe selon une harmonique
sphérique de degré un. La durée de ce retournement est comprise entre quelques milions
d’années a plusieurs dizaines de millions d’années. Ce retournement pourrait affecter
la croissance et la stabilisation de la croute si l'interface supérieure est suffisamment
perméable et si le nombre de Rayleigh n’est pas trop élevé. Compte tenu de [’évolution
thermique du noyau, ce renversement précoce pourrait générer une dynamo lunaire précoce.
Ce chapitre a fait l'objet d’un article soumis dans le revue Earth and Planetary Science
Letters.
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abstract

The Moon presents a striking asymmetry between the nearside, which concentrates the
lunar mare and shows a thin crust, and the farside, composed of thick anorthosite ter-
ranes. One proposed explanation for this asymmetry is a mantle overturn, driven by the
instability of a dense, ilmenite-rich layer at the top of cumulates near the end of lunar
magma ocean solidification. However, thermal instabilities may arise before the crystal-
lization of this dense layer. In particular, material exchange by melting and crystallization
at the magma ocean-cumulates boundary facilitates low through the boundary and hence
the onset of convection in the cumulates. Accounting for this flow-through interface, we
investigate the onset and duration of a thermal overturn using linear stability analysis
and direct numerical simulations. Our results show that a thermal overturn can initiate
well before the end of magma ocean solidification, lasting from ten thousand years to tens
of millions of years. The dominant convective mode corresponds to a spherical harmonic
degree-one and could affect crustal growth and stabilization if the top interface is suf-
ficiently flow-through and the Rayleigh number not too large. Taking into account the

thermal evolution of the core, this early overturn could generate an early lunar dynamo.

4.1 Introduction

The giant impact hypothesis has emerged as the predominant model for the formation of
the Moon. According to this hypothesis, the Moon was formed as a result of a massive
collision between the proto-Earth and a planetary embryo. This highly energetic impact
released enough energy to induce a fully molten Moon (Pritchard et al., 2000; Canup,
2012; Cuk et al., 2012; Nakajima et al., 2014). Unlike the Earth, the Moon has retained a
record of the early cooling and crystallization processes that followed the Lunar Magma
Ocean (LMO) stage in its crustal structure. The lunar crust that forms the highlands
is indeed primitive in age (Borg et al., 2023). A striking feature of the lunar crust,
partly revealed by the GRAIL gravity survey, is the degree-one variation in its structure.
The near side is significantly lower in topography than the far side. This degree-one
variation in topography is attributed to a variation in crustal thickness, with a crust that
is significantly thinner on the near side (20 km to 30km), than on the far side (50 km to
60km) (Wieczorek et al., 2013).

Several hypotheses have been proposed to explain this asymmetric structure of the
crust. They include the influence of the position of the Moon relative to the Earth in
its magma ocean stage, which could have generated a differential heating and a thinner
crust on the near side (Roy et al., 2014), the secondary destabilization of a basal layer

enriched in heat producing elements (Zhong et al., 2000a), the non-uniform distribution
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of heat-producing elements in the lunar interior (Laneuville et al., 2013) and the unstable

growth of a stagnant lid on top of a partially molten mantle (Watson et al., 2022b).

In the classical scenario of LMO crystallization, dense minerals such as olivine and
pyroxene sink to the base of the mantle, forming cumulates. The lunar crust forms in
a second stage, by flotation of buoyant plagioclase minerals, when anorthite begins to
crystallize after ~ 70 — 80% of LMO solidification (Wood, 1970; Elkins-Tanton et al.,
2011; Colin et al., 2024). Within this scenario, one proposed mechanism to account for
the degree-one variation in lunar crustal structure is a mantle overturn driven by the
crystallization of very dense ilmenite-bearing cumulates (IBC) in the final stage of LMO
crystallization (Parmentier et al., 2002; Elkins-Tanton et al., 2002; Maurice et al., 2017,
Boukaré et al., 2018). But models proposed for such a compositional overturn do not

support the occurrence of a degree-one pattern (Maurice et al., 2024).

However, recent investigations by Boukaré et al. (2018) and Maurice et al. (2024) show
that thermal instabilities can develop prior to ilmenite crystallization, thus before the end
of LMO crystallization. The rapid (< 1000 yrs) first stage of LMO crystallization results
indeed in an unstable temperature profile in the cumulates (Colin et al., 2024; Maurice et
al., 2024). The second stage of LMO crystallization, involving the growth of an insulating
anorthosite flotation crust, lasts in fact much longer, with crystallization timescales of
at least 45 Myr and possibly reaching 200 Myr (Maurice et al., 2020; Colin et al., 2024).
This long crystallization time could allow convection to develop before complete LMO
solidification. In particular, Morison et al. (2019) demonstrated that material exchange
between the cumulates and the LMO, related by phase equilibrium, hastens the onset of
convection and favors the development of an instability in the form of a spherical harmonic
of degree-one. However, Morison et al. (2019) only constrained the timescale for the onset
of the overturn, not its duration. If a thermal overturn with a degree-one structure occurs
before the end of LMO solidification, it could strongly influence the growth of the crust
by releasing the excess heat stored in mantle cumulates into one hemisphere. In addition,
the enhanced mantle cooling associated with this overturn could produce a sufficiently
large heat flux at the lunar core-cumulates boundary to initiate an early dynamo, which
could provide an explanation for the observations from paleomagnetic measurements of
an early lunar dynamo (Cournede et al., 2012; Weiss et al., 2014; Nichols et al., 2021;
Jung et al., 2024).

Here, we use linear stability analysis and three-dimensional spherical shell simulations
to study the onset and duration of this lunar thermal overturn. We use the initial tem-
perature profile in the cumulates given by the model of Colin et al. (2024) at the end
of the first stage of LMO solidification and consider an exchange of material between

the lunar cumulates and the LMO by introducing a phase-change boundary condition
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

(Deguen, 2013; Labrosse et al., 2018; Agrusta et al., 2019; Morison et al., 2019; Morison
et al., 2024). We also model core cooling to evaluate whether this thermal overturn could

trigger an early lunar dynamo and when.

4.2 Model

4.2.1 Thermal context
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Figure 4.1: a) Simplified olivine-pyroxene anorthite phase diagram adapted from
O'Driscoll et al. (2010), with T and Cg, the eutectic temperature and composition,
m the liquidus slope and TY,;o and Cj the initial temperature and composition of the
LMO. b) Schematic of the structure of the Moon during LMO crystallization. The core is
shown in dark gray, olivine-pyroxene cumulates in green, the LMO in red, and the crust
in light gray. The initial temperature profile T,,(r) is in orange.

Solid-state convection in the lunar mantle is investigated in the context of LMO crys-
tallization. The LMO solidification scenario considers that the primary crust forms by
aggregation of buoyant anorthite minerals floating on the surface, while cumulates form
by sedimentation of olivine and pyroxene crystals. We use the LMO solidification model
of Colin et al. (2024), which is based on a simple binary eutectic phase diagram with two
components: anorthite and olivine-pyroxene (fig. 4.1a). LMO solidification occurs in two
stages. In the first stage, only olivine and pyroxene crystallize, forming cumulates. The
liquidus temperature Ty, is assumed to vary linearly with the mass fraction in anorthite
component C(t):

Tiiq = Tor, — mC(t), (4.1)
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4.2. Model

Tory — 1w

Ck
the liquidus slope, with T and Cf, the eutectic temperature and composition. Mass

with Tor, the liquidus temperature of the olivine-pyroxene component, and m =

conservation gives a relation between the initial composition in anorthite component Cj,
the LMO composition C(t), and the radius of cumulates R, (t):

(R = RE) Co = (B - Rau(h) C(1) (4.2)

with Ry the radius of the Moon and R the radius of the core. At the end of the first
stage, C(t) = Cg and (Cg — Cy)/Cg correspond to the fraction of LMO crystallized at
that time. The first stage is very fast: in ~ 300yr, 80% of the LMO has crystallized.
The first stage being too short for diffusion to proceed, the temperature profile in the

cumulates is obtained by combining eq. (4.1) and eq. (4.2):

RS, — RS

Tcu(r) = TOL — mC’OW
M

for Rc <r < Re,. (4.3)
The temperature gradient at the end of the first stage is super-isentropic and thus prone
to instability and overturn (fig. 4.1b). The timescale for the onset of cumulate insta-
bility /overturn may be short, but is likely longer than this first stage of solidification
(Morison et al., 2019). However, Morison et al. (2019) investigated the onset of instabil-
ity /overturn using a temperature profile based on a generic pressure- and composition-
dependent phase diagram that did not include the eutectic included here, which is nec-
essary to the crystallization of an anorthositic crust. When the eutectic is reached in
the LMO, anorthite starts to crystallize (fig. 4.1a) and floats, forming a conductive and
insulating lid, which makes the remaining ~ 20% of the LMO crystallize in 45 to 200 Myr
(Colin et al., 2024). Our goal is to evaluate whether a thermal overturn of the cumulates

may then occur before the end of the second stage.

4.2.2 Convection equations in the cumulates

We investigate solid-state convection within the cumulates, which are bounded above by
the liquid LMO, with temperature Tr and density pno, and underneath by the core of
temperature T, (t). The cumulates form a spherical shell of inner radius R¢ and outer
radius R, with density p.,. We note Ap = pey — Pmo, With pey > pmo. During LMO
crystalization, heat-producing elements are retained within the liquid phase; thus, we
neglect internal heating in the cumulates. We assume that the cumulate layer behaves as
a Newtonian fluid with constant viscosity 7., independent of temperature and pressure.
This assumption is justified by the relatively small temperature variation 7., —7Tg = 550 K

within the cumulates, the temperature at the upper boundary being that of melting.
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

Gravity varies linearly with radius r following g = —gj Ricuer, where e, is the unit vector in
the radial direction and gg the gravity acceleration at the top of the cumulates. We adopt
the infinite-Prandtl-number approximation, appropriate for mantle materials, implying
negligible inertial effects. Under the Boussinesq approximation, density variations are
considered negligible except in the buoyancy term. The density evolves with temperature

following;:
p=pe(l—a(l-1Tk)), (4.4)

where pg and Tk are the reference density and temperature, respectively, chosen at the
eutectic point, and « is the thermal expansion coefficient which is considered constant.
With these assumptions, the equations for the conservation of mass, momentum, and

energy write:

V-.u=0, (4.5)

0=—=Vp+ poa(T — TE)goé er + e V3u, (4.6)
oT

o T VT = kV?T, (4.7)

with w the flow velocity, T" the temperature, and p the dynamic pressure. Using the
2

lengthscale H = R, — R¢, the diffusive time scale tg;5 = —, and the initial temperature
K
difference AT = Tiyoo — Tg, with Tiyoo the initial temperature in the LMO, as the

temperature scale, the conservation equations can be made dimensionless as follow:

V.u=0, (4.8)
H 2
0=-Vp+ RaR Ore, + V*-u, (4.9)
00
— +u-VO=V?0, (4.10)
ot
: T— : :
with © = AT and using the same symbols for velocity and pressure as for the
dimensional equations, for the sake of simplicity. The Rayleigh number is defined as
appgo AT H?
Ra = ———.
KT)cu
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4.2. Model

4.2.3 Boundary conditions
Thermal Boundary conditions

At the upper boundary of the cumulate layer, the material is in contact with the LMO,

which is maintained at the constant eutectic temperature Tg:
T(r = Re) =Tg. (4.11)

At the base of the cumulate layer, the material is in contact with the core, which is
assumed well mixed and at a uniform temperature T,,. We allow for core cooling and

solve the following energy balance equation:

4 d7Te,
Pco Cp,co o WR?)

SmRe — = — 47 R qeo, (4.12)

with peo, €pco the density and specific heat capacity of the core, respectively. The heat

flux ¢, extracted from the core is given by Fourier’s law:

oT
o = —keu — , 4.13
q o (4.13)
r=Rc
with k¢, the thermal conductivity of the cumulates.
In dimensionless form, the temperature boundary conditions are:

O =0, at the top, (4.14)

00 3H 0©
— = — ——, at the bottom. 4.15
T Ro or at the bottom ( )

Mechanical boundary conditions

The interface between the LMO and the cumulates is assumed to be in phase equilib-
rium, which imposes a specific mechanical boundary condition. The stress associated to
convective flows in the solid generates a dynamic topography at horizontal boundaries,
whose height is limited by the weight that viscous forces can support. Its development

occurs on a timescale
. New
Tn

= Tln 4.16
|AplgH (4.16)

similar to the post-glacial rebound timescale on Earth (e.g. Turcotte et al., 2002). In the
thermal evolution model, we assumed that the temperature within the LMO is constant

and does not vary with pressure (Colin et al., 2024). In reality, the eutectic tempera-
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

crystallization
‘...

Figure 4.2: Schematic of the structure of the Moon during the crystallization of the
lunar magma ocean (LMO), with exaggerated dynamic topography at the mantle-LMO
boundary. The core is shown in dark gray, the olivine-pyroxene cumulates in green, the
LMO in red and the crust in light gray. The white arrows correspond to the latent heat
released by crystallization in topographic lows, transported by convection in the LMO
and used for melting on topographic highs. The red-blue arrows represent the flow lines
inside the cumulates.
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4.2. Model

ture increases with pressure by ~100 K per 1 GPa (Presnall et al., 1978; Latypov et al.,
2020). The energy released by LMO cooling along the eutectic as pressure decreases is
much smaller than latent heat released by crystallization, justifying this assumption of a
constant eutectic temperature. However, the dynamical effect of this variation may be
important. For a positive topography relative to the mean interface, the melting temper-
ature is lower, while a negative topography results in a higher melting temperature at the
interface (see fig. 1 in Labrosse et al., 2018). This results in lateral temperature variations
in the liquid above the interface which trigger convection in this layer. Convection in the
LMO acts against these lateral variations, and tends to erase the topography by melting
and crystallization, over a timescale 7,4, the phase change timescale. This timescale cor-
responds to the time needed to transport latent heat in the magma ocean, from freezing
areas, where it is released, to melting areas, where it is consumed (Deguen, 2013; Labrosse

et al., 2018). It can be expressed as follows:

psLh
= 4.1
T e o (0Te 0T ’ (4.17)
(ps — Ap) Cp19 9P P ULMO
8Tad

oT
with uLMO the velocity scale in the LMO, the adiabatic gradient, —; the variation
of the eutectic temperature with pressure and c,; the heat capacity of the LMO. A detailed
explanation is given in Deguen (2013), Labrosse et al. (2018), Agrusta et al. (2019),

Morison et al. (2019), and Morison et al. (2024).

Writing the continuity of normal stress across the phase-change boundary, the me-
chanical boundary condition is given by (Deguen, 2013; Labrosse et al., 2018; Morison
et al., 2019):

duy,
ApgTyty + 20y 6—1; —p=0. (4.18)
In dimensionless form, eq. (4.18) becomes:
ou
Pu, +2— —p=0, 4.19
U255 p (4.19)
with
T¢
O =— 4.20
(4.20)

a dimensionless number that quantifies the exchange between solid and liquid at the
boundary. Equation (4.19) implies that u, tends to zero at the boundary as & — oo.
This is the classical no-penetration or impermeable boundary condition. In the other
end-member situation, as & — 0, the radial velocity, w, is not required to be null at

the boundary, which is therefore flow-through. In that case, exchange of material is
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

straightforward between the magma ocean and the crystallization layer. Owing to the
small viscosity of both the magma and the liquid core, free-slip conditions are applied

to both boundaries of the solid layer, corresponding to null shear stress in the tangential

directions:
. —o;wa(“@)ﬁa“uo (4.21)
0 or \r r oo ’
0 (ug 1 Ou,
_ 9 (U —0 4.22
o O:>T87’<7’>+1”81H9 ¢ 0 ( )

At the base of the cumulates (r = R¢), phase change is not allowed, as the core and
the cumulates are not related by a phase equilibrium. In absence of a phase-change flux,

the boundary condition is non-penetrative which implies:

u.(r = R¢) = 0. (4.23)

4.2.4 Initial conditions

We adopt as initial temperature profile the one resulting from the first stage of LMO
crystallization (eq. 4.3). To initiate convection, we add a small-amplitude random thermal
perturbation to the temperature field, without imposing any specific spherical harmonic
structure. This initial white noise is characterized by an amplitude A, and plays a key
role in controlling the onset time of the overturn. The amplitude is set to A = 1073,
corresponding to a temperature variation of about 1 K, which appears reasonable for the
lunar mantle. The results show that varying the initial amplitude A only affects the onset

time of the overturn (see Supplementary Materials, fig. S3).

4.2.5 Range of parameters

The least well known of the physical parameters entering the definition of the Rayleigh
number is the viscosity. Assuming a reasonable range 7., =10'"Pas to 10%' Pas, we
obtain a range of Ra = 10 to 108 for the Rayleigh number.

The phase change number ®, which controls the efficiency of flow-through at the inter-
face between the cumulates and the LMO, ranges from 10~* to 10, according to eq. (4.20)
and table S1 (in Supplementary Materials). This variability reflects the combined in-
fluence of the viscosity of cumulates 7.,, the variation of the eutectic temperature with
pressure, and the dynamics of the LMO. The velocity inside the LMO, uyyo, based on the
heat flux through the flotation crust given by our thermal evolution model, is estimated
to be on the order of 107> ms™ to 107> ms™! (eq.(26) in Solomatov, 2015) which is used
in the estimation of ®. Based on previous studies, such low values of ® suggest that the

boundary is predominantly flow-through.
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4.3. Numerical methods

4.3 Numerical methods

4.3.1 Linear stability analysis

The linear stability analysis (LSA) follows the approach of Morison et al. (2019) and
Morison et al. (2024), and makes use of the numerical tool StablinRB. In this framework,
we consider a steady background temperature profile and study the growth of infinitesi-
mal perturbations to this state. The perturbations are expanded on spherical harmonics
Y, (0, ¢) for the angular dependence and on Chebyshev polynomials for the radial depen-
dence. The problem is then discretized radially using a Chebyshev collocation method
and formulated as a generalized eigenvalue problem, whose eigenvalues 0,54 represent the
growth rates of the perturbations. The most unstable convective mode corresponds to the
spherical harmonic degree [ associated with the largest growth rate o;54. As explained
in Morison et al. (2024), the problem is degenerate with respect to the order m of the

spherical harmonics and only depends on its degree [.

4.3.2 Direct numerical simulations

To solve the system of equations presented in section 4.2.2, we perform direct numer-
ical simulations (DNS) using the Dedalus code (Burns et al., 2020). Dedalus is an
open-source, parallel spectral solver designed for partial differential equations in general
geometries. In this study, it is employed to simulate thermal convection with phase-
change boundary conditions at the upper surface. The DNS approach yields the full
spatio-temporal evolution of the temperature, velocity, and pressure fields, enabling the
computation of convective flux and the characterization of dominant modes through spher-
ical harmonic spectral analysis. This method allows us to follow the complete dynamical
evolution of the system, from the initial temperature profile. In numerical simulations,
we use dimensionless values for the cumulate and core radius, noted R, and R; respec-

R
tively and computed as a function of the aspect ratio v = C=B& (see Supplementary

RCU RO
Materials table S1).

4.4 Results

4.4.1 Study of a reference case

The range of parameters estimated for the lunar cumulates, as discussed in section 4.2.5,
cannot be explored entirely by DNS, due to numerical limitations. In practice, we only

get solutions for low values of Ra and large values of ®. The most extreme choice of
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parameters, which we use as reference case in the following, corresponds to Ra = 10* and
® = 6. It is possible to run cases with a larger Rayleigh number only for larger values of
®, for which the boundary condition is non-penetrative. The reference case is, among all

runs we could complete, the one with the highest value of Ra for & < 10.
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Figure 4.3: a) Temporal evolution of the average dimensionless heat flux at the top of
the cumulates for Ra = 10* and ® = 6. The green and red stars correspond to the local
minimum and maximum fluxes fi.i, and fi. respectively, occurring at tg..¢, defined as the
onset time of the overturn and ¢,,... The blue and purple arrows correspond respectively
to Atgrowtn and Atgecay. b) Temporal evolution of the dimensionless core temperature
in blue and mean temperature inside the cumulates in orange. The vertical dashed line
correspond to tay.

The dimensionless heat flux at the top of the cumulate layer, f,, evolves with time,
reaching a peak value fi., at time ¢, (fig. 4.3a). Prior to this maximum, the outer flux
first slightly decreases, it reaches a local minimum noted f.;, at tsa, before increasing
significantly up to fmax as the overturn proceeds. We define the growth time, Aty owin, as
the duration between the time when the flux reaches the average of min and max values,
fmid = (fmax + fmin)/2, and tyax. After reaching fiay, the flux decreases rapidly. The

decay time, Atqecay, is defined as the interval between ¢, and the time when the flux falls
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back to f,.;q during the downward phase. We define the total duration of the overturn
as Atiotal = Atgrowth + Algecay. These different times are used to quantify the duration of

the overturn.

Initially, the core temperature remains nearly constant (fig. 4.3b); it starts to decrease
at time t,.x, indicated by the vertical dashed line on fig. 4.3, coinciding with the peak
of the outer flux. Meanwhile, the mean temperature 7'(t) decreases towards zero, and
exhibits a rapid decay over the duration of the overturn At,. The temporal evolution
of the mean and core temperatures is an indicator of the thermal transfer during the
overturn of the spherical shell. The decrease in core temperature at t,.x, coincides with

the decrease of the convection and marks the transition where the overturn decays.

4.4.2 Effects of Ra and o

In this section, we study the effects of the two dimensionless numbers that characterize
our problem: the Rayleigh number Ra and the phase change number ®. We investigate
the time evolution of the surface heat flux for a series of calculations exploring solid-

state convection in the cumulates topped by the LMO, while accounting for core cooling
(fig. 4.4).

We systematically vary the Rayleigh number Ra and the phase change number ®.
The reference case (Ra = 10%* ® = 6, orange line in fig. 4.4) exhibits a rapid onset
of convection followed by a brief but intense overturn phase. When & — oo with the
same Rayleigh number (green line in fig. 4.4), the onset of convection is delayed, the
overturn lasts longer and the surface heat flux is significantly reduced, consistent with the

suppression of matter exchange at the boundary with the LMO.

Lowering the Rayleigh number to Ra = 3x 10? while keeping ® = 6 (red line in fig. 4.4)
also delays the onset of convection compared to the reference case, though it precedes the
non-penetrative case. The overturn is prolonged, and the flux remains weaker than for
Ra = 10

A similar trend is observed when comparing the cases with Ra = 10° (blue line in
fig. 4.4) and 10" for a phase change number ® — oo: a lower Rayleigh number results
in a delayed onset of the overturn and a reduced heat flux, while the overturn extends
over a longer period. These results demonstrate that both the vigor and temporal charac-
teristics of convection are sensitive to the boundary permeability and thermal buoyancy.
A decrease in the Rayleigh number and an increase in the phase change number ® both

tend to delay the onset of the overturn, prolong its duration, and reduce its intensity.
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Figure 4.4: Dimenisonless temporal evolution of the heat flux at the top of the cumulates
for different cases: Ra = 10°,® — oo in blue line, Ra = 10*, & = 6 in orange line,
Ra = 10*, & — oo in green line and Ra = 3 x 10%, ® = 6 in red line.

As @ increases, the dominant convective mode transitions to higher-order structures
(fig. 4.5). For & = 6, the convective pattern is dominated by a mode with spherical
harmonics of degree [ = 1, with a single plume confined to one hemisphere, for all values
of Ra used in DNS. However, in the & — oo limit, the convective mode shifts to [ = 2
for Ra = 10* and a combination of different modes for Ra = 10°, dominated by a degree
two. A clear signature of this behavior is observed in the distribution of the surface
flux along the cross—section (red ligne in fig. 4.5). For the two cases where ® = 6, the
flux is concentrated within a single hemisphere and vanishes elsewhere, consistent with a
dominant spherical harmonics of degree [ = 1. The increase in the Rayleigh value shows
a sharper transition between the hemisphere with null flux and the hemisphere with
maximum flux and a larger peak value. As the Ra number increases, deformation and
convective circulation are indeed facilitated. Lower values of ® favor convective patterns
of longer wavelengths, as shown by the linear stability analysis of Morison et al. (2024).
In contrast, in the limit ® — oo, corresponding to the classic non-penetrative case, the

dominant convective mode shifts to higher spherical harmonics.
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Figure 4.5: Snapshots from numerical simulations for the cases presented on fig. 4.4-
Ra = 10° and ® — oo (a, b, ¢), Ra = 10* and ® =6 (d, e, f), Ra = 10 and ® — o (g,
h, i) and Ra = 3 x 10% and ® = 6 (j, k, 1)- at ¢, for each case, showing the temperature
field in a cross section (a, d, g, j), surface heat flux at the top of the cumulates (b, e, h,
k, Mollweide projection), and the surface heat flux along the cross section going through
the poles and the maximum in surface heat flux and represented by the red lines on the
middle plots (c, f, i, 1). Both the temperature and flux fields have been renormalized to
their extremal values to keep the same colorbar for all cases. The actual flux values are

visible on panels ¢, f, i, I.
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4.4.3 Comparison with linear stability analysis
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Figure 4.6: a) Dimensionless temporal evolution of the outer heat flux for a fixed tem-
perature at the base of the cumulates (dashed orange line), and when accounting for core
cooling (solid blue line) for Ra = 10* and ® = 6. b) Dimensionless temporal evolution of
the radial velocity at the top of the cumulates; the slope of the curve corresponds to the
growth rate o of the convective instability for the same conditions as in a). The black
dashed line corresponds to the growth rate obtained from linear stability analysis.

The range of parameter values accessible through DNS is limited. To complement these
simulations, a LSA provides a useful approach to investigate convection, giving access
to the growth rate opg4 of the overturning instability (or, equivalently, the instability
growth time Trs4 = 1/0rs4), and the associated convection mode, as measured by its
spherical harmonics degree [. The objective is to compare the growth rates obtained from
LSA and DNS.

To estimate the growth rate of the convective perturbation from DNS, we fit the time
evolution of the RMS of the radial velocity at R, by an exponential function of time
between ty and tp.x (see Supplementary Materials Section S2). Unlike previous studies
(Morison et al., 2019; Morison et al., 2024), we consider a gravitational acceleration that
varies linearly with the radius. For the sake of simplicity, the LSA assumes a fixed tem-

perature boundary condition at the base of the cumulates. When applying this boundary
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condition to DNS calculations, which implies that the core temperature remains constant,
convection is maintained after the initial overturning instability and the surface heat flux
reaches a constant (dashed orange line in fig. 4.6a). When core cooling is taken into ac-
count, the surface heat flux progressively decreases after the overturn as convection ceases
(solid blue line in fig. 4.6). The growth rates obtained from DNS (blue line and orange
dashed line in fig. 4.6b) for the two different boundary conditions, and from LSA (black
dashed line in fig. 4.6b) are very similar. The effect of the evolving boundary condition
at R; appears to be negligible for the onset of the overturn. The growth rate predicted
by LSA is sligthly lower than that observed in DNS for a fixed temperature at r = R;.

A systematic comparison of the growth rates obtained from LSA and from DNS, shows
a good agreement between the two approaches for Ra € [500,10°] and ® € [0.1, o[ (see
fig. 4.7a, where larger Ra correspond to larger symbols and the color scale stands for
variation in ®). The agreement between the two approaches is very good for large values
of the growth rate, i.e. for low values of ® and high values of the Rayleigh number
Ra. Discrepancies between the two approaches are more pronounced for smaller growth
rates, 7.e. at lower Ra and higher ®, because the temperature profile whose stability is
computed is fixed in the LSA whereas it evolves by diffusion in the DNS, which makes the
region where the temperature gradient is important wider (see Supplementary Materials
Section S3). For a given Rayleigh number, higher values of ® lead to delayed onset of
convection (as shown in section 4.4.2), allowing more time for thermal diffusion to modify
the temperature profile before convection sets in. The same effect is observed when the
Rayleigh number is decreased. The consistency between the results from DNS and linear
stability calculations at high Ra and low ®, which is the expected regime for the lunar
cumulates, confirms the predictive capability of the linear stability approach in capturing
the early-stage system dynamics to access growth rates over a range of values that are
inaccessible with DNS (fig. 4.7b). In LSA, the growth rate corresponds to the spherical
harmonic mode with the fastest amplification. This provides information not only on
the growth rate but also on the dominant convective mode (symbols in fig. 4.7b). For
values of & < 14, the preferred mode of convection is of degree [ = 1 in both methods.
As @ increases, a transition occurs from [ = 1 to [ = 2 modes. In the region where
the preferred mode is [ = 2 for LSA, for DNS, both modes, [ = 2 and [ = 3, coexist,
with a preference for [ = 3 (see Supplementary Materials fig. S4 and fig. S5). A second
transition to [ = 3 occurs when entering the region defined by Ra > 1.3 x 10* and
® 2> 44, and the preferred convection mode is [ = 3 for the DNS. The evolution with ®
is expected from previous studies on the effect of the phase change boundary condition
on convection (Deguen, 2013; Labrosse et al., 2018; Agrusta et al., 2019; Morison et al.,

2019; Morison et al., 2024): increasing ® makes the system evolves towards the classical
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

no-penetration boundary condition, which leads to smaller scale modes of convection.
Increasing the Rayleigh number beyond its critical value makes the forcing increase and
widens the range of unstable modes. We find that, for large values of ®, the degree of the
fastest growing mode increases with the Rayleigh number, i.e. makes the preferred scale
of the flow decrease. On the other hand, the degree-one mode is the fastest growing one
for all values of Ra for & < 14.
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Figure 4.7: a) Growth rate of the convective instability as obtained from DNS as a
function of the growth rate obtained with LSA for different Ra and ®. The dot size is
proportional to the value of Ra while a darker color corresponds to a higher ® value. The
black line represents y = x. b) Map of the growth rate as a function of Ra and &, white
standing for negative values, i.e. stable cases. Symbols represent numerical simulation
results, each symbol type corresponding to a different convection mode. The symbol color
corresponds to the growth rate value obtained from DNS, where the color scale is the same
as for the LSA (see colorbar). Black solid lines indicate the boundaries where transitions
between convection modes occur as predicted by LSA. Gray dashed lines correspond to
growth rate contour lines.

4.4.4 Extrapolation of the data

Numerical simulations provide insight into the temporal evolution of the overturn, from
its onset to its fading out, but are constrained in the range of parameters that can be
explored. In contrast, LSA allows for the investigation of a broader parameter space but
gives insight only on the onset of the overturning instability. Figure 4.7 shows that the
isocontours of the growth rate appear to vary linearly with Ra and follow a sigmoid-like

curve as a function of ®. Based on this observation, we propose to represent the instability
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4.4. Results

growth time 7T, scaled by the Rayleigh number Ra. This is done on fig. 4.8 which shows
TRa = Ra/o as function of ® for all values of Ra investigated, using either the DNS
or LSA approach. The other time-scales obtained using DNS, as defined in section 4.4.1
and fig. 4.3, are also plotted. The growth rate indeed varies linearly with Ra since all the
curves of Trg4Ra obtained from the LSA collapse into a master curve for Ra between 10%
and 10® (Figure 4.8). The same applies also to the various time-scales obtained from the
DNS results, the onset time of the overturn, ¢y, (fig. 4.8a), and the half-times Atgowin
and Atgecay (fig. 4.8b). Moreover, the master curves for the various time scales all have a
sigmoid shape. We can fit the instability time from the DNS, Tpys with the instability
time from LSA Tiga:

(RSARa)max - (RSARa)min

TonsRa = f(®) = (TusaRa)min + 1 + exp[—k(logyo(P) — logyo(Po))]’

(4.24)

where (T saARa)min and (TLsaRa)max are the asymptotic limits for & — 0 and & — oo,
respectively, k is the slope parameter, and @ is the value of ® at the inflection point (i.e.,
the midpoint of the transition, all of the value are given in table S2 in Supplementary
Materials). Moreover, the maximum time #,,,y, the onset time tg.., as well as the half-
growth Atgowtn and half-decay times Atgecay, vary linearly with the instability growth
time Tpns (fig. 4.8¢). Using the scaling laws and the expression of the growth rate given
in eq. (4.24) these linear relationships enable us to use the linear stability results to obtain
the values of the various timescales in a broader range of Rayleigh number Ra and phase

change number ® than is accessible using DNS, particularly for low values of ®.
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Figure 4.8: a) Variation of the destabilization timescale T obtained from LSA, multiplied
by the Rayleigh number Ra: the black dotted line shows the sigmoid-like scaling fit f(®),
the associated error is shown in light orange, bounded by the two orange dotted lines.
The light orange curve corresponds to the linear stability result for Ra = 560. This curve
diverges as ® > 3, indicating the absence of overturn beyond these values. The orange
stars show the destabilisation time from DNS, while the green dots represent the onset
times tgtars, both multiplied by Ra. b) Same as a), but showing the maximum time ¢,
(red diamonds), the half-growth time Atgowin (purple crosses), and the half-decay time
Atgecay (blue crosses), all multiplied by Ra. c¢) Scaling laws of the various timescales
obtained from DNS, multiplied by Ra, as a function of the destabilization timescale 7T .
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4.4.5 Application in the context of the LMO solidification
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Figure 4.9: a) Temporal evolution of the percentage of LMO crystallization from Colin
et al. (2024) (blue line). The black dashed horizontal line indicates the onset of ilmenite
crystallization at 95% solidification. The vertical dot-dashed lines correspond to the
onset time of the overturn for our study (red) and the vertical stripes represent the
duration of the overturn Ati., centered on the maximum time ¢,.. for four sets of
parameters: (Ra = 107, ® = 1072), (Ra = 107, ® = 10), (Ra = 10°, & = 1072) and
(Ra = 10°, ® = 10). The gray dot-dashed lines correspond to the onset of thermal
instabilities from Maurice et al. (2024). b) Map of the maximum time of the overturn
tmax as function of Ra and ®. Black solid lines indicate the boundaries where transitions
between convection mode occur as predicted by LSA. white dotted lines correspond to
the maximum time contour lines, and the white solid line corresponds to ., = 5 Myr.

Using the growth rate from LSA, we extrapolate the results of DNS and we estimate the
onset time, the maximum time and duration of the mantle overturn for Rayleigh numbers
Ra and phase change number ® within the range expected for lunar cumulates (fig. 4.8
and eq. 4.24). These estimates can be placed in the context of LMO solidification, based
on the reference scenario of Colin et al. (2024), with a final crustal thickness of 44 km
(corresponding to an initial content in anorthite component of Cy = 0.075), 80% of
crystallization at the end of the first stage (corresponding to an eutectic composition of
Cg = 0.37), and a thermal conductivity of k. =2Wm 'K~ (fig. 4.9a). In this scenario,
the total solidification time is 170 Myr, with ilmenite crystallizing at 95% of solidification,
around 70 Myr. The range of parameters explored covers Ra = 10° to 107 and ® = 1072
to 10 for lunar cumulates. The shortest overturn time corresponds to Ra = 107 and
® = 1072, and the longest to Ra = 10° and ® = 10. In the latter case, the overturn
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

starts slightly before the onset of ilmenite crystallization and lasts for several tens of
millions of years (fig. 4.9a). The time at which the overturn reaches its maximum flux,
tmax, Tanges from 4 x 1072 Myt to 4 x 102 Myr over an extended range of ® values (tested
up to 100, beyond the expected lunar range). The higher the values of Ra, the earlier
the maximum peak occurs. An increase in ® delays t,.x and promotes higher degree
overturn modes. For ® < 14, the preferred spherical harmonic is degree-one (fig. 4.9b).
For comparison, ilmenite begins to crystallize at ~70 Myr in the reference LMO scenario.
The thermal overturn is thus likely to occur before ilmenite crystallization as only low
values of Ra < 4 x 10° are such that the maximum of the overturn flux occurs as the

same time or after the appearance of ilmenite.

4.5 Discussion

4.5.1 Implications of a thermal overturn

Combining the results from DNS and LSA, we estimate the duration of the overturn
accounting for a phase change at the interface between the LMO and the cumulates.
A major source of uncertainty in this estimate lies in the values of Ra and ® as both
are sensitive to the viscosity of the cumulates and the dynamics of the LMO, which are
poorly constrained. Moreover, ® may vary with time, as it is influenced by the changing
dynamics of the LMO during its crystallization. Given the likely range of values for Ra
and @ for the lunar cumulates (see section 4.2.5), the overturn is likely to occur early in
the second stage of crystallization and to be rapid compared to the total solidification
time of the LMO. In particular, the time for the maximum heat flux at the top of the
cumulates does not exceed 100 Myr, and the overturn should develop in a degree-one as
¢ < 14.

In terms of timescales, our results are consistent with those of Boukaré et al. (2018)
and Maurice et al. (2024). In particular, Maurice et al. (2024, tab. A1) found that thermal
instabilities develop after 3 Myt to 15 Myr for Ra = 7.4 x 10° (gray dash-dotted lines on
fig. 4.9a), which is comparable to our predicted onset time (¢gry = 6.5 Myr), for the same
initial noise amplitude (personal communication). However, a direct comparison between
the two models remains difficult. The model of Maurice et al. (2024) is significantly
more complex, accounting for a variable viscosity, a dense upper ilmenite layer, and other
physical processes, and it employs a 2-D cylindrical geometry. In contrast, our study uses
a more idealized physical setup, which allows us to isolate the influence of the Rayleigh
number on the development of thermal instabilities and to include the effect of phase
change coupling with the LMO in a 3D spherical shell geometry. A larger noise amplitude

leads to an earlier growth of instabilities and thus to an earlier onset of convection.
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4.5. Discussion

Conversely, reducing the noise amplitude delays the development of convective motions
(see Supplementary Materials Section S4 and fig. S3). Incorporating a phase change
at the LMO-cumulates interface tends to promote the onset of the overturn, thereby
reducing its initiation time; it also favors the development of a degree-one convective
mode. On the contrary, in models considering a solidified or partially molten mantle, the
overturn generally develops at smaller wavelengths. Parmentier et al. (2002) show that a
degree-one compositional overturn can develop only if the dense layer is sufficiently thick
and if the viscosity contrast between the IBC and the underlying mantle exceeds four
orders of magnitude. According to our results, such a scenario is not necessary because,
from a thermal perspective, if the mass exchange between the cumulates and the LMO
is efficient (® < 14), a degree-one overturn can arise as early as the beginning of the
second crystallization stage. Furthermore, even though the initial thermal overturn may
be short-lived, it can influence the initial conditions for subsequent instabilities. As it
favors a dominant degree-one perturbation in the system, even though a compositional

overturn does not intrinsically favor degree-one modes.

The total amount of thermal energy released to the LMO by the overturn can be
computed analytically using the solution of Colin et al. (2024) and is equal to 1.8 x 10?8 J
(Note the typographic error in Colin et al., 2024, where a value of 1.8 x 10'® J was given).
However, the duration of this release, and therefore the associated peak heat flux during
the overturn, depends on the values of Ra and ®. Figure 4.4 shows that the peak heat
flux value increases with the Rayleigh number and as ® — 0. According to Colin et al.
(2024), if the released flux is below 10 W and spread over more than 5 Myr (white line
in fig. 4.9b), it may lead to a prolonged crystallization timescale. Conversely, if the flux
exceeds this threshold and is released over a shorter period, the crystallization time is
reduced because all the heat stored in the cumulates is released while the heat flow out
of the LMO is still very large. In the extreme case, the flux can be large enough to melt
the initially thin crust at the beginning of the second stage. While the basal heat flux
evolution considered in Colin et al. (2024) is a decreasing exponential function of time
that is spatially uniform and therefore different from the evolution obtained here, it is
likely that if it occurs over a timescale that is similar, though shorter, than the crust
crystallization timescale, i.e. if it occurs within 1 Myr to 200 Myr, it can influence its
growth. With these considerations, our results suggest that for parameters Ra and ® in
the region below the t,,,, = 1Myt contour line, i.e. roughly Ra < 10" and ® < 14, the
overturn can influence crustal growth (fig. 4.9b). The heat flux is then released over a
limited area in a single hemisphere. This could lead to a differential heat flux that may
be imprinted on the lunar crust (Bouffard et al., 2025) and lead to an asymmetric crust.

If the flux is sufficiently high, as our results suggest, it may even induce partial melting
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

of a localized region of the crust.

4.5.2 Lunar dynamo
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Figure 4.10: Dimensional temporal evolution of the flux at the core-mantle boundary
for Ra = 10°,® — oo in blue, Ra = 10*,® = 6 in orange, Ra = 10*,® — oo in green
and Ra = 3 x 10%,® = 6 in red. The gray box corresponds to the adiabatic core flux
estimated by Stegman et al. (2003b).

One plausible hypothesis for the generation of the lunar magnetic field is a thermally
driven core dynamo (Stegman et al., 2003b). For this mechanism to operate, the heat
flux at the base of the cumulates must exceed the heat flux down the core adiabat. To
evaluate this basal heat flux, we use the non-dimensional heat flux at the core-cumulates
boundary. The resulting flux is expressed in dimensional units (W m™2) by multiplying
the dimensionless flux by kAT/H. To study the effets of Ra and ®, we use the same
cases as presented in section 4.4.2.

For (Ra = 10*, ® — o0) and (Ra = 3 x 103, ® = 6), the basal flux remains below
the isentropic range. But, for the reference case (Ra = 10*, ® = 6), and for (Ra =

10°, ® — o0), the basal flux exceeds the range estimated for the isentropic heat flow.
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4.6. Conclusion

Compared to the reference case (Ra = 10* and ® = 6), a decrease in the Rayleigh number
results in a lower peak basal flux and delays its onset. Similarly, increasing ¢ at fixed
Rayleigh number also reduces the flux magnitude and shifts the peak to later times. Thus,
a thermally driven core dynamo could be sustained during the thermal overturn, if the
Rayleigh number of the cumulates layer is sufficiently large and the phase change number
sufficiently low

However, it is noteworthy that the timing of the flux peak spans from approximately
500 Myr to more than 800 Myr in the cases presented on fig. 4.10, hence after the end
of LMO solidification. These cases are thus not satisfactory, but they correspond to pa-
rameter regimes with low Ra and high ® relative to estimates for the lunar cumulates.
Increasing Ra and decreasing ® shifts the flux peak to earlier times, as shown in sec-
tion 4.4.4 for the outer flux. We use the same method as in section 4.4.4 and the same
expression for the sigmoid function (eq. 4.24) to extrapolate the time at which the heat
flux at the base of the cumulates reaches its maximum value, ¢,,ax ;. We obtain a scaling

law between tpax; and Tpys = 1/opns (see Supplementary Materials fig. S6):
tmax,i - 138472)]\[5 (425)

The peak of the basal heat flux occurs thus slightly after the peak in the surface heat flux,
as represented on fig. 4.10 and table S2 (in Supplementary Materials). For the highest
values of Ra and the lowest values of ® consistent with the lunar cumulates, this dynamo
would have set up too early to be recorded in lunar rocks as the crust is then too thin (Colin
et al., 2024). However, using the fact that t,,,,; is close to 4., Which is represented on
fig. 4.10, we can identify the region in the parameter space giving ¢,,4,; > 1 Myr as the one
below the t,,4, = 1 Myr contour line. Therefore for values of ® € [107!,14] and Ra < 107,
the maximum flux is reached within a timescale such that this lunar dynamo could have
been recorded in the crust. Paleomagnetic measurements on Apollo samples have shown
that an early dynamo likely operated between at least 4.25 and 3.56 Gyr (Tikoo et al.,
2017). A thermal overturn could have triggered its onset during LMO crystallization. The
persistence or revival of the dynamo after LMO solidification would however be explained
by another mechanism, such as a persistent mantle convection sustained by compositional
instabilities or internal heating, or by other mechanisms, such as mechanical stirring from

large impacts (Le Bars et al., 2011) or precession (Dwyer et al., 2011).

4.6 Conclusion

In this study, we investigated the conditions under which a thermal overturn may arise
during the solidification of the LMO. Through the combined use of 3D direct numerical
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simulations, and linear stability analysis on the convection equations, we derived scaling
laws that predict both the onset and duration of a purely thermal overturn as a function
of key control parameters. Extrapolation of the linear stability results using a sigmoidal
scaling law allows us to estimate overturn durations in regimes relevant to the Moon,
which remain inaccessible to direct numerical modeling. Our results show that a rapid
mantle overturn can occur early in the second stage of LMO crystallization (after 70-80%
solidification). In particular, for Rayleigh numbers, Ra < 107, and in the presence of
a phase-change boundary, ® < 14, the thermal overturn is dominated by a degree-one
mode and its characteristic timescale is such that is able to both influence crustal growth
and cause and early lunar dynamo that could be recorded in the early crust. Thus, for
this range of Rayleigh and phase change numbers, this mechanism provides a plausible

dynamical mechanism for the observed lunar crustal thickness asymmetry.
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Supplementary Materials

S1 Table of parameters

table S1 represents the list of the symbols used and their values.

Symbol Description Value References
Fixed parameters
Ry radius of the Moon 1737 km
R¢ radius of the core 390 km
Ry, radius of the cumulates 1612km
Tou liquidus temperature for the ol-px component 2150 K O’Driscoll et al. (2010)
Tg eutectic temperature 1600 K O’Driscoll et al. (2010)
, - ToL — Tk
m liquidus slope _—
Cr
90 surface gravity 1.62ms~2
Peu density of cumulates 3.3 x 10°kgm™
Pmo LMO density 2.8 x 103 kgm™3
Ap cumulates-LMO density contrast 500 kgm~3
I heat capacity 1x10®Jkg P K!
Ly latent heat 5% 10° J kg ™!
«a thermal expansion 1x10°K! Maurice et al. (2020)
Thmo LMO viscosity 1Pas
Umo LMO velocity scale 1ms™!
Eeu conductivity of cumulates AWmK! Maurice et al. (2020)
Cpyco core heat capacity 840 Jkg 'Kt Maurice et al. (2020)
Peo core density 7.2x103kgm™3
o.T temperature gradient 1x102Km™!
Explored parameters
Neu viscosity of cumulates 1x 10" Pas — 1 x 10*! Pas
Ra Rayleigh number 10°-107
P phase change number 107200
Dimensionless parameters
v aspect ratio Re/Ry = 0.24
R; inner radius v/(1—~)=0.31
R, outer radius 14+7/(1=~)=131

Table S1: List of the parameters and variables of the model.

S2 Calculation of the growth rate from the numerical

simulations

To determine the growth rate from numerical simulations, we compute the slope of the
logarithm of the square of the radial velocity at the outer boundary (r = R.,). However,
as illustrated in fig. S1, the estimated slope—and thus the inferred growth rate—depends
slightly on the portion of the curve selected for the fit. For instance, panel a) of fig. S1,
which shows the slope computed over 95% of the curve, yields a higher growth rate than
panel d), where the slope is evaluated over only 5% of the curve. To account for this
variability, we systematically estimate the growth rate in all numerical simulations by
averaging the slope over several intervals, ranging from 95% down to 60%, with a step
size of 1%.
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Figure S1: Temporal evolution of the logarithm of the radial velocity at r = R, for the
reference case Ra = 10*, ® = 6. a)-d) represent the slope calculated taking different
percentage, from 95% to 5%, of the linear part of the curve.

S3 Effect of the temperature profile

As discussed in Section 3.3, the discrepancy between the growth rate obtained from nu-
merical simulations (o) and that predicted by linear stability analysis (o) increases with
the value of ®, particularly at low Rayleigh numbers (fig. 7a). We attribute this dis-
crepancy to the fact that the onset time 7 of the overturn increases with the decrease of
Ra and the increase of ®. If 7 becomes similar or even larger than the thermal diffusion
time-scale for the initial temperature profile, the linear stability approach that we use,
which assumes a time-independent profile, is not correct. As a result, thermal diffusion
has a non-negligible effect in the numerical simulations before convection begins. This
effect is illustrated in fig. S2. At the time convection initiates, tgart, the temperature
profile in the reference case (Ra = 10*, ® = 6) is only slightly less curved than the initial
profile (blue and orange lines in fig. S2b). In contrast, when Ra = 10* and & — oo, the
temperature profile at tg..¢ is significantly more straight than the initial one, indicating
substantial diffusion has occurred since the initial state at to (blue and orange lines in
fig. S2c). This thermal diffusion prior to the onset of convection provides an explanation

for the observed differences between o, and o;, particularly as ® increases or Ra decreases.
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Figure S2: a- Comparison of the growth rate of the linear stability analysis, orange
points, and numerical simulations, blue diamonds, for Ra = 10* and varying ®. Evolution
of the temperature profile T'(r) in the cumulates at o (blue line) and g, (orange line)
for Ra = 10* and ® = 6 in b and Ra = 10* and ® — oo in c.

S4 Effect of the initial noise

In our numerical models, the initial state includes a random perturbation representing
small-scale thermal heterogeneities, characterized by an amplitude A. This initial noise
plays a critical role in controlling the onset timing of the lunar mantle overturn. As illus-
trated in fig. S3, larger perturbation amplitudes facilitate the growth of instabilities and
thus favor the onset of the overturn. Reducing the amplitude of the initial perturbation

tends to delay the development of convective motions, leading to a later overturn.
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Figure S3: Comparison of the effect of the initial amplitude of the noise for the reference
case, Ra = 10* and ® = 6. In blue line for an initial perturbation of amplitude A = 1072,
in orange line for A = 1072, in green line for A = 10~* and in red line A = 1075,

S5 Mode of convection with DNS

To identify the preferred convective mode using DNS, we analyze the temperature spectra
at to, tsart, tmax and tenq (see fig. S4). The preferred mode is determined by the spectral
component with the highest amplitude at tg...
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Figure S4: Spectra of the temperature field computed at different times of the simulation:
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spectral amplitude as a function of the spherical harmonic degree .

S6 Duration of the overturn

Ra ) H T [Myl"] tstart [Myl"] Atgrowth [Myl"] Atdecay [Myr] Attota,l [MYI"] tend [Myr]
1.0e4+07  1.0e-02 0.004 0.034 0.005 0.006 0.011 0.045
1.0e4+07 1.0e+01 0.063 0.583 0.080 0.109 0.189 0.772
1.0e4+07 1.0e+05 0.502 4.647 0.637 0.868 1.506 6.153
1.0e+06  1.0e-02 0.037 0.343 0.047 0.064 0.111 0.454
1.0e+06 1.0e+01 0.630 5.834 0.800 1.090 1.890 7.725
1.0e+06 1.0e4-05 5.018 46.471 6.373 8.682 15.055 61.527
1.0e+05 1.0e-02 0.370 3.428 0.470 0.640 1.111 4.538
1.0e+05 1.0e+01 6.301 58.343 8.002 10.900 18.902 77.245
1.0e+05 1.0e405 || 50.185 464.712 63.735 86.820 150.555 615.267
1.0e4+04  1.0e-02 3.702 34.279 4.701 6.404 11.106 45.385
1.0e4+04 1.0e+01 || 63.006 583.433 80.017 109.000 189.017 772.451
1.0e4+04 1.0e+05 || 501.849  4647.123 637.348 868.199 1505.547 6152.670

Table S2: Timescale of the duration of the overturn for different values of Ra and &,
using the scaling law (eq. 24 and fig. 8) from the extrapolation of datas for a fixed initial

noise of A = 1072 in particular for g and tenq.

The growth rate varies linearly with Ra since all the curves of T;s4Ra obtained from
the LSA merge into a master curve for Ra between 10* and 107 (fig. 8). However, for

Ra = 10* and ® > 50, the curve deviates from the sigmoid (fig. 8). It is this deviation
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Chapter 4. Duration of the lunar overturn during magma ocean crystallization

that induces errors in the calculation of the different times, in particular for Ra and

® — oo. This is why the data presented in the table does not correspond to the DNS

results.

S7 Lunar dynamo

In this section, we present the extrapolation of the DNS for the inner heat flux, corre-
sponding to the heat flux at the base of the cumulates, fig. S5 and table S3. As with
table S2, the results do not match the DNS results due to the error in estimating the

growth rate using the sigmoid function.
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Figure S5: Variation of the dimensionless time of the maximum inner flux multiplied
by Ra as function of @, the instability growth time from linear stability analysis, orange
line and from DNS, orange starts, and the maximum time ¢,y ; in green point.
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Ra ) tmaxi [Myr]

1.0e4+-07  1.0e-02 0.051
1.0e+07 1.0e+01 0.872
1.0e+07 1.0e+05 6.946
1.0e4+-06  1.0e-02 0.512
1.0e+06 1.0e+01 8.720
1.0e4-06 1.0e4-05 69.456
1.0e4+-05  1.0e-02 5.123
1.0e4+05 1.0e+01 87.200
1.0e+05 1.0e+05 694.559
1.0e+04  1.0e-02 51.233
1.0e4+04 1.0e+01 872.000
1.0e4+-04 1.0e4-05 6945.592

Table S3: Time corresponding to the maximum of the inner flux .y, for different
values of Ra and ¢ using

QOOCOO0D®
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Chapter O

o Formation of an anorthositic crust on
ars

L’hypothese de la possibilité de la formation d’une croute primaire purement anorthosi-
tiqgue sur Mars a longtemps €été écartée. En effet, la taille plus importante de la planéte
et sa gravité plus élevée que celles de la Lune rendent la cristallisation de [’anorthite plus
difficile. Cependant, les missions orbitales ont révélé la présence d’anorthite sur la sur-
face martienne. Ces roches riches en anorthite pourraient provenir d’une différentiation
magmatique dans des reservoirs crustaux, comme sur Terre, ou de la cristallisation d’un
océan de magma, a l'instar de la Lune. Dans ce contexte, nous avons adapté le mod-
ele d’évolution thermique initialement développé pour la Lune afin de l'appliquer a Mars.
Cependant dans un océan de magma global martien, les cristauz d’olivine peuvent flotter d
une certaine pression, créant une situation dans laquelle la couche de cumulats se forme
entre un océan de magma basal et un océan de magma supérieur. Cette transition de
flottabilité implique la cristallisation fractionnée et ainsi la formation d’anorthite, ce qui
pourrait permettre la formation d’une crotte primaire anorthositique martienne. Nous
modifions le modéle initialement développé pour I’évolution thermique de la Lune, en in-
tégrant cette transition de flottabilité. Nous estimons les teneurs initiales en anorthite
possibles en fonction de la transition de flottabilité, ainsi que [’épaisseur maximale de la
croite primaire martienne, qui est comprise entre 14 et 30 km. Le temps de formation

de cette croite est compris entre 5 et 35 millions d’années.
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Chapter 5. Formation of an anorthositic crust on Mars

5.1 Introduction

The concept of magma ocean played a central role in understanding the early differentia-
tion of planetary bodies, the Moon being the most studied example. A global lunar magma
ocean, generated by the energy of a giant impact, crystallized to form an anorthositic flota-
tion crust that accounts for nearly 80% of the present-day lunar surface (Pritchard et al.,
2000; Cuk et al., 2012; Canup, 2012; Nakajima et al., 2014; Warren et al., 1979). The low
pressure range and dry magma ocean both favor plagioclase stability, and hence the for-
mation of an anorthositic floatation crust (Wood et al., 1970). Geochemical and thermal
models of a martian magma ocean indicate that higher pressures in the mantle and early
sequestration of aluminum in garnet at depth may have reduced the amount of aluminum
available for plagioclase crystallization and prevented the formation of a plagioclase-rich
floating crust as on the Moon (Borg et al., 2003; Elkins-Tanton et al., 2010; Elkins-Tanton
et al., 2005).

On Mars, stratigraphic and spectral analyses of pre-Noachian crustal outcrops sug-
gest that some regions may be remnants of a primary crust with feldspathic compositions
(Carter et al., 2013; Wray et al., 2013). The localisation of these anorthositic outcrops in
impact basins suggests that these rocks may represent the primary crust of Mars (Phillips
et al., 2022). These lithologies could reflect crystallization from a global magma ocean, or
alternative processes, such as magmatism in crustal reservoirs (Carter et al., 2013). The
interpretation is further complicated by the association of feldspar-rich signatures with
secondary alteration products such as clay minerals (Wray et al., 2013). Orbital obser-
vations confirm that plagioclase occurrences on Mars span multiple lithologies, reflecting
the complexity of its magmatic and crustal evolution (Rogers et al., 2022; Flahaut et al.,
2023). While most detections are consistent with localized plutonic origins, the existence
of a global anorthositicc floating crust similar to that of the Moon remains uncertain and
cannot be completely ruled out (Carter et al., 2013).

However, given the high pressures in the martian mantle, the first olivine crystals to
form may have accumulated at intermediate depths. Experimental studies suggest that
olivine crystals can experience a buoyancy transition (Suzuki et al., 1998; Suzuki et al.,
2003). The occurrence of such a transition implies that the magma ocean is divided into
three layers : a basal magma ocean, a layer of olivine cumulates, and an upper magma
ocean. Using the same phase diagram as for the Moon, if the pressure at the eutectic is
below 1 GPa, anorthite crystallizes, enabling the formation of an anorthositic floatation
crust (Walker et al., 1977).

Here, we explore this possibility by applying the lunar magma ocean (LMO) solidifica-
tion model to Mars. The modification of our model incorporates the buoyancy transition

of olivine and modifies the thermal evolution accordingly. This approach allows us to con-
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strain the maximum thickness of a primary anorthositic crust on Mars and to estimate

the timescales required for its solidification.

5.2 Modification of the model

5.2.1 Olivine density crossover

In this study, we aim to apply the solidification model developed for the LMO (Chapter
2) to the case of Mars, with the objective of constraining the maximum thickness of
a pure anorthite primary crust and the time required for its formation. However, this
model must be adapted to account for the specific characteristics of Mars. In particular,
the higher size and higher gravity of Mars influence the stability and the appearance of
anorthite in the crystallization sequence. The main parameters are the initial content
in anorthite component Cj, and the eutectic composition Cg. According to the phase
diagram, the solidification of the magma ocean is divided into two distinct stages. In
the first stage, only olivine crystallizes and settles to the bottom. In the second stage,
olivine continues to crystallize and settle, while anorthite crystals form the flotation crust.
For example directly applying our LMO model to Mars, and using an initial content of
anorthite component corresponding to a hydrated Moon-like composition Cy = 0.06, and
assuming that the first stage of crystallization reaches the eutectic when approximately
80% of the magma ocean is solidified, the resulting radius of the cumulates at the end of

the first stage can be calculated from:
1
Rewr = (R — 0.8(R3y — R3,))® (5.1)

where Ry and R, are the radii of Mars and at the core, respectively (table 5.1). In this
case R.nr =2233km (corresponding to Cg = 0.7). With p and ¢ the average density
and gravity, the corresponding pressure at that depth, assuming P(r) = pg(Ry — 7), i8
~14 GPa, which is too high to allow for anorthite to crystallize (Walker et al., 1977).
At such high pressures, the aluminum-rich compound that forms is garnet. Hence, the
phase diagram we use for the Moon may not directly apply to Mars because the range of
pressures is too wide.

However, given the higher pressures range inside Mars than on the Moon, it is likely
that the planet experienced a density crossover between olivine crystals and the liquid
from which they crystallized, with olivine becoming less dense than the high-pressure
liquid below (Agee et al., 1988). It has been proposed that a density crossover on Mars
exists at a depth of approximately 600 km, corresponding to a pressure of 7.3 GPa, (Suzuki

et al., 1998). Other studies report pressure values for this density crossover around 6.3
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Chapter 5. Formation of an anorthositic crust on Mars

GPa (Suzuki et al., 2003), which can even drop to 3.9 GPa in some study (Lange et al.,
1990). We denote the pressure corresponding to this transition in density as Pg«. The
occurrence of a density crossover leads to the formation of three distinct layers (fig. 5.1):
an Upper Magma Ocean (UMO), the cumulates, and a Basal Magma Ocean (BMO), the
latter potentially persisting today at the base of the martian mantle (Samuel et al., 2023;
Khan et al., 2023). For simplicity, we treat the BMO and the core, as a single thermal
reservoir denoted by the subscript C*. To simplify our model, we assume that gravity
and density in the mantle are uniform. The density crossover radius R¢« can be defined
by the relationship:

R = Ry — 20 (5.2)

P9

with P.« the pressure and R¢« the radius at the top of the core-BMO system.

For our study, we examine a range of values for Po« between 3.5 and 7.5 GPa (ta-
ble 5.1). In this context, the floating crust forms exclusively from the UMO by fractional
crystallization with the sedimentation of olivine crystals. In the case of Mars, the phase
diagram used is not the most relevant. Other aluminium-rich phases can crystallize at
pressures higher than 1 GPa, such as garnet, which does not float (Borg et al., 2003). We
therefore focus on the evolution of the UMO, located above the density crossover pressure
Pc+, and adapt the initial LMO model to include the effect of this transition. We will
thus study the crystallization of UMO, and we will only track the evolution of the average
temperature of the BMO, which will serve as our boundary condition. As for the Moon,
the solidification of the UMO occurs in two stages. During the first stage, olivine crystals
aggregate at the density crossover radius. During the second stage, there is simultaneous
crystallization of olivine crystals, which continue to settle, and aluminium-rich minerals.
If the pressure reached on the UMO at the end of the first stage is below 1 GPa, then
anorthite crystallizes, and floating crust forms. But if, at the end of the first stage, the
pressure is higher than 1 GPa in the UMO, then garnet forms instead of anorthite, and our
model cannot be applied. Thus, we first need to constrain the conditions of applicability

of our model in terms of model parameters.

5.2.2 Conservation of anorthite component in the UMO

As for the LMO, we use a phase diagram with an eutectic, which is composed of two end
members: olivine (ol) and anorthite (an). The crystallization of the UMO is treated in
two successive stages. During the first stage, mass conservation in the UMO yields the

relation:

(B = R ) Co = (BY — Ra,(1)) C(1), (5.3)
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anorthosite crust

cumulates

BMO

Figure 5.1: Schematic representation of the interior of Mars with a basal magma ocean
during the second stage of crystallization. The core is shown in dark gray, the olivine
cumulates in green, the BMO and UMO in red, and the conductive crust in light gray.
The core-BMO system is denoted by Cx
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Table 5.1: List of the parameters and variables of the model.

Symbol Description Value References
Parameters
Ry Radius of Mars 3400 km
R Radius of the core 1700 km
Tor Liquidus temperature for the olivine component 2150 K O’Driscoll et al. (2010)
Tr Eutectic temperature 1600 K O’Driscoll et al. (2010)
m Liquidus slope m = (Tor — Tx)/Cr
ho Initial heat production 23pWkg™* Taylor (1982)
Initial uranium abundance 16 ppb Taylor (1982)
Initial thorium abundance 56 ppb Taylor (1982)
Initial potasium abundance 305 ppb Taylor (1982)
A Effective radiogenic decay constant 5.8 x 10710 Myr™*
D Solid/liquid partition coefficient for HPEs 1073 Sun et al. (2017)
g Gravity acceleration 3.7ms2
P Density 3.5 x 10°kgm™
Cp Heat capacity 103 kg P K!
L Latent heat of crust 5% 10° Jkg™! Weill et al. (1980)
o Stefan-Boltzman constant 5.67 x 1078 JK !
€ Emissivity 1
A Albedo 0.12
Ty Sun surface temperature 5780 K
Ryt Sun radius 700 x 10* km
Dyy Mars-Sun distance 2.27 x 10" km
Tw Black body equilibrium temperature TK
e Thermal expansion coefficient 107°K™? Maurice et al. (2020)
Humo Viscosity 1Pas
k Thermal conductivity of the UMO 4Wm K™t
Keu Thermal conductivity of cumulates 4Wm1K™? Maurice et al. (2020)
ke Thermal conductivity of the crust 2Wm 1 K-! Maurice et al. (2020)
53 Thermal boundary layer coefficient 1/3 Gastine et al. (2016)
y Scaling prefactor 0.07 Gastine et al. (2016)
Cp, co Heat capacity of the core 840 Jkg ' K! Maurice et al. (2020)
Peo Density of the core 7.2 x 10°kgm~3

Explored parameters

Cg
Pe.
Re-

Eutectic composition
pressure of density crossover
Density crossover radius

€0.2,0.7]
€ [3.5, 7.5] GPa

€ [2820.8, 3129.7] km
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where R, is the radius of the cumulates and C'(¢) the mass fraction in anorthite component
in the UMO. When the temperature inside the UMO reaches the eutectic temperature,

the first stage ends, and the cumulate radius at the eutectic R, g is given by:

C 1/3
_|p3 _ Y0 (p3  p3
Rew & = [RM c (Ru—R )] , (5.4)
with Cg the eutectic composition.

However, anorthite can only crystallize at pressures lower than P,,, = 1 GPa, which
imposes a minimum depth for the crystallization of anorthite and gives a constraint on

the value of R, . This condition is expressed as:

pg(RM - RcmE) S Pmax- (55)

For our model and the phase diagram to be applicable, the radius at the end of the first

stage must thus reach:
pmax

Rew g 2 Ry — .
P9

(5.6)

C
Combining eq. (5.4) and eq. (5.6), we obtain an upper bound for the ratio —9% as function
B
of the density crossover radius R¢«:

Prnax 3
L T G
=0 < Py (5.7)

In the second stage of crystallization, assuming all remaining anorthite crystallizes
and contributes to crust formation, mass conservation gives:
(R — Bi.) = (R — RE.) Co, (5.8)

giving directly R, , the final crust radius. We solve the conduction equations in the crust

and the cumulates and apply an energy budget in the UMO.

5.2.3 Heat Producing Elements

As for the Moon, Heat Producing Elements (HPEs) are an important source of heat in
the magma ocean. In the model, we consider that the HPEs are initially distributed
homogenously between the UMO and the BMO. The silicate part is characterized by heat
production per unit volume hy. In the case of the core-BMO system, the volume of the

core must be taken into account, which is considered to have no heat production. We
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define hg« as the heat production per unit volume of the core-BMO system such that:

Vemo
Vos

hc = hg (5.9)
where Veno = F(RE. — R%) is the volume of the BMO and Vo = “FR3 is the to-
tal volume of the core-BMO system. Later, it is considered that this heat production
contributes to the secular cooling of the core-BMO system (see section 2..2)

As explained in Chapter 2, we consider a partition coefficient D between the liquid
and the solid in the UMO. Since HPEs are incompatible elements, they tend to remain
in the liquid phase.

5.2.4 Stage 1

We consider the UMO as a spherical shell of outer radius Ry, and inner radius Re,(t)
which starts from Rc- and increases with time as the UMO cools down and solidifies.
To follow the temporal evolution of the cumulate radius and the temperature inside the
UMO we apply the same model as developed in Chapter 2 for the LMO. The heat lost by
radiation into space at the surface ®4,, ¢ is balanced by the sum of the latent heat released
by crystallization of olivine cumulates @y, , the heat produced by radiogenic decay ®upg,

and secular cooling of the UMO ®y0:
Pt = Pp,, + Pure — Puyo- (5.10)

Given the short duration of the first crystallization stage, we neglect the contribution of

the core-BMO system and thermal diffusion in the cumulates.

5.2.5 Stage 2

During the second stage of crystallization we solve the conduction equations in the crust
and in the cumulates and the heat conservation equations in the UMO. The main difference
between models for the Moon and Mars during that stage lies in the cooling of the core.
For Mars, we consider the core and the BMO as a single entity with a heat production rate
hc+ and uniform temperature To-. The conservation of heat in the combined core-BMO
system governs the evolution of the temperature T«:

PC+Cp C* §WR3 . dgf*
where pc- is the density of the core-BMO system, ¢, ¢~ its specific heat capacity, and A

4
= —47R%.qc- + gﬂRé*hc*e_M, (5.11)

the radiogenic decay constant. As in the lunar case, the heat flux from the core-BMO
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system ¢gc+ is obtained from the temperature gradient at the base of the cumulates. Equa-
tion (5.11) thus provides the thermal evolution of the core, which is used as the lower
boundary condition for the cumulates.

To track the temporal evolution of the crustal radius R (t) and cumulates radius
R, (t) during the second stage of crystallization, we apply heat conservation in the UMO.
The heat flux conducted through the crust, @, is balanced by the sum of the diffusive
heat flux from the cumulates, ®.,, the latent heat released by crystallization, ®r,, and

the radiogenic heating from heat-producing elements, ®ypg in the UMO:
(Dcr = q)cu + (DLh + PppE. (512)

A detailed description of the two crystallization stages is provided in Chapter 2 of this

manuscript.

5.3 Results

5.3.1 Maximum possible crustal thickness given R¢- and Cg

For anorthite to crystallize rather than garnet once the eutectic composition is reached,
the pressure at eutectic at the base of the UMO must be less than P,,,,. We have shown in
section 5.2.1 that on Mars there likely exist a density crossover pressure, i.e., a pressure at
which the density of olivine is lower than that of the magma ocean. Equation (5.7) shows
that the conditions for appearance of anorthite at the eutectic depends on this pressure of
density crossover. We first investigate how variations of the eutectic composition Cg and
of the pressure of density crossover Po« (and associated radius Re-) affect the condition of
application of our phase diagram. The objective is to determine the maximum value of Cy,
denoted Cp max, that is possible to allow the crystallization of anorthite once the eutectic
is reach. The maximum value Cjmax is derived from these two parameters according to
eq. (5.7):

R~ (R - P;y)gCE (5.13)

CO max — R R
b 3 3
M *

For the explored parameter space, i.e., for Po+ € [3.5,7.5] GPa and Cg € [0.2,0.7],
Co.max varies between 0.03 and 0.2 (gray dashed lines on fig. 5.2). As expected from
eq. (5.13), Cpmax increases with Cg. A higher eutectic composition delays the onset of
the second crystallization stage, leading to a smaller pressure at the end of the first stage,
and allowing for higher values of Cpyax. If the pressure at the density crossover is lower,

Co,max can also lead to higher values. This occurs because the initial depth of the UMO is

125



Chapter 5. Formation of an anorthositic crust on Mars

7.5 2820.8

7.0

o
[

2898.1

o
o

2936.7

ot
ot
L

2975.3

ot
o
f

3013.9

pressure of density crossover Po- [G Pa]
associated radius Res [km)]

=
[

3052.5

4.0 3091.1

R 3129.7
0.2 0.3 0.4 0.5 0.6 0.7

eutectic composition Cg

14.4 19.2 24.0 28.8 33.6 38.4 43.2 48.0 52.8
crustal thickness [km)]

Figure 5.2: Maximum possible initial anorthite content Cj and final crustal thickness as
function of Cy and Pc«, where we use keust = 2W m~' K=!'. The colorbar corresponds
to the maximum crustal thickness. The grey dashed lines correspond to isovalues of
the maximum content in anorthite component, and hence, to the thickness of the crust
according to eq. (5.8)

reduced, making the condition for anorthite crystallization below 1 GPa less restrictive.
The maximum crust thickness is controlled by the eutectic composition rather than by
the depth of the density crossover. Indeed, from eq. (5.8), the final crustal radius R, ¢ is
given by: )

Rers = (R — Comax(RY — RE.))® (5.14)

and combining the expression of Cpymax from eq. (5.13) and the final crustal radius,
eq. (5.14) yields:

P\ ") |

which no longer depends on R¢« and only depends on Cg. Therefore, Rc+ only influences
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the initial content in anorthite component. Crustal thicknesses vary between 14.4 km
and 53 km (see colorbar in fig. 5.2) and depend primarily on Cg. If the pressure at the
base of the UMO reaches a value greater than P,.. at the eutectic, garnet crystallizes
instead of anorthite until the pressure at the base of the UMO reaches 1 GPa. This should
have the effect of reducing the thickness of the crust. The values obtained in this section

correspond to a maximum crust thickness.

5.3.2 Solidification time and crustal thickness for a hydrated
Mars

The value of Cp max, the initial content in anorthite component is in fact limited as anor-
thite is less stable in presence of water (Lin et al., 2017). In this study, we thus adopt
Co = 0.06, consistent with the value inferred for a hydrated Moon (Lin et al., 2017; Colin
et al., 2024), as Mars was likely wet, at least initially (McSween Jr et al., 2001). According
to the results presented in section 5.3.1, there remains a region of the parameter space
where the phase diagram we consider is not applicable. This area, shown in gray in fig. 5.3,
corresponds to cases where Cpmax < 0.06 (fig. 5.2). In this zone, the pressure reached at
the eutectic is greater than P,.., so other phase form instead of anorthite, and do not
float. Apart from this zone, the value Cy = 0.06 is lower than the maximum possible
value Cp max, which allows the formation of an anorthositic floatation crust. We therefore
estimate, on the part of the phase diagram where our model applies, the thickness of the
crust that can form on Mars and the time required for its formation. The final crustal
thickness ranges from 14km to 29.4 km. The solidification time of the primary flotation
crust goes from 5Myr to 35 Myr. The thickness of the crust increases as Rco« decreases,
in agreement with the conservation of anorthite component, (eq. (5.8)). A smaller Rc-
implies a thicker initial UMO, and therefore more anorthite available for crust formation.
The timescale of crust solidification increases, for instance, with Cg = 0.4, the solidifi-
cation time nearly triples, when R« varies from 3129.7 km to 2820.8 km. This increase
in solidification time is related to an increase in the thickness of the crust, as well as to
a larger UMO volume that must crystallize. For a fixed value of R¢«, and thus a fixed
final crustal thickness, the solidification time increases with Cg. This difference shows
that the amount of UMO remaining at the beginning of the second stage affects the total
solidification time (as shown in Chapter 2). By fixing the final crust thickness at 20 km,
the solidification time decreases from ~15 Myr to ~10 Myr for values of Cg between 0.3
and 0.7. In the first case, 80% of the UMO has crystallized at the end of the first stage,
while in the second case, 88% is crystallized. A thinner UMO at the onset of the second

stage of crystallization leads to a shorter solidification time.
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Figure 5.3: Total solidification time for the UMO (colorbar) and crustal thickness (black
dashed lines) as function of Cg and the pressure density crossover Pg-«, using Cy = 0.06
and kguwse = 2W m™! K1, The colorbar corresponds to the solidification time. The
black dashed lines correspond to the isovalues of the thickness of the crust as it depends
of the value of Rc+. The shaded area corresponds to the region of parameters space where
our phase diagram does not apply for Cy = 0.06.

5.4 Implications for Mars

The pressure reached at the eutectic must be less than P,,., for anorthite to crystallize at
this point, and for our phase diagram to be valid. Equation (5.7) can be used to determine
an upper bound for Cy, noted Cjmax that satisfies the stability conditions for anorthite
formation. Assuming a composition similar to that of a hydrated Moon (Cy = 0.06,
consistent with eq. (5.7)), the final crustal thickness is controlled by the radius Rc«. A
higher crossover pressure corresponds to a deeper UMO, which results in a thicker final
crust (figs. 5.2 and 5.3, eq. (5.7)) and a longer solidification timescale. As for the Moon,
the total solidification time of the flotation crust increases as Cy decreases, since a larger
amount of latent heat must be removed through the floating lid due to higher depth at

the beginning of the second stage of crystallization. Our model is simple and only allows
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for the crystallization of anorthite without considering other phases. When the eutectic is
reached at pressures above 1 GPa, other phases, than anorthite, that are denser crystallize,
and the phase diagram we use is no longer available. In this case the cumulates continue
to grow without the formation of a flotation crust. Furthermore, if the components that
form anorthite go into other phases, this reduces the total amount of anorthite that can
crystallize. This is equivalent to reducing the value of Cy and therefore reducing the

thickness of the crust that can form on Mars.

Considering a density crossover pressure between 3.5 GPa and 7.5 GPa, we show that
Comax values can reach up to 0.2. Considering this extreme case, the crust thickness can
reach up to 60 km in theory (fig. 5.2). Given the aluminum depletion of the martian
magma ocean and the evidence for water in the martian mantle, such a high Cj appears
unlikely. Adopting a more realistic initial anorthite content, comparable to that used
for a hydrated Moon (Cy = 0.06; Lin et al. 2017), the maximum thickness of a primary
anorthositic crust on Mars is ~30km, with a maximum formation timescale of about
35 Myr (fig. 5.3).

This maximum thickness, although smaller than that inferred for the Moon, is still
significant and suggests that remnants of a buoyant anorthosite-rich primary crust could
locally persist within the martian crust. However, a substantial fraction of this early crust
was likely reprocessed during the subsequent evolution of Mars through large impacts,

magmatism, and partial melting.

[sotopic measurements provide age constraints on martian meteorites, allowing esti-
mates of the solidification timescale of the martian magma ocean. Debaille et al. (2007)
performed isotopic analyses on shergottites and suggested that a global magma ocean
state may have persisted for approximately 100 Myr. Other isotopic studies on sher-
gottites indicate that large-scale silicate differentiation of Mars occurred about 60 Myr
after the formation of the Solar System (Borg et al., 2016). More recent high-precision
uranium-lead dating of zircons shows that the martian magma ocean had fully solidified in
less than 20 Myr after Solar System formation (Bouvier et al., 2018). In addition, models
for the formation of the primitive martian crust by melting of the deep mantle following
a compositional overturn suggest crystallization times of the order of 30 Myr to 50 Myr
(Elkins-Tanton et al., 2005). Taken together, these results indicate that the crystalliza-
tion of the martian magma ocean was relatively rapid, likely completed within a few tens
of millions of years after the accretion of Mars. In our model for the solidification of the
UMO, the maximum crustal thickness forms within 35 Myr for a hydrated composition,
which represents an upper bound and is in good agreement with both isotopic constraints

and previous modeling studies.

The Insight mission revealed that the martian crust is layered, at least beneath the
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InSight station (Knapmeyer-Endrun et al., 2021). However, analyses of seismic propaga-
tion times associated with located quakes on Mars do not indicate wave velocity ratios
%’ characteristic of anorthosite composition for these layers, at least at the regional scale
around InSight (Drilleau et al., 2022). The martian highlands, which have a higher to-
pography and potentially lower density (Baratoux et al., 2014; Goossens et al., 2017;
Wieczorek et al., 2022), are the areas where anorthite outcrops have been detected (Wray
et al., 2013; Carter et al., 2013). However, few marsquakes have occurred in these regions
(Drilleau et al., 2022), which does not provide sufficient data to confirm or refute the

presence of an anorthositic primary crust there.

5.5 A thermal overturn on Mars ?

In this section, we investigate the possibility of thermal instabilities occurring in martian
cumulates before the end of the UMO solidification time. The application of our solid-
ification model, previously developed for the Moon to Mars, shows that a thin primary
floatation crust may have formed on Mars over tens of millions of years. We also hy-
pothesize the existence of a BMO, meaning that a magma ocean is present both at the
base and at the top of the cumulate layer. In this configuration, we can assume that a
phase-change boundary condition applies at both the top and bottom of the cumulates.
We use a linear stability analysis with a phase-change boundary condition to study the
onset of the overturn in the cumulates (see Chapter 3). Several studies have suggested for
instance that an overturn of the martian mantle may indeed have occurred (Elkins-Tanton
et al., 2005; Plesa et al., 2022).

In our model, using Cy = 0.06 and Cr = 0.3, 80% of the UMO is crystallized at the
end of the first stage, and we obtain a final crust thickness of 20km, and a radius for
the core-BMO system of Rg« = 3030km. At the end of the first stage, the cumulate

thickness is ~300 km thick, leading to an aspect ratio of v = Zf: = 0.9. The solidification
2

timescale for this example is ~20 Myr. The diffusion timescale 7 = — in the cumulates

is approximately 7 ~ 3.1 Gyr, long compared to the total solidiﬁcatio/fq time of the crust.
Thus, the BMO should not crystallize much during the solidification of the UMO, making
our estimate of v reasonable for studying the onset of convection.

We perform a linear stability analysis (LSA) by systematically varying the Rayleigh
number, Ra € [10%,107], and the phase change numbers at the top ® and bottom ®~ of
the cumulates. For simplicity, we assume ®* = &~ and denote this common value as ®,
with @ € [1072,10°]. We are looking for the maximum growth rate ozs4 that associated
to the preferred convection mode [ (fig. 5.4). As shown in the previous chapters, the

growth rate 054 decreases with the phase-change number ® (fig. 5.4a). Non-penetrative
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conditions (¢ — oo) make the onset of convection more difficult. The growth rate also
decreases while decreasing values of the Rayleigh number Ra. A too small Rayleigh
number similarly prevents the development of convection. For the associated wavelength
[, three regimes can be identified (fig. 5.4b). In the first one, for ® < 2, the preferred
convective mode is [ = 1, independent of both the Rayleigh number and the phase change
number. Between ® = 2 and ® = 400, the preferred value of [ increases with ®, and the
influence of Ra becomes increasingly visible as ® increases. As Ra increases, the preferred
wavelength of convection increases. A large Rayleigh number increases the value of Ra
increases the value of [. This effect also persists in the third regime (® > 400), where [
no longer varies with ® but depends solely on Ra. The high spherical harmonic degree

observed as ® increases is due to the high value of the aspect ratio v of the cumulates.

a
109
Ra =107
1o Ra = 106
— Ra=10°
é — Ra=10*
(S 105 .
103
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Figure 5.4: Linear stability analysis of the preferred convection mode or the dimension-
less growth rate opsa (a) of the cumulates and associated spherical harmonic degree [ (b)
as a function of ® (assuming that ®* = &) for different values of the Rayleigh number.
Ra = 107 in pale blue line, Ra = 10° in blue line, Ra = 10° in pale purple line, and
Ra = 10* in purple line.

The dimensional destabilization timescale is given by the relation 7 = H?/(ko) (fig. 5.5).
The onset time for the instability and the associated characteristic wavelength depend on
both the Rayleigh number and the phase change number. For a small phase change
(® = 1072), the onset time ranges from a few years at Ra = 107 to a few thousand years
at Ra = 10* (fig. 5.5). The overturn develops well before the completion of UMO solidi-

fication and is dominated by a degree-one spherical harmonic, even in the case of a very
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thin shell if the interface are permeable. As the phase change is at both of the interface of
the cumulates, this corresponds to a translation mode described by Morison et al. (2024).
This translation mode is represented on fig. 5.6a, where the streamlines are open at the
top and the bottom of the cumulates compared to the case with impermeable boundary
conditions (fig. 5.6b). In the scenario where the cumulates are larger, corresponding to
a decrease in ~y, the onset of convection would be facilitated and the preferred mode of
convection would tend to lower values of | (see Chapter 3). In all of these configurations
(Ra,®), the onset time of instability remains shorter than the solidification timescale.
These results suggest that degree-one convection may develop within the martian cumu-
lates before the complete solidification of the UMO in the case of an efficient phase change
at both cumulate boundaries. To test this possibility, direct numerical simulations com-
bined with linear stability analysis are needed to more accurately constrain the timescale
and mode of convection at the onset of convection in the cumulates. Additionally, a
more accurate estimate of the thickness of the cumulates should be provided, taking into
account the thermal evolution of the BMO.
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Figure 5.5: Dimensional timescale 7 in years for the onset of convection as a function
of Ra and ®. The black solid line corresponds to the transition between the mode [ = 1
and the higer mode. The brown dotted lines correspond to isovalues of 7.
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Figure 5.6: Temperature perturbation and streamlines for Ra = 107 and a- ® = 1072,
and b- & — oo.

5.6 Conclusion

In this chapter, we modify the original model of LMO solidification to study the possible
formation of a buoyant anorthositic crust on Mars, and the time required for its formation.
The pressure inside Mars is higher than that within the Moon. We consider the occurrence
of a transition between olivine crystals and the melt at a given pressure in the Martian
mantle. The presence of this density crossover in buoyancy implies that the initial magma
ocean is divided into three parts: a basal magma ocean, the cumulate layer, and an upper
magma ocean.

Here, we focus on the thermal evolution of the upper magma ocean, and use the
same phase diagram we applied for the Moon. We determine an upper limit for the
initial anorthite component for our model to be applicable, that depends on the pressure
of density crossover. We then estimate the maximum thickness of the crust based on
a Moon-like hydrated composition. For an initial composition Cjy corresponding to a
hydrated planet, the resulting floating crust can have a minimum thickness of ~15 km and
a maximum thickness of ~30 km, depending on the pressure of density crossover. The time
required for such a crust to form varies between ~ 5 Myr and 35 Myr. Furthermore, we
investigate the possibility of a thermal overturn in the martian cumulates by considering
phase changes at both the top and bottom of the cumulates. We show that, for small
(® = 107?) and identical phase change numbers at both boundaries, a mantle overturn
can occur very rapidly, within a few years to a few thousand years, depending on the
Rayleigh number, even in the case of a thin spherical shell. The dominant overturn
mode corresponds to a spherical harmonic of degree one. On Mars, the topography shows
a dichotomy between the south pole and the north pole. Degree-one convection in the
martian cumulates during the solidification of the magma ocean may be one way to explain

this dichotomy.

QOOOO0D®
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Chapter 6

Conclusion et perspectives

6.1 Conclusion

Dans l'introduction de ce manuscrit, plusieurs questions ont été soulevées : quel est le
temps nécessaire a la solidification de 'océan de magma lunaire 7 Quel est le temps carac-
téristique du développement d’une instabilité thermique ? Dans le cas d'un retournement
des cumulats lunaires, quel est son temps d’initiation et sa durée ? Nous avons apporté
des éléments de réponse a ces différentes questions.

Dans un premier temps, a partir d’'un modele simplifié et d’un diagramme de phase
présentant un eutectique, nous avons estimé le temps de solidification de I’'océan de magma
lunaire. Ce temps dépend principalement de trois parametres : la composition initiale
en anorthite, qui contréle 1’épaisseur de la crotite, la composition eutectique, qui controle
I’apparition de ’anorthite dans la séquence de cristallisation, et la conductivité thermique
de la crofite. Nous montrons que le temps de solidification est compris 45 et 240 millions
d’années (Ma). En particulier, une croiite épaisse et une faible conductivité thermique
augmentent le temps de solidification. De méme, un océan de magma plus épais a la
fin de la premiere étape de cristallisation augmente ce temps de solidification. Ainsi, a
partir de ce modele, nous posons des contraintes sur I’age de la Lune compris entre 4400
et 4560 Ma. Par ailleurs, nous avons étudié comment la présence d’un retournement,
modélisé par une décroissance exponentielle du flux de chaleur dans les cumulats peut
affecter significativement ce temps de cristallisation. Un retournement rapide, d'une durée
inférieure a 5 Ma, tend a réduire le temps de solidification. Au contraire un retournement
long, d’une durée supérieure a 5 Ma, augmente le temps de cristallisation.

Comme le temps de solidification de 'océan de magma lunaire est long, il est possible

que des instabilités thermiques se developpent avant la fin de la solidification de I'océan
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de magma lunaire, voir avant que les phases denses ne cristallisent en haut des cumulats.
Pour étudier cela, nous avons d’abord considéré un cas général. Nous avons aussi pris en
compte les échanges possibles entre les cumulats et 'océan de magma. Nous imposons
une condition aux limites mécanique permettant un échange de matiere entre les cumulats
et I'océan de magma, via des processus de fusion et de cristallisation. Pour étudier
la convection dans les cumulats, nous avons utilisé une étude de stabilité linéaire ainsi
que des simulations numériques directes. Ces approches nous ont d’une part permis de
valider notre méthodologie, et d’autre part d’examiner 'influence d'une gravité variant
linéairement avec le rayon (par rapport a une gravité uniforme), du rapport d’aspect de

la coquille sphérique, et de courbure du profil initial de température.

Nous avons ensuite appliqué ces méthodes spécifiquement au cas lunaire, en util-
isant comme état initial celui obtenu a l'issue du premier stade d’évolution de l'océan de
magma lunaire dans notre modele. L’étude de stabilité linéaire, couplée aux simulations
numériques, permet d’extrapoler les résultats des simulations numériques directes a ’aide
de lois d’échelle. Nous montrons qu'un retournement de degré un peut se développer
avant la fin de la solidification de 'océan de magma lunaire, et avant la cristallisation des
phases denses. Ce retournement de degré un est en partie favorisé par la condition aux
limites de changement de phase. En effet, lorsque ’on impose une condition de change-
ment de phase, la convection de degré un est préservée dans les cumulats lunaires méme
a fort nombre de Rayleigh. Nous montrons par ailleurs que, pour un nombre de Rayleigh
relativement faible (Ra < 10°) et un nombre de changement de phase ® compris entre
107! et 14, le retournement atteint son maximum apres plus de 5 Ma. Dans ce régime, un
champ magnétique lunaire peut étre généré, induit par I'extraction de chaleur du noyau
vers le manteau. Un tel retournement, de durée relativement longue, pourrait également
influencer la cristallisation de la crotite : d'une part en allongeant le temps de solidifica-
tion de 'océan de magma, et d’autre part en contribuant a I’asymétrie crustale observée
entre les faces visible et cachée de la Lune, du fait d’un apport de chaleur par les cumulats

concentré dans un hémisphere.

Enfin, nous avons proposé d’appliquer notre modele d’évolution thermique au cas de
Mars, en utilisant le méme diagramme de phase que celui employé pour la Lune. Sur Mars
les gammes de pression sont supérieures a celle sur la Lune. A des pression de ordre de 7
GPa, la densité de l'olivine peut étre inférieure a celle de 'océan de magma global. Cela
a pour conséquence de diviser 'océan de magma en trois couches distinctes : un océan de
magma basal, les cumulats, et un océan de magma supérieur. Nous proposons d’utiliser le
modele initial développé pour la Lune a 'océan de magma supérieur de Mars. En utilisant
notre diagramme de phase, nous montrons que la pression atteinte a 1’eutectique peut

étre inférieure & 1 GPa ce qui permet la cristallisation de I'anorthite. En supposant une
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composition initiale en anorthite similaire a celle de la Lune hydratée, nous montrons qu’il
est possible que les pressions atteintes a ’eutectique soient favorables a la cristallisation
de I'anorthite. Ainsi, une crotite d’anorthite d’une épaisseur comprise entre environ 15 et
30 km peut se former sur Mars. Les temps nécessaires a la cristallisation de cette crofite

sont compris entre 5 et 35 Ma.

Nous avons montré dans le chapitre 2 que les temps de solidification de l'océan de
magma lunaire peuvent atteindre des temps importants, supérieurs a 150 Ma, et qu'un
retournement purement thermique des cumulats lunaires peut se produire avant la fin de
la solidification complete (chapitre 4). Un tel retournement influence non seulement le
temps total de solidification de I'océan de magma, mais également I’évolution de la crofite.
Nous nous interrogeons en particulier sur I'effet de ce retournement sur la cristallisation
de la crotite. En effet, la perturbation de degré un peut persister suffisamment longtemps
au sein des cumulats pour induire une perturbation analogue & la base de la crofite. Etant
donné que la présence d’un changement de phase favorise I’établissement de la convection,
il est légitime de se demander si la crotite elle-méme peut entrer en convection, et si
celle-ci prendrait la forme d’une harmonique sphérique de degré un. Par ailleurs, le flux
thermique libéré lors du retournement est maximal sur un hémisphere et quasi nul sur
I’autre. Une telle asymétrie conduit naturellement a s’interroger sur ses conséquences : un
flux hémisphérique aussi contrasté pourrait-il, localement, engendrer une fusion partielle

de la crofite 7

6.2 Perspectives

6.2.1 La croiite peut-elle convecter ?

Une des questions que nous pouvons nous poser concerne la possibilité du démarrage de la
convection dans la crotite. En effet, il s’agit d’une configuration classique de convection de
Rayleigh—Bénard, ou I'instabilité peut se développer en raison du gradient de température
entre la base de la crotite et sa surface. De plus, la base de la crofite est en contact avec
l'océan de magma lunaire (LMO), et & 'interface ces deux couches sont en équilibre de
phase. En considérant un changement de phase a 'interface LMO/crofite, le développe-
ment de la convection dans la croiite peut étre facilité. Le gradient de température dans
la crofite est important : sa base est a la température eutectique Tg = 1600 K, tandis que
sa surface est a la température d’équilibre T,,, = 270 K. La viscosité dans la crotite varie
fortement entre la base et le haut de la crotite du fait des fortes variations de température.
Ceci ne facilite pas la convection et entraine la formation d’un couvercle stagnant au sein

de la crotite. La viscosité adimensionnée avec la température de référence adimensionnée
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T,er en fonction du rayon dans la crotite s’écrit :

n(r) = exp (2 log(R,) [T(T)l—i— = Tref1_|_ 1]) ’ (6.1)

ou Rz, désigne le contraste de viscosité entre la base et la surface de la crotite. Par la suite,
nous considérons Tre et 1. comme la température et la viscosité a la base de la crofite.
Nous adoptons une valeur de R,, = 10°, qui est d’un ordre de grandeur raisonnable pour
un couvercle stagnant. Des valeurs plus proches de celles de la crotite réelle seraient plus

difficiles a résoudre numériquement, ce qui justifie le choix de cette valeur de référence.

Equations de la convection dans la crofite

Etant donné le fort rapport d’aspect de la croiite (y € [0,97;0,99]), nous choisissons
d’adopter une géométrie cartésienne pour cette étude. La limite supérieure est notée z,
et la limite inférieure z;. L’accélération de la gravité est supposée uniforme et dirigée vers
le bas : g(r) = —goe,, ou gp représente l'intensité de la gravité et e, le vecteur unitaire
dans la direction verticale. La crotite est considérée comme une couche flottante, avec
une viscosité variable décrite par la relation eq. (6.1). Nous adoptons I'approximation
d’un nombre de Prandtl infini, ainsi que le cadre de 'approximation de Boussinesq. Pour
I’adimensionnement, nous utilisons les grandeurs suivantes : 1’épaisseur maximale de la

crolite D = Ry, — Rermax, le temps diffusif 7 = D?/k avec k la diffusivité thermique, la

, . . , —T. . s
température adimensionnée © = ——= avec AT = Tt — T ; et 1, la viscosité sans
AT ) )
dimension. La profondeur adimensionnée z est définie dans U'intervalle z € {—%, %] Les

équations de conservation de la masse, de la quantité de mouvement et de 1’énergie, sous

forme adimensionnée, s’écrivent alors :

V.eu=0 (6.2)
0=-Vp+V. (77 (Vu + VTU)> + RaOe, (6.3)

00 9
22 O—u-VO 6.4
Ey v u-V (6.4)

Le nombre de Rayleigh Ra est calculé a partir de la viscosité de référence 7y :
ATD?
Ra = LR (6.5)
RMref

avec « le coefficient d’expansion thermique, et p la densité.
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Conditions aux limites et conditions initiales

Pour les conditions aux limites thermiques, nous imposons des températures fixées a la
base et a la surface de la crofite : la base est maintenue a la température eutectique,
tandis que la surface est a la température d’équilibre. Cela conduit aux conditions aux

limites thermiques adimensionnées suivantes :

T<%:;>:a (6.6)

T(%z—é)zL (6.7)

Comme dans les chapitres précédents, nous imposons une condition de changement
de phase a l'interface LMO/crofite, qui correspond ici a la base du domaine. Pour la
suite, nous détaillerons principalement les deux cas extrémes : la condition perméable,
correspondant & ® = 1072 et la condition imperméable correspondant & ® — oo. Nous
considérons également des conditions de glissement sans frottement aux deux frontieres

(bas et haut du domaine), et une condition non pénétrative en haut de la crotite.

Pour 1’étude de la convection dans la crofite, nous utilisons un profil initial de tem-

pérature qui satisfait I’équation de diffusion en régime stationnaire :
V2T = 0. (6.8)

En appliquant les conditions aux limites définies par eq. (6.6) et eq. (6.7), le profil initial

de température adimensionné s’écrit (fig. 6.1) :

T(z) =2+, (6.9)

Ce choix est motivé par le fait qu’il est proche du profil thermique résultant de la so-
lidification du LMO (Colin et al., 2024, fig. 4) et assure une bonne cohérence avec

l'adimensionnement utilisé.

Dans le cas de la crofite, nous nous limitons a une étude de stabilité linéaire. L’objectif
est de déterminer si la crofite peut entrer en convection avant la fin de la solidification
complete du LMO, en tenant compte d’une viscosité variable. Nous cherchons également
a identifier le mode de convection le plus instable. Pour cette analyse de stabilité linéaire,
nous utilisons I'outil numérique StablinRB, dont la méthode et les détails sont présentés
au Chapitre 4. La principale différence ici avec les études décrites précédemment est que

nous travaillons en géométrie cartésienne et que la viscosité varie avec la température.
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Figure 6.1: a- Profil initial de température et b- Profil de viscosité pour R, = 10°, les

points oranges correspondent aux noeuds de Chebychev.

Conditions pour le démarrage de la convection

Dans cette section, nous présentons les résultats de 'analyse de stabilité linéaire en

géométrie cartésienne, en tenant compte d’une viscosité variable dépendant de la tempéra-

ture et d'une condition de changement d
Nous nous intéressons en particulier a la valeur
du nombre de Rayleigh critique, Ra. (ta-
ble 6.1), correspondant a la valeur minimale
du nombre de Rayleigh nécessaire pour que la
crotlite puisse entrer en convection.

Dans un premier temps, nous calculons le
nombre de Rayleigh dans la crotite en fonction
de son épaisseur pour plusieurs valeurs de vis-
cosité de référence (fig. 6.2). En considérant
une viscosité de référence a la base de la crofite
Ner comprise entre 10'¢ et 10?! Pas, le nom-
bre de Rayleigh associé varie entre 1072 et 10°

(fig. 6.2) pour une épaisseur de croiite comprise

e phase a linterface LMO / croiite.

Table 6.1: Valeurs du nombre de
Rayleigh critique pour différentes
valeurs du nombre de changement de
phase .

P Ra.

00 1,5 x 10°
10> 1,4 x10°
102 1,1 x10°
10 8,1x10%
1 7,7 x 104
1072 7,6 x 10*

entre 5 et 45 km. Pour que la convection se mette en place, le nombre de Rayleigh de

la crofite doit dépasser le nombre de Rayleigh critique, représenté en ligne pointillée grise
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pour ® = 1072 et en ligne pointillée noire pour ® — oo sur fig. 6.2. Les conditions per-
mettant a la crotite de convecter sont donc relativement restreintes (fig. 6.2). Avec une
conditions pénétrative (® = 1072), la viscosité a la base de la crofite doit étre inférieure &
4 x 10'" Pass et 'épaisseur comprise entre 12km (pour 7., = 10 Pas) et 12km (pour 7.,
= 4% 10" Pas). Avec une condition non-pénétrative (& — o0), ces conditions sont encore
plus restreintes, 7, doit étre inférieure & 2 x 10" Pas et I’épaisseur de crofite nécessaire
est de 15km (pour 7, = 109 Pas) a 34km (pour 7., = 2 x 107 Pas). Dans le scénario
de référence, cette épaisseur est atteinte entre quelques millions d’années et 50 Ma, soit
bien avant la fin de la solidification de I'océan de magma, qui est de 172 Ma pour le cas
de référence (i.e., Co = 0,075, Cp = 0,37 et ke, = 2Wm K1),

107 .

105 .

103 .

10" 4

Ra

10—1 .

10—3 .

Ra. for & — oo
------ Ra, for & = 1072

T T T T T . 16
0 10 20 30 40

crustal thickness [km)]

Figure 6.2: Evolution du nombre de Rayleigh dans la crofite en fonction de la viscosité
de référence a la base de la crofite 7., (colorbar). La ligne pointillée grise correspond &
la valeur du nombre de Rayleigh critique pour ® — oo, et la ligne pointillée noire pour
d =102

Le mode de convection dans la crotite présente une configuration typique de couvercle
stagnant : les cellules de convection se développent uniquement a la base de la crofite,
tandis que la partie supérieure reste quasi immobile, et les perturbations de température
par rapport au profil de référence sont localisées sur la base de la crotite (fig. 6.1). Par
ailleurs, une augmentation de la perméabilité de I'interface basal (c’est-a-dire une diminu-
tion de @) tend a favoriser légerement des longueurs d’onde de convection plus grandes

(fig. 6.3b), par rapport a des conditions imperméables (fig. 6.3a). De plus, dans le cas
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d’une condition perméable, les lignes de courant sont ouvertes (fig. 6.3b).

a

Figure 6.3: Perturbations de la température par rapport au profil de référence et lignes
de courant pour R, = 10° Ra, = 1,5 x 10°. a- conditions aux limites imperméables,
® — oo et b- conditions aux limites perméables ® = 1072,

Degré préférentiel de la convection

Nous avons montré que, pour des valeurs élevées du nombre de Rayleigh, la crotite peut
entrer en convection. Etant donné qu’il s’agit d’'une coquille sphérique tres fine et que
la convection se produit en régime stagnant, le mode préférentiel de la convection corre-
spond a des longueurs d’onde courtes, c’est-a-dire a des modes de haut degré. Dans cette

section, nous nous posons la question suivante : si le retournement du manteau lunaire
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impose une perturbation de degré un a la base de la crofite, ce mode peut-il étre favorisé
en termes de taux de croissance par rapport au mode le plus instable identifié précédem-
ment ? Pour y répondre, nous réalisons une analyse de stabilité linéaire similaire a celle
présentée précédemment, mais cette fois en coordonnées sphériques, afin d’étudier le degré
préférentiel de la convection dans une coquille tres fine. L’objectif est de comparer le taux
de croissance du mode de degré un a celui des autres modes.

Dans le cas d'une condition aux limites perméable le taux de croissance est négatif
pour [ < 8, et pour une condition imperméable le taux de croissance est négatif jusqu’a
[ = 82 (table 6.2). Dans les deux cas extrémes de conditions aux limites (imperméable
et perméable), les modes de faible degré (I < 8 pour ® = 1072 et [ = 82 pour ® — o)
présentent un taux de croissance négatif (table 6.2). Il semble donc peu probable qu'un
mode de convection de degré un puisse s’établir spontanément dans la crotite, méme en
présence d'un changement de phase a la base, en raison de la faible épaisseur de la coquille
sphérique et de la variation importante de la viscosité entre le haut et le bas, et ce méme
si une perturbation de degré un est imposée. L’hypothese d'une convection de degré un
dans la crofite ne permet donc pas d’expliquer 'asymétrie observée dans la crotite lunaire.
Il faut noter que ce résultat n’est valable que linéairement, si la pertubation venant des

cumulats est importante, 'hypothese linéaire n’est plus valide.

Table 6.2: Valeurs du taux de croissance en fonction de [ et . Le mode | = 82
correspond au plus petit mode ou le taux de croissance est positif pour la condition
imperméable (® — 00).

P ! 1 2 3 4 5 6 7 8 9 10 82
102 0=-88 | 0=-83 | 0=-75 | 0=-64 | 0=49 | 0=-32 | 0=-12 | 0=1,1 | 0=3,8 | 0=6,7 | ... | 0=1054
0 0=-98 | 0=-96 | 0=-95 | 0=-94 | 0=-93 | 0=-92 | 0=-9,1 | 0=-9,1 | 0=-9,0 | 0=8,9 | ... | 0=0,1

6.2.2 Quels sont les effets d’un retournement du manteau lu-

naire sur la croiite ?

Nous avons montré qu’un retournement de degré un peut se produire dans les cumulats
lunaires. Un tel comportement dynamique souléve naturellement la question de son im-
pact sur la cristallisation de la crofite. En effet, si le flux thermique émis par les cumulats
est intense, brutal, d’'une durée inférieure a 5 Ma, et spatialement homogene, il peut en-
trainer la fusion complete de la crotite préexistante, comme nous ’avons montré dans le

Chapitre 2. Dans ce cas, le systéme revient a une configuration classique de cristallisation,
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dans laquelle aucun flux de chaleur additionnel ne provient des cumulats. Le temps de
cristallisation du LMO est alors réduit a 160 Ma, contre 172 Ma pour le cas de référence
(i.e., Cy = 0,075, Cp = 0,37 et k = 2Wm ' K™!). Au contraire, si ce retournement
a une durée supérieure a 5 Ma, il peut augmenter le temps de solidification. Dans le
Chapitre 5, nous montrons que le flux en haut des cumulats suite au retournement est
spatialement variable. En particulier, dans le scénario d'un retournement de degré un, le
flux thermique libéré par les cumulats est spatialement hétérogene : il atteint un maxi-
mum sur une portion restreinte de la surface et demeure nul ailleurs (fig. 6.4). De plus,
nous montrons que le temps ou survient le maximum de ce flux est supérieur a 5 Ma pour
des valeurs de de Ra < 10° et des valeurs de ® comprises entre 10~! et 14. Nous pouvons
supposer que le retournement peut affecter le temps de solidification, en particulier s’il
dure longtemps. De plus, 'hétérogénéité de flux est susceptible d’affecter la dynamique

de cristallisation de la crotte lunaire.

300

200 -

100 4

0 -
—90° 90° —90°

0
surface heat flux
temperature heat flux (along cross section)

Figure 6.4: FExtraits issus de simulations numériques pour le cas de référence (Ra =
10, ® = 6), & tyay. a- champ de température dans une section transversale. b- flux de
surface en haut des cumulats normalisé par le maximum du flux (projection de Mollweide).
c- flux de surface le long du cercle correspondant a la section transversale normalisé par
sa valeur extreme. La section transversale du champ de température est représentée par
la ligne rouge sur le flux de surface (b).

Possibles conséquences d’un flux non homogene a la surface des cumulats

Pour étudier 'influence de la libération d’un flux non homogene a la surface des cumulats,
nous nous appuyons sur I’étude de Bouffard et al. (2025). En effet, Encelade est une
lune de Saturne qui présente une forte asymétrie dans 1’épaisseur de sa couche de glace
superficielle. Son épaisseur moyenne est de 20-30 km, avec des valeurs dépassant 30 km
dans certaines régions équatoriales et inférieures a 5 km sous le pole Sud. Dans leur travail,

les auteurs explorent comment un flux hétérogene a la base de 'océan d’eau d’Encelade
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peut influencer 1’épaisseur et la structure de la couche de glace située au-dessus.
Dans un premier temps, nous voulons déterminer si leur approche peut étre appliquée
a la Lune. Pour cela, nous comparons plusieurs nombres sans dimension (table 6.3) afin
de vérifier que la Lune se situe dans un régime dynamique similaire a celui d’Encelade.
Comme la variation de température dans 'océan de magma est négligeable (I’ensemble
de l'océan est & la température eutectique), nous définissons un nombre de Rayleigh basé
sur le flux (Bouffard et al., 2025, eq. (1) Supplementary Materials). En particulier, nous
utilisons la valeur du flux en haut de la crotite au début du second stade de cristallisation

oT

Jor = —k o )’ (6.10)
avec k la conductivité thermique de la crotite. Le nombre de Rayleigh basé sur le flux

pour le LMO est alors défini par :

_ agOQIadH4

Ra,
¢ vrk

: (6.11)

avec « le coefficient d’expansion thermique, gy 'accélération de gravité en surface, v la vis-
cosité cinématique, k la diffusivité thermique et k la conductivité thermique dans le LMO.
Nous utilisons aussi le nombre d’Ekman (Bouffard et al., 2025, eq. (4) Supplementary

Materials):
v

=~ ame

avec €2, la vitesse de rotation. Dans le cas de la Lune, nous prenons la vitesse de rotation

Ek (6.12)

actuelle et celle pour une distance Terre-Lune de trois rayons terrestres (limite de Roche).
Nous considérons ces deux valeurs extrémes de vitesse de rotation en supposant qu’au
début de la solidification de 'océan de magma, la Lune orbitait beaucoup plus proche de

la Terre, et que sa vitesse de rotation était donc plus élevée qu’aujourd’hui.

Table 6.3: Nombres sans dimension et estimation de leur valeur pour Encelade d’apres
(Bouffard et al., 2025, tab. 1 Supplementary Materials) et la Lune.

Nombre sans dimension \ Symbole | Encelade \ Lune

Rapport d’aspect de 'océan v 0,8 0,9

Rayleigh (outer) Ra, 9,2 x 10** — 2,8 x 10% 3,5 x 10%
Ekmann EEk 2,2 x 1071 8,3x 1071 —-7,3x107°

Les valeurs de Ra, et Ek pour la Lune et Encelade sont du méme ordre de grandeur.
De plus, nous pouvons comparer le régime dans lequel se trouve ces deux satellites fig. 6.5.
Dans le cas ot la vitesse de rotation de la Lune est identique a 'actuelle, la Lune se trouve
dans un régime non rotatif, ce qui indique que nous ne pouvons pas comparer Encelade et

la Lune (étoiles violette et violette foncée sur fig. 6.5). Dans le cas ot la vitesse de rotation
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Figure 6.5: Diagramme de régime pour la convection océanique chauffée de maniere
hétérogene d’apres (Bouffard et al., 2025, fig. 8 Supplementary Materials). Les valeurs
pour Encelade sont représentées par la barre verticale rouge. Les valeurs pour la Lune
sont représentées par les étoiles pour différentes valeurs de v et de distance Terre-Lune.
Les lignes grises en tirets-pointillés délimitent les différents régimes pour la convection
dans 'océan.

correspond a la vitesse pour une distance Terre-Lune de trois fois le rayon terrestre, la
Lune est dans un régime non rotatif si la viscosité cinématique dans l'océan de magma
est v =3.6 x 107 m?s™! (ou n =1Pas, étoile bleue claire sur fig. 6.5), et dans un régime
transitionnel si la viscosité cinématique est v =3.6 x 107°m?s™! (ou =1 x 107! Pas,
étoile bleue foncée sur fig. 6.5). Dans ce dernier cas, la Lune se trouve dans le méme
régime qu’Encelade, ce qui nous permet d’appliquer les résultats de Bouffard et al. (2025)

a la Lune.

A partir des simulations numériques directes, nous avons acces a la variation spa-
tiale du flux a la base de l'océan de magma. Nous pouvons ainsi utiliser le critere

d’hétérogénéité du flux a la base de l'océan ¢ défini par Bouffard et al. (2025) :

* i max — (i min
= 6.13
ql 2@ ) ( )

avec ¢; max le flux maximum, ¢; i, le flux minimum, et ¢; le flux moyen a la base du LMO.
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Nous calculons ce critere pour I’ensemble des cas de nos simulations numériques directes

dans lesquels nous sommes dans un scénario de retournement de degré un (table 6.4).

Table 6.4: Valeurs du facteur ¢; en fonction de Ra et ®. Le symbole x signifie qu’il n’y
a pas de valeur pour cette combinaison de parametres.

Ra @ 1 6 7 8 9 10
10* X ¢ =31] ¢¢=3 | ¢=3 | ¢=3 |¢=28
3 x 103 X ¢ =49|q =53¢ =5>5|q =4,3 X
1,5 x 103 X g =4,3 X X X X
5x10% | ¢ =2,8 X X b X X

Les résultats de nos simulations numériques montrent des valeurs de ¢ comprises
entre 2,8 et 5,5 au maximum (table 6.4). Bien que le flux maximum soit élevé, il est
localisé sur une faible portion des cumulats, ce qui implique que le critere d’hétérogénéité
q; reste relativement faible. Dans Bouffard et al. (2025), les auteurs expliquent que pour
des valeurs de 0 < ¢ < 10, le systeme se situe dans un régime transitoire ou coexistent
la convection en colonnes dans le LMO, dite « convection colonnaire » liée a la rotation,
et le transport vertical lié aux flux provenant des cumulats. Dans ce régime, les effets
d’un flux hétérogene a la base du LMO commencent déja a se manifester sur la crofite.
Pour les résultats des simulations numériques directes que nous avons réalisées, la valeur
de ¢/ peut déja étre suffisante pour que le flux en surface des cumulats ait un impact sur
la crotite (table 6.4) dans le cas ou la Lune se trouve dans un régime transitionnel. La
transmission du flux de la base vers la surface résulte d’une compétition entre la rotation
et le transport vertical du flux. Dans le cas ou la Lune se trouve dans un régime non
rotatif, 'océan de magma est bien mélangé, et ce dans toutes les directions, nous pouvons
supposer que le transport vertical peut étre plus efficace. I1 pourrait étre intéressant
d’explorer plus en profondeur cette question afin de déterminer, dans le cas de la Lune,

comment est transmis verticalement le flux hétérogene a la base des cumulats.
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Table 6.5: Liste des variables utilisées.

Symbole Description Valeur
Ry rayon de la Lune 1737km
Rc rayon du noyau 390 km
R, rayon de la crotite 0 - 45 km
R, rayon des cumulats 1612 - 1692km
(durant la deuxiéme étape)
H épaisseur du LMO 125 - Okm
T, temperature de surface 1100 - 270K
€ emissivité 1
o constante de Stafan-Boltzman 5.67 x 107 Wm 2K
90 accélération de gravité en surface 1.62ms2
Cp capacité calorifique 1x10°Jkg ' K™!
p densité du LMO 3.3 x 103kgm™3
a coefficient de dilatation thermique 5x 107° K™t
k conductivité thermique du LMO 4WmtK!
K diffusivité thermique du LMO 1.4 x10%ms™!
ULMO vitesse du LMO Ims~!
n viscosité dynamique du LMO 1 x 107! Pas to 1Pas
v viscosité cinématique du LMO 3.6 x10°ms ™! t0 3.6 x 107*ms!
Rpoche  limite de Roche 1.9 x 10*km
G constante universelle de gravitation 6.674 x 107" m3 kg 52
Q vitesse angulaire de rotation 2,66 x 1076 - 2.4 x 1074571
er flux en surface de la crofite 2.6 Wm2

Effets compositionnels

La prise en compte d'un changement de phase a 'interface entre les cumulats et ’'océan
de magma entraine un échange de matiere entre le LMO et les cumulats. Du c6té du
panache descendant, la température plus froide favorise la cristallisation des cumulats. La
chaleur latente libérée est alors transportée dans I'océan de magma et permet la fusion des
cumulats du c6té du panache ascendant. Cette fusion peut avoir un effet compositionnel
susceptible d’influencer directement la crotite. En fondant, les cumulats « relachent »
de T'olivine dans l'océan de magma, ce qui décale I'équilibre : I'océan de magma ne se
trouve alors plus a l'eutectique. Dans ce cas, la cristallisation de la crotite ne peut pas
étre maintenue car les conditions d’équilibre ne sont plus réunies (fig. 6.6). Dans l'autre
hémisphere, I'océan de magma reste a la composition eutectique, de sorte que les cumulats
et la crofite continuent a cristalliser normalement. Il pourrait en résulter une configuration
dans laquelle la crotite s’épaissit plus rapidement d’un c6té que de I'autre, ce qui pourrait
contribuer a expliquer I'asymétrie d’épaisseur crustale. Pour tester cette hypothese, il

serait nécessaire de modifier notre modele d’évolution thermique et d’en faire un modele
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1,5D, dans lequel un hémisphere cristallise « normalement », tandis que I'autre autorise
la fusion des cumulats en raison du retournement du manteau. Cela impliquerait que
I'océan de magma atteigne 'eutectique, s’en écarte pendant la durée du retournement,

puis retrouve 'eutectique une fois le retournement terminé.

«cold» hemisphere «hot» hemisphere

stop of anorthite

anorthite crystallization

melting €

Figure 6.6: Schéma représentant un cristallisation différentielle entre I’hémisphere «
froid » ou les cumulats cristallisent du fait de la condition de changement de phase et
I’hémisphere « chaud » ou les cumulats fondent.

6.2.3 Améliorations possibles
Chauffage interne

Dans I'étude du retournement des cumulats lunaires, nous ne prenons pas en compte de
chauffage interne dans les cumulats. En effet, en partant de 'hypothese que ces éléments
sont incompatibles, ils tendent a rester majoritairement dans le LMO. Cependant, dans
le modele d’évolution thermique de la solidification de 'océan de magma lunaire, nous
avons montré qu’une partie des éléments producteurs de chaleur se trouvent dans les
cumulats. Une amélioration possible serait la prise en compte d’un chauffage interne dans

les cumulats. Cela tendrait a allonger la durée du retournement.
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Dépendance temporelle de ¢

Dans notre modele, nous considérons que l'efficacité du changement de phase ne varie
pas au cours du temps. Cependant, a mesure que l'océan de magma se solidifie, son
épaisseur diminue, ce qui peut affecter sa dynamique. La convection dans le LMO peut
étre moins vigoureuse donc le transport de chaleur latente dans le liquide devient moins
efficace, ce qui affecte le temps nécessaire pour effacer la topographie. De plus, le profil
de température évolue au cours du temps ce qui peut aussi avoir une influence sur le
changement de phase. Pour prendre en compte ceci, il peut étre envisagé de paramétriser
le nombre de changement de phase pour prendre en compte sa dépendance temporelle au

cours du temps.

Amélioration du modele d’évolution thermique

Dans notre modele d’évolution thermique (Chapitre 2), nous avons représenté le retourne-
ment par une décroissance exponentielle, ot I’énergie stockée dans les cumulats est relachée
sur une période 7,,. Une amélioration de ce modele consisterait a utiliser directement les
données des simulations numériques, dans le modele d’évolution thermique en partic-
ulier utiliser le flux moyen pour simuler le retournement. La difficulté présente pour
procéder est que nous n’avons pas identifié de lois d’échelle pour 'intensité maximale du
retournement en fonction des nombres de Rayleigh et de changement de phase, ce qui
nous obligerait a effectuer des estimations. En revanche, la forme de la courbe, ainsi
que le temps de démarrage et la durée du phénomene, seraient alors mieux contraints. Il
serait également intéressant de modifier le modele pour permettre la fusion de la crofite,
en particulier comment prendre en compte la composition en anorthite. Cela permettrait
d’examiner son comportement dans le cas ou le flux relaché est tres intense et concentré

sur une courte période.

QOOOO0D®
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Résumé

La croiite lunaire est principalement composée d’anorthosite, une roche de faible densité qui
cristallise a basse pression (~ 1 GPa). L’enrichissement en anorthite de la croiite lunaire, mis
en évidence grace aux échantillons des missions Apollo, a apporté des preuves en faveur de la
formation de la Lune par un impact géant entre la proto-Terre et un corps de la taille de Mars.
De plus, la crotite lunaire présente une dichotomie marquée : sur la face visible, son épaisseur
varie entre 20 et 30 km tandis que sur la face cachée elle atteint 50 & 60 km. A partir d’un simple
diagramme de phase eutectique, nous avons développé un modeéle décrivant la solidification de
l'océan magmatique lunaire (LMO) en deux étapes de cristallisation. Ce modeéle nous a permis
d’estimer un intervalle de temps pour la solidification du LMO, en tenant compte de la teneur
initiale en anorthite, de la composition eutectique et de la conductivité thermique de la crofte.
En combinant cet intervalle avec les vitesses de refroidissement dérivées des roches lunaires, nous
avons estimé une plage de temps pour la formation de la Lune comprise entre 4400 et 4560 Ma.
Dans un second temps, nous avons étudié le retournement mantellique lunaire d’un point de vue
thermique, lié au profil de température instable en fin de seconde étape de cristallisation. En
supposant un changement de phase par fusion et/ou cristallisation & I'interface entre le manteau
et le LMO, nous montrons qu’un retournement rapide de degré un peut survenir au début de la
seconde étape. La présence de ce retournement pourrait affecter la cristallisation de la crofite par
un flux thermique différentiel a la surface du manteau ou par la persistance d’une perturbation
de degré un.

Abstract

The lunar crust is mostly composed of anorthosite, a low-density rock that crystallizes at low
pressure (~ 1GPa). The enrichment in anorthite within the lunar crust, revealed by Apollo
mission samples, provided evidence for the formation of the Moon through a giant impact
between the proto-Earth and a Mars-sized body. Furthermore, the lunar crust is characterized
by a significant dichotomy: on the near side, the crustal thickness ranges from 20-30 km, whereas
on the far side it reaches 50-60 km. Using a simple eutectic phase diagram, we developed a
model for the solidification of the Lunar Magma Ocean (LMO) in two stages of crystallization.
With this model, we estimated a range for the solidification timescale of the LMO, taking into
account the initial composition in anorthite content, the eutectic composition, and the thermal
conductivity of the crust. Combining this timescale with cooling rates derived from lunar rocks,
we estimated a range for the formation of the Moon between 4400 and 4560 Myr. Secondly,
we investigated the lunar mantle overturn from a thermal perspective, driven by the unstable
temperature profile at the end of the second crystallization stage. Assuming phase changes by
melting and /or crystallization at the interface between the mantle and the LMO, we show that
a rapid degree-one overturn can occur at the beginning of the second stage. The presence of
such an overturn could affect crustal crystallization through differential heat flux at the surface
of the mantle or through the persistence of degree-one perturbations.
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