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Résumé :

Les travaux réalisés durant cette theése apportent de nouvelles contraintes sur les
relations entre déformation, hydratation et percolation de fluides et/ou de magmas dans le
manteau subcontinental sous un craton et sous un rift, et leurs implications sur son
comportement rhéologique. Il repose sur 1’analyse des microstructures, des OPRs et des
teneurs en hydrogeéne de xénolites mantelliques du craton du Kaapvaal, et sur deux séries de
xénolites provenant de différentes localités le long du rift Est-Africain (Divergence Nord
Tanzanienne et SE de I’Ethiopie).

Les microstructures granulaires a gros grains et les OPRs bien définies des péridotites
du craton du Kaapvaal sont cohérentes avec un épisode de déformation suivi d’une longue
période de quiescence. Les OPRs de [D’olivine sont majoritairement a symétrie
orthorhombique, mais des symmétries axiale-[100] et axiale-[010] sont aussi mesurées. Les
péridotites cratoniques enregistrent de multiples épisodes métasomatiques, ayant entrainé une
hétérogénéité de compositions a petite échelle ne pouvant étre détectée par les études
sismiques. Les teneurs en hydrogéne mesurées dans 1’olivine sont variables, mais ont
tendance a augmenter jusqu’a 150 km de profondeur, atteignant alors jusqu’a 50 ppm wt.
H,0. En dessous de cette profondeur, les échantillons montrent des teneurs en hydrogene tres
faibles. Les expériences réalisées en piston-cylindre sur la diffusion de I’hydrogéne issue d’un
liquide kimberlitique vers de la forstérite suggerent que la fugacité en eau pourrait fortement
étre diminuée par la présence de CO,, empéchant I’hydratation de I’olivine durant extraction
des xénolites par les kimberlites. Ces résultats expérimentaux suggerent que les teneurs en
hydrogéne dans I’olivine des péridotites du craton du Kaapvaal ont été acquises durant un
épisode métasomatique en profondeur et non pendant leur extraction par les kimberlites. Ces
teneurs n’ont toutefois pas a ce jour entrainé de remobilisation de la racine cratonique. Enfin,
le calcul des propriétés sismiques des péridotites cratoniques révele que les anisotropies
générées par les OPRs de ces échantillons sont suffisantes pour expliquer les anisotropies
mesurées par les ondes SKS et les ondes de surface.

Les xénolites de la Divergence Nord-Tanzanienne, montrent des variations
significatives de microstructures et d’OPR de I’olivine entre les péridotites des localités dans
I’axe du rift et celles de la chaine volcanique transverse (Lashaine et Olmani). A Lashaine, les
microstructures granulaires a gros grains et les OPRs de type orthorhombique et axial-[010]
peuvent étre expliquée par une déformation en transpression liée a la formation de la chaine
Mozambique ou par la présence d’une relique d’un domaine cratonique a l'intérieur de la
chaine Mozambique. Dans 1’axe du rift, les microstructures porphyroclastiques a mylonitiques
suggerent une déformation plus récente, accompagnée de réactions magma-roche sous des
conditions proches du solidus, suivie d’un recuit variable. L hétérogénéité des microstructures
enregistrées par les échantillons du rift suggeére de multiples épisodes de déformation
localisée, probablement liés a I’injection percolation épisodique de magmas, espacés de
périodes d’accalmie. Les OPRs de I’olivine de type axial-[100] et I’orientation des directions
de polarisation des ondes SKS suggere que le rift s’est formé en régime de transtension

Les péridotites du Sud-Est de [D’Ethiopie présentent des microstructures
porphyroclastiques a gros grains moins recristallisées qu’en Tanzanie. Les microstructures et
les OPRs principalement de type orthorhombique suggérent une déformation syn- a post-
métasomatisme. Les anisotropies de polarisation des ondes S calculées pour ces échantillons
sont insuffisantes pour expliquer a elles seules les déphasages des ondes SKS dans cette partie
du rift.

MOTS CLES : Péridotite, déformation, OPR, teneurs en hydrogéne, craton, rift, propriétés
sismiques, percolation réactive.



Abstract :

This study provides additional constraints on the relations between deformation,
hydration and percolation of fluids and melts in the subcontinental lithospheric mantle
beneath a craton and a rift, as well as their implication on its geodynamical behaviour. I have
analysed the microstructures, the CPOs, and the hydrogen content of mantle xenoliths from
the Kaapvaal craton, and two sets of xenoliths from different localities along the East African
Rift (North Tanzanian Divergence and SE Ethiopia).

The coarse-granular microstructures and the well-defined CPOs in Kaapvaal
peridotites suggest a deformation followed by a long quiescence time. Orthorhombic olivine
CPOs predominates, but axial-[100] and axial-[010] are also measured. Cratonic peridotites
record multiple metasomatic episodes, leading to a significant compositional heterogeneity,
which cannot be imaged by seismic studies. Olivine hydrogen contents are variable, but tend
to increase until 150 km depth, reaching up to 50 ppm wt. H,O. The deeper samples are
almost dry. Piston-cylinder experiments on hydrogen diffusion between a volatile-rich
kimberlitic melt and forsterite suggest that the presence of CO; in the system could
significantly decrease water fugacity and thus forsterite hydration. These experimental results
indicate that the hydrogen contents measured in olivine were acquired during a metasomatic
event rather than during xenolith extraction by kimberlites. However, this metasomatism was
not followed by remobilization of the cratonic root.

In the North Tanzanian Divergence, localities within the rift axis and the volcanic
transverse belt (Lashaine and Olmani) show significant differences in microstructures and
olivine CPO patterns. In Lashaine, coarse-granular microstructures and orthorhombic to axial-
[100] CPO patterns in olivine can be explained by transpressional deformation during the
formation of the Mozambique belt, or by the occurrence of a remnant of a cratonic domain
embedded within the Mozambique belt. Within the rift axis, porphyroclastic to mylonitic
microstructures suggest a recent rift-related deformation accompanied by syn-kinematic melt-
rock reactions, and followed by variable annealing. The strong heterogeneity in
microstructures and olivine CPO suggests that this deformation was acquired during multiple
tectonic events probably linked to episodic magma percolation, separated by quiescence
episodes. The axial-[100] patterns in olivine and the oblique fast directions reported by SKS
studies are coherent with transtensional deformation within the lithospheric mantle beneath
the rift.

The peridotites from SE Ethiopia are less recrystallized than the rift-axis Tanzanian
peridotites, displaying coarse-porphyroclastic microstructures. Microstructures and
orthorhombic CPOs in olivine suggest syn- to post-metasomatic deformation. S-waves
polarization anisotropies calculated for these samples cannot explain alone the delay times
reported by SKS studies in this part of the East-African Rift.

KEYWORDS: Peridotite, deformation, CPO, hydrogen contents, craton, rift, seismic
properties, reactive percolation.
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Chapitre 1 : Introduction



1.1. Le manteau lithosphérique subcontinental

1.1.1. Caractéristiques du manteau lithosphérique subcontinental

Le manteau subcontinental représente plus de 60% des plaques continentales, lui
conférant un réle déterminant sur le devenir de la lithosphére continentale au cours des temps
géologiques. La structure et la composition de cette enveloppe varient significativement d’une
région a une autre. L’épaisseur du manteau subcontinental passe ainsi de quelques dizaines de
kilométres sous les rifts, a plus de 250 km sous certains cratons archéens (Figure 1.1). Ces
changements d’épaisseur sont généralement couplés a une variation de la structure thermique,
comme le suggerent les tomographies sismiques ainsi que les données thermobarométriques
sur des xénolites mantelliques. Les cratons sont ainsi caractérisés par des géothermes froids,
comme en témoignent par exemple les vitesses anormalement élevées des ondes de volume
révélées par la tomographie sismique (Figure 1.2). A contrario, au niveau des rifts
continentaux, les géothermes chauds se traduisent par des vitesses sismiques plus lentes que la

moyenne (Figure 1.2).

Afar

Kaapvaal
craton

z l-MAFRfé‘A " -

--------------
e e e 7T

Asthenosphere —

Figure 1.1 Coupe sismique sous I’Afrique construite a partir des fonctions récepteurs S, montrant la variation
d’épaisseur de la lithosphere entre le craton archéen du Kaapvaal et le rift Est Africain (Eaton et al., 2009). Les
triangles correspondent aux stations sismiques. Les amplitudes positives sont ombrées en gris et les amplitudes

négatives sont ombrées en noir.

Le manteau lithosphérique subcontinental est d’une maniére générale composé de
roches ultramafiques. Sa composition varie, selon I’enrichissement en olivine, de la lherzolite,
a I’harzburgite, en passant par la dunite. Ces variations lithologiques sont généralement
interprétées comme étant liées a des épisodes de fusion partielle ou des épisodes

métasomatiques (percolations réactionnelles de magmas ou fluides) (e.g. Griffin et al., 2009).



Les études sur les xénolites mantelliques révelent aussi une variation systématique de la
composition du manteau lithosphérique subcontinental. Les compositions les plus appauvries
sont ainsi mesurées au niveau des cratons archéens, tandis que les chaines mobiles
protérozoiques et phanérozoiques montrent un appauvrissement modéré (e.g. Griffin et al.,

2009).

Figure 1.2 : Carte des anomalies de la vitesse des ondes SV au sommet du manteau (a 100 km de profondeur)

(Debayle et al., 2005).

Ces variations des caractéristiques du manteau lithosphérique subcontinental sont liées a
des contextes géodynamiques bien différents tels que les cratons, stables pour la plupart
depuis leur formation durant 1I’Archéen et au Protérozoique inférieur (e.g. Griffin et al.,
2003a; Pearson et al., 1995) et les rifts, ou la lithosphére est déstabilisée au profit de la
création d’une nouvelle frontiére de plaque. Or, de tels changements d’épaisseur, de structure
thermique et de composition peuvent étre reliés a des processus affectant directement la
rhéologie du manteau. Etudier ces processus est donc primordial pour comprendre le

comportement géodynamique des continents.

1.1.2. Outils d’étude du manteau lithosphérique subcontinental

De multiples outils sont aujourd’hui a la disposition des géologues afin d’étudier la
structure, la composition et le comportement du manteau lithosphérique subcontinental. Les
méthodes d’observation indirecte, telles que celles utilisées par les sismologues, donnent

acces a la structure globale du manteau. La tomographie sismique offre par exemple la



possibilité de détecter des anomalies de vitesse dans une région donnée. Selon le contexte
¢tudié, ces anomalies peuvent étre reliées a des modifications du géotherme, des variations de
composition, ou encore a la présence de fluides ou de magmas dans le manteau.
L’interprétation de ces données en terme de composition ou de pourcentage de magma reste
toutefois délicate et requiert des contraintes telles que celles apportées par les études sur les
xénolites mantelliques ou par les études expérimentales. Les fonctions récepteurs (Vinnik,
1977) sont aussi communément employées afin de détecter des discontinuités sismiques dans
le manteau supérieur. L’étude de I’anisotropie sismique permet quant a elle de détecter
I’orientation des flux mantelliques ainsi que la déformation du manteau supérieur. L’analyse
du déphasage des ondes SKS permet ainsi d’identifier la présence d’une ou plusieurs couches
anisotropes et offre une bonne résolution latérale. L’utilisation des ondes de surfaces offre
quant a elle une meilleure résolution verticale (e.g. Eaton et al., 2009). Enfin, les études
magnétotelluriques rendent possible la détection de limites structurales verticales ou latérales
(Evans et al., 2011), mais aussi de corréler des variations de conductivité¢ a des variations de
température et de composition.

Les possibilités d’observation directes du manteau continental restent plus rares. Elles
ne peuvent se faire qu’au travers de 1’étude de fragments remontés a la surface par des
processus tectoniques ou magmatiques que sont les massifs péridotitiques ou les xénolites.
Ces fragments n’offrent ainsi qu’une vision locale, et donc parcellaire, du manteau
lithosphérique. L’étude de ces roches permet toutefois d’obtenir des informations précieuses
sur les processus physiques et chimiques affectant le manteau lithosphérique. En effet, par
I’étude de la composition minéralogique et chimique de ces roches, il est possible de retracer
leur évolution thermique et d’identifier le ou les épisode(s) métasomatique(s) auxquels elles
ont ¢ét¢ soumises. Les conditions et 1’historique de déformation peuvent étre aussi obtenus a
partir de 1’analyse des microstructures de déformation et des orientations préférentielles de
réseau (OPR) des minéraux. Par 1’analyse conjointe des compositions et de la déformation de
ces ¢chantillons, le role de la percolation de magmas et de fluides et de I’hydratation sur la
déformation peut étre étudié. Enfin, les propriétés sismiques d’une roche peuvent étre
calculées a partir des OPRs des minéraux la constituant, de la composition modale, de la
densité et des constantes élastiques des minéraux (Mainprice, 1990; Mainprice et al., 2000;
Mainprice and Humbert, 1994). Ces valeurs peuvent ensuite étre comparées aux déphasages
mesurés par les ondes SKS, afin de mieux comprendre la source de I’anisotropie mesurée, et
si elle peut étre lithosphérique, de faire des hypothéses sur 1’orientation de la foliation

fossilisée par le manteau lithosphérique (Figure 1.3 ; Mainprice and Silver, 1993; Nicolas and



Christensen, 1987).

Enfin, ’expérimentation et les modélisations numériques et analogiques apportent des
informations supplémentaires sur le comportement du manteau supérieur, en tentant de
reproduire et de caractériser les processus qui s’y tiennent place. L’ensemble de ces outils
apporte donc des informations précieuses et complémentaires. Les considérer dans leur
ensemble offre ainsi les contraintes importantes nécessaires a I’établissement d’interprétations

solides.

Carte EBSD de I'échantilion

Anisotropie

& desondes S

OPRs des minéraux

10] [001]

Figure 1.3 : Schéma présentant I’anisotropie de polarisation des ondes S échantillonnée par les ondes SKS pour
un échantillon donné et pour différentes orientations de foliation et linéation. La couleur rouge indique les

valeurs les plus faibles tandis que la couleur bleue indique les valeurs les plus fortes.

1.1.3. Les cratons
1.1.3.1. Modéles de formation

Les cratons sont des domaines continentaux lithosphériques épais dont la formation et
I’origine reste controversée. Plusieurs modeles sont encore débattus dans la littérature pour
expliquer leur formation.

Un premier modele explique la formation de la lithosphére cratonique comme le résultat
de la fusion au sein d’un panache mantellique ou les hautes températures génereraient les forts
taux de fusion nécessaires a la formation d’une racine appauvrie en fer et séche (Figure 1.4)
(Arndt et al., 2009; Griffin and O'Reilly, 2007; Griffin et al., 2003a; Lee et al., 2011). Un tel
modele prévoit une stratification de la lithosphére d’une composition appauvrie (forts taux de
fusion et Mg# de I’olivine ¢élevés) a une composition fertile (faibles taux de fusion et Mg# de

I’olivine faibles ; voir Figure 1.4 a ; Lee et al., 2011). Les réflecteurs horizontaux détectés par



les fonctions récepteurs des ondes S au niveau du craton du Kaapvaal et du craton Nord
Américain pourraient, entre autre, €tre expliqués par une telle stratification (Savage and
Silver, 2008; Wittlinger and Farra, 2007; Yuan and Romanowicz, 2010). Si ce changement de
composition est en effet observé dans les xénolites de plusieurs cratons, il n’est toutefois pas
systématique (Lee et al., 2011).

Un second modele propose que la racine se forme par injection épisodique de petits
diapirs (100-200 km) (de Smet et al., 1998, 1999, 2000). Un tel processus permet en effet la
formation rapide d’une racine de composition distincte, faite de péridotite appauvrie en fer,
telle que le suggere les xénolites cratoniques. Toutefois, ces deux modeles ne parviennent pas
a expliquer la présence d’éclogites parmi les xénolites cratoniques.

Dans un troisieme modele, la lithosphére cratonique se forme par le sous-plaquage ou
I’imbrication successive de plaques plongeantes (Figure 1.4 b) (Lee et al., 2011; Pearson and
Wittig, 2008; Simon et al., 2007). Un contexte de subduction pourrait expliquer les fluides en
Si responsables de I’enrichissement en orthopyroxéne mesuré dans les xénolites du craton du
Kaapvaal (Simon et al., 2007). L’accrétion de lithosphére océanique est également suggérée
par les signatures éclogitiques mesurées dans les inclusions de sulfides dans des diamants de
ce méme craton (Richardson et al., 2001). Ce modele explique aussi la présence d’éclogite
parmi les xénolites mantelliques cratoniques, mais la quantité¢ d’éclogites attendue a la base
du craton devrait étre bien supérieure a celle présente sur les continents (Lee et al., 2011;
Schulze, 1989). De plus, les différences de distribution des éclogites dans les kimberlites de
groupe I et II du craton du Kaapvaal implique la subduction d’éclogites sous le craton il y a
100-115 Ma, en désaccord avec les reconstructions des mouvements tectoniques dans la
région durant cette période (Griffin and O'Reilly, 2007). Cette imbrication semble aussi peu
probable compte tenu de la flottabilit¢ négative des plaques océaniques plongeantes qui
devraient plutot entrer en subduction (Arndt et al., 2009). De plus, I’imbrication de ces
plaques plongeantes créerait des failles ou des zones de faiblesse de grande échelle qui devrait
étre cicatrisées pour pouvoir expliquer la stabilité a long terme des cratons (Lee et al., 2011).

Un quatriéme modele suggere que la formation du manteau cratonique pourrait étre liée
a ’accrétion et 1’épaississement d’arcs continentaux (Figure 1.4 c; Lee et al., 2011). Si ce
modele, comme le précédent, peut expliquer les teneurs élevées en orthopyroxéne dans les
péridotites du craton du Kaapvaal, un tel contexte devrait générer la production de laves

andésitiques, qui ne sont pas observées au niveau des cratons.
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Figure 1.4 : Schéma présentant les différents modeles de formation du manteau subcratonique (Lee et al.,
2011) : (a) formation associée a un panache mantellique, (b) formation par sous-plaquage et imbrication

successive de plusieurs plaques subduites, et (c) formation par épaississement/accrétion d’arcs volcaniques.

1.1.3.2. Stabilité

La stabilité et la longévité de certains cratons ont fait I’objet de nombreux débats et de
nombreuses ¢tudes depuis plusieurs décennies, mais restent aujourd’hui encore une question
géodynamique majeure. Les compositions trés appauvries en fer des péridotites cratoniques
ont tout d’abord conduit Jordan (1978) a proposer que la composition réfractaire, et donc
moins dense de la racine cratonique, compensait I’élévation de densité li¢ au géotherme froid
du craton. Ces compositions devaient ainsi résulter en une flottabilité neutre de la lithosphere
par rapport a 1’asthénosphere. Or, des modeles numériques ont démontré que la diminution de
densité liée a une composition appauvrie ne suffirait pas pour expliquer la stabilité¢ des racines
cratoniques sur plusieurs milliards d’années (Doin et al., 1997; Lenardic and Moresi, 1999).
D’autres modeles suggerent que la stabilité de ces racines pourrait étre favorisée par la
présence de matériel peu résistant autour du craton, telles que des chaines collisionnelles
Neoproterozoiques ou plus récentes, qui localiserait la déformation (Lenardic et al., 2003).
Plusieurs études suggerent également qu’un fort contraste de viscosité entre la racine
cratonique et 1’asthénosphere pourrait étre a I’origine de leur longévité (Doin et al., 1997;
Pollack, 1986). Toutefois, les géothermes cratoniques, méme s’ils sont froids, ne peuvent pas
générer les 2-3 ordres de grandeur de contraste de viscosité nécessaires a la stabilité des
cratons (Doin et al., 1997; Lenardic and Moresi, 1999). Assumant que 1’épisode de fusion
partielle responsable des compositions trés réfractaires des péridotites cratoniques (Boyd and
Mertzman, 1987) avait dG produire une déshydratation générale de la racine, puisque
I’hydrogene se comporte comme un élément incompatible durant la fusion partielle (Bolfan-

Casanova, 2005; Dixon et al., 2002; Hirschmann et al., 2005), des études ont suggéré qu’un



tel contraste de viscosité pouvait étre 1i€¢ a de tres faibles teneurs en hydrogéne dans I’olivine
(Doin et al., 1997; Pollack, 1986). En effet, des expériences suggerent que la présence
d’hydrogene dans les roches mantelliques modifie significativement leur viscosité (voir

section 1.2.4). Cette question sera abordée plus en détails dans le chapitre 2 de ce manuscrit.

1.1.3.3. Déstabilisation

Bien que la plupart des cratons tels que le craton du Kaapvaal ou encore le craton
tanzanien aient survécu a la tectonique des plaques et a la convection mantellique durant
plusieurs milliards d’années, d’autres cratons tels que le craton Nord Chinois et celui du
Wyoming ont vu leur racine partiellement détruite (e.g. Carlson et al., 2004; Chen et al., 2008;
Eggler and Furlong, 1991; Gao et al., 2002; Menzies et al., 1993). Les processus a 1’origine de
leur déstabilisation sont encore vivement débattus au sein de la communauté scientifique,
donnant lieu a la publication de nombreux mode¢les (Figure 1.5) parmi lesquels trois modeles
principaux rappelés ci-dessous.

Tout d’abord, la racine peut é&tre déstabilisée par des courants convectifs ou
I’enlévement est induit par des forces de flottabilité (Figure 1.5 a). Des contrastes latéraux ou
verticaux de densité ou de température peuvent ainsi créer de petites instabilités convectives
favorisant 1’érosion a la base ou sur les coté de la lithosphére cratonique (Morency et al.,
2002). Un second mécanisme consiste a modifier la rhéologie de la base de la racine avec des
magmas riches en eau ou des fluides relachés par une plaque subduite (Figure 1.5 c).

Dans un troisieme modele, la déstabilisation de la racine cratonique passe par un
processus d’érosion pétro-thermomécanique, durant lequel des épisodes magmatiques vont
successivement refertiliser la racine, entrainant une migration de la limite lithosphere-
asthénosphére (e.g. Foley, 2008). Les observations pétrologiques sur les xénolites
mantelliques cratoniques montrent fréquemment un ré-enrichissement qui se traduit par la
cristallisation de clinopyroxene et de grenat, causant la lherzolitisation des harzburgites
appauvries (Simon et al., 2003; Tang et al., 2008). L’efficacité¢ d’un tel processus repose sur le
fait qu’il ré-enrichit localement plutét que de maniere homogene la base de la lithosphere
(Foley, 2008). La génération de magmas, nécessaire a ce processus, est favorisée par des
contextes de points chauds ou d’instabilités convectives (Lee et al. 2011). Cependant, un tel
processus n’est pas possible sous les continents épais si ce n’est par l’intervention d’un
panache mantellique ou d’une production de chaleur radiogénique anormale pour augmenter
localement la température (Lee et al., 2011). De plus, la production de telles quantités de

magma basaltiques est difficile a plus de 200 km compte-tenu des pressions impliquées.
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Figure 1.5 : Schéma représentant les différents modeles de destruction ou de recyclage de la lithosphére
cratonique (Lee et al., 2011) : (a) Déstabilisation par des courants convectifs ou I’enlévement est induit par des
forces de flottabilité (thermiques ou chimiques) . Ces processus incluent la délamination, 1’effondrement, les
instabilités de Rayleigh-Taylor, et la convection conduite par les bords; (b) Déstabilisation par traction basale, ou
un cisaillement a la base de la racine entraine une déformation. Cette traction est liée a la présence d’une zone
plus mince de faible viscosité a la base des continents. Les pointillés représentent la zone de faible viscosité ; (c)
Déstabilisation facilitée par une diminution de la rhéologie de la lithosphére cratonique, facilitant alors la
délamination de la racine par les courants convectifs ; (d) Erosion thermo-magmatique par des magmas a la base
de la lithospheére modifiant localement la densité et la température du manteau, (e) Drainage visqueux durant

lequel des pyroxénites (de faible viscosité) glisse le long d’un plan incliné au cours des temps géologiques.

1.1.4. Les rifts : modeles d’extension

Les rifts continentaux sont les manifestations physiques de la rupture continentale. La
grande diversit¢ de morphologies a donné lieu a la publication de plusieurs modeles
d’extension, désireux d’expliquer les processus a I’origine de la déstabilisation d’un continent.

Il existe des rifts larges, tels que le « Basin and Range » aux Etats-Unis, s’étendant sur
plusieurs centaines de kilométres et des rifts étroits, dont 1’expression en surface ne dépasse
généralement pas 100 km, tels que le rift Est-Africain et le rift Baikal. McKenzie, (1978)
proposa d’abord un modele de rift large ou la lithosphére s’amincit et s’étire de manicre
homogene en réponse a des contraintes extensives ¢loignées. Afin d’expliquer les
observations du « Basin and Range », Wernicke (1981, 1985) proposa ensuite un modele
d’extension asymétrique dans lequel la majeure partie de la déformation est accommodée par
un long détachement affectant I’ensemble de la lithospheére. Un modéle de rift étroit, dans
lequel le rifting se produit via la rupture lithosphérique et la remontée d’un coin mantellique,
fut ensuite proposé par Nicolas et al. (1994). Ce modele fut ensuite repris par Vauchez et al.,

(1997) et Tommasi and Vauchez (2001) qui suggérérent que I’extension continentale se
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produit sous un régime de déformation en transtension produit par la réactivation d’ancienne
OPR de I’olivine préservée dans la lithosphere (voir section 1.2.6). D’autres études suggerent
que la présence d’hétérogénéités rhéologiques a également un role important dans la
localisation de la déformation (Dunbar and Sawyer, 1989; Vauchez et al., 1997).

Rifts passifs et rifts actifs ont aussi longtemps été opposés dans la littérature. Dans le
cas d’un rift passif, I’amincissement est le résultat de contraintes extensives en limite de
plaque, qui entraine une remontée passive de 1’asthénosphere par décompression adiabatique
(McKenzie, 1978; Wernicke, 1981, 1985). A contrario, la formation d’un rift actif est
attribuée a I’impact d’un panache mantellique a la base de la lithosphére provoquant son
¢rosion et son amincissement. Des modeéles plus récents proposent une combinaison de ces
deux processus (Huismans et al., 2001; Petit and Déverchére, 2006). En effet, les données
fournies par les études sismiques suggerent qu’en plus d’étre soumise a des contraintes
extensives, la lithosphére serait soumise a la percolation de magmas, notamment sous la
forme de filons pouvant faciliter la localisation de la déformation (Buck, 2006).

Si ces modéles sont complémentaires et basés sur des observations géomorphologiques,
sismiques et géochimiques, les observations directes sur de la maniére dont la déformation se
localise et est accommodée par le manteau lithosphérique durant le rifting sont rares dans la

littérature.

1.2. Rhéologie du manteau lithosphérique

1.2.1. Effet des variations de contraintes et de température

Le comportement rhéologique d’un agrégat cristallin est classiquement décrit sous la
forme d’une loi de puissance semi-empirique ou la vitesse de déformation (€) est directement
proportionnel a la contrainte différentielle (o) élevée a une puissance n (e.g. Nicolas and
Poirier, 1976). L’expression exacte de cette loi ainsi que la valeur des différents parameétres
dépend des conditions ainsi que des mécanismes étudiés (Tableaux 1 et 2). L’une de ces

expressions possibles est (Hirth and Kohlstedt, 2003):

E*+PV*)

é = Ag™d P f;,o exp(ag) exp (— o (1)
ou A est une constante du matériel considéré, n I’exposant de la contrainte, d la taille de
grain moyenne, P la pression, fH,O la fugacité en eau pure, oo une constante, r I’exposant de la
fugacité en eau, ¢ la fraction de magma, E I’énergie d’activation, V" le volume d’activation,

R la constante des gaz parfaits, et T la température absolue (en K). Le manteau supérieur étant
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majoritairement composé de péridotite, dont ’olivine la phase cristalline majeure (>60%), une
telle loi peut-Etre utilisée pour décrire son comportement rhéologique. Selon cette équation,
une baisse de résistance est attendue si la contrainte (pour n=1), la température, la fugacité en
eau, ou la fraction de magma augmente ou si la pression ou la taille de grains diminue (Figure
1.6). Des modéles numériques montrent ainsi qu’a plus grande échelle, une variation latérale
du géotherme peut produire des contrastes de résistances significatifs au sein d’une plaque
lithosphérique et promouvoir la localisation de la déformation en contexte intraplaque (Neves

et al., 2008; Tommasi et al., 1995).

Tableau 1: Parametres rhéologiques pour 1’équation 1 (D’aprés Hirth et Kohlstedt, 2003)

E* V*
A n p r a
(kJ/mol)  (10°m’/mol)

Diffusion anhydre 1,5x10° 1 3 - 30 375+ 50 2-10
Diffusion hydratée 2,5x10’ 1 3 0,7-1,0 30 375+ 50 0-10
Diffusion hydratée (Con constante) 1,0x10° 1 3 1 30 375+ 50 4
Dislocation anhydre 1,1x10° 3,5+0,3 0 - 30-45 530+4  (voir tableau 2)
Dislocation hydratée 1600 3503 0 1,2+04 3045 520+40 22+ 11
Dislocation hydratée (Cop constante) 90 35+£03 0 1.2 30-45 480 £40 11
GBS anhydre, T>1250°C 4,7x10" 35 2 - 30-45 600 (voir tableau 2)
GBS anhydre, T<1250°C 6500 3.5 2 - 30-45 400 (voir tableau 2)

Tableau 2: Détermination des volumes d’activation (D’apres Hirth et Kohlstedt, 2003)

Technique V* (10°m’/mol)  Gamme de P (GPa)  Référence

Déformation 23 0,2-0,4 Wang et al. (2010)
Déformation 13,4 (18) 0,5-1,5 Ross et al. (1979)
Déformation 14 (18) 0,3-2 Karato and Jung (2003)
Déformation 14 0,3-15 Karato and Rubie (1997)
Déformation 27 0,6-2,0 Borch and Green II (1989)
Restauration 19 10'4-0,5 Kohlstedt et al. (1980)
Restauration 14 10%-2,0 Karato and Ogawa (1982)
Restauration 6 1010 Karato et al. (1993)
Diffusion (Si) -2 5-10 Béjina et al. (1999)

Les trois principaux mécanismes de déformation ductile dans les roches sont le fluage-
dislocation, le glissement aux joints de grains accommodé par le mouvement des dislocations,
le glissement aux joints de grain accommodé par diffusion. Durant la déformation, ces
mécanismes sont activés simultanément. Selon les conditions de déformation, 1’un de ces
mécanismes va dominer et contrdler la résistance de la roche. Bien que la déformation

uniquement par diffusion soit théoriquement possible, ce mécanisme est probablement trop
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lent pour étre dominant. Une variation de température ou de contrainte peut entrainer une
transition d’un mécanisme a un autre et considérablement modifier la microstructure d’une
roche, et donc sa résistance (voir section 1.2.2). En effet, alors que la migration et
I’accumulation de dislocations au sein de la structure cristalline promeut la recristallisation
dynamique par rotation des sous-grains et tend a entrainer une réduction de la taille de grains ;
la diffusion de défauts ponctuels ou d’atomes associée au régime de fluage diffusion entraine

généralement une augmentation de la taille de grains.
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Figure 1.6 : Diagramme d’Arrhenius montrant le taux de déformation en fonction de 1/T pour des agrégats
d’olivine se déformant par fluage dislocation et par fluage diffusion (Hirth et Kohlstedt, 2003). Les lignes
pleines et en pointillées montrent les relations d’Arrhenius pour E*=530+40 et E*=550+20 kJ/mol et n=3.5
(gauche) et pour E*=375+50 kJ/mol (droite) et n=1. Les différents symboles correspondent aux données
expérimentales de diverses études (HK : Hirth and Kohlstedt (1995a, b) ; KFP : Karato et al. (1986); MK : Mei
and Kohlstedt (2000a, b) ; KZ : Kohlstedt and Zimmerman (1996)).

1.2.2. Effet de la taille de grain

Parmi les autres paramétres pouvant considérablement affecter la viscosité du manteau
se trouve la taille de grain. L’équation (1) prédit une diminution du taux de déformation a
taille de grain croissante. Une variation de la taille de grains va également entrainer un
changement de mécanisme de déformation. A température constante, une roche se déformant
par fluage dislocation voit sa taille de grains moyenne par recristallisation dynamique et donc
sa viscosité diminuer. Ce changement peut entrainer un passage vers une déformation par
fluage diffusion (Figure 1.7) (Rutter and Brodie, 1988). Il est aussi couramment admis qu’une

diminution de la taille de grains par recristallisation dynamique peut favoriser la transition
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d’une déformation par fluage dislocation a une déformation par fluage dépendant de la taille
de grain (grain sensitive creep), sous lequel le glissement aux joints grains (grain boundary
sliding) accommoderait la déformation (e.g. Boullier and Gueguen, 1975; Hirth and
Kohlstedt, 2003; Hirth and Kohlstedt, 1995a, b; Langdon, 1994; Schmidt et al., 1977). La
réduction de taille de grains liée a un tel régime a pour effet de diminuer considérablement la
viscosité et pourrait favoriser une localisation de la déformation. Toutefois, les exemples de
glissement aux joints de grains dans des échantillons naturels sont extrémement rares et
limités a des bandes d’ultra-mylonites de largeur millimétrique ou a des bandes de
cisaillement composées d’orthopyroxéne dans les mylonites du craton du Kaapvaal (e.g.
Boullier and Gueguen, 1975; Vauchez et al., 2012 et références citées).
Oceanic lithosphere: 800°C, 30 km, dry
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Figure 1.7 : Exemple de carte des mécanismes de déformation pour la lithosphére océanique a 800°C (Hirth et
Karato, 2002).

1.2.3. Role de I’assemblage minéralogique

L’assemblage minéralogique a de nombreuses implications sur la rhéologie d’une roche.
Dans la nature, les roches polyminérales subissant une déformation plastique tendent a voir
les minéraux qui les composent se répartir en couches monominérales distinctes (e.g.
Herwegh et al., 2008; Mehl and Hirth, 2008; Vauchez et al., 2012). S’il existe une différence
de résistance entre les divers minéraux, cette microstructure engendre une anisotropie
mécanique diminuant la résistance au cisaillement parallele aux couches (Vauchez et al.,
2012). De la méme fagon, la cristallisation de nouvelles phases moins résistantes lors de
réactions durant la déformation peut également réduire la viscosité d’une roche (Rutter and

Brodie, 1988).
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Plusieurs autres ¢tudes ont souligné les implications de la présence d’une seconde phase
sur la taille de grains d’une roche (Farla et al., 2013; Hiraga et al., 2010; Solomatov et al.,
2002). En effet, la croissance de grains peut étre limitée par la présence d’une seconde phase
en quantité suffisante sous I’effet d’un processus nommé épinglage de Zener (Zener pinning ;
Figure 1.8 ; (Farla et al., 2013; Smith, 1948; Solomatov et al., 2002). 11 a donc été proposé que
le Zener pinning pourrait permettre de préserver des tailles de grain fines et donc une viscosité

faible dans le manteau (e.g. Bercovici and Ricard, 2012; Farla et al., 2013).
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Figure 1.8 : Evolution microstructurale d’un systéme a deux phases cristalline, pour diverses fractions de la

deuxiéme phase (modele numérique de Solomatov et al., 2002). Chaque carré correspond a un test différent.

1.2.4. Effet de la teneur en hydrogéne

Les roches du manteau supérieur sont principalement composées de minéraux
nominalement anhydres (NAMs : Nominally Anhydrous Minerals) ne contenant pas d’H,O,
d’OH ou d’H dans leur dans leur formule structurale. Ces minéraux peuvent toutefois
incorporer des atomes d’hydrogene associés a des défauts ponctuels au sein de leur structure
(Beran and Putnis, 1983; Beran and Zemman, 1969; Miller et al., 1987). La solubilité de 1’eau
est ainsi principalement contrdlée par 3 types de défauts: (1) par substitution d’un site

métallifére au sein d’un octaédre (Mg®", Fe*™ ou Fe’"), (2) par substitution d’un Si*" au coeur
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d’un tétraedre, (3) dans un site interstitiel. La solubilité¢ de I’hydrogeéne dans 1’olivine (Con)
peut étre exprimée par une loi de puissance semi-empirique ou la solubilité est directement
proportionnelle a la fugacité en eau (fi20) (Férot and Bolfan-Casanova, 2012; Hirschmann et
al., 2005; Kohlstedt et al., 1996; Zhao et al., 2004). Elle est également fonction de la pression
(Férot and Bolfan-Casanova, 2012; Hirschmann et al., 2005; Kohlstedt et al., 1996), et de la
teneur en Fe a basse pression (0,3 GPa ; Zhao et al., 2004). L’expression exacte de cette loi

est fonction des conditions expérimentales et des paramétres étudiés.
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Figure 1.9 : Evolution du taux de déformation en fonction de la teneur en hydrogene (Fei et al., 2013).

La teneur en hydrogene figure parmi les parameétres souvent cités pour son effet sur la
rhéologie du manteau (e.g. Hirth and Kohlstedt, 1996). Ainsi, 1’équation (1) prédit une
diminution de la résistance si la fugacité en eau dans le systeme augmente. Des expériences
ont montré que I’incorporation d’hydrogéne engendre une diminution de résistance
mécanique des roches mantelliques et augmentent les taux de fluage dislocation et fluage
diffusion (Figure 1.9) (e.g. Chopra and Paterson, 1984; Demouchy et al., 2012; Karato et al.,
1986; Mackwell et al., 1985; Mei and Kohlstedt, 2000a, b). Toutefois, ces résultats ayant été
obtenus sur des échantillons placés dans un milieu saturé en eau, et de 1’eau libre pourrait
avoir été présente aux joints de grains (Demouchy et al., 2012; Fei et al., 2013). En effet, des
expériences récentes de détermination du coefficient de diffusion du Si dans la forstérite par
Fei et al. (2013) suggerent ainsi que 1’effet de I’hydrogeéne sur la déformation de I’olivine
pourrait étre faible (Figure 1.7). Une reproductibilité de tels résultats est toutefois nécessaire

afin de remettre en cause avec certitude 1’effet de hydrogéne sur la résistance des roches
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mantelliques obtenus par de nombreuses études expérimentales précédentes.

1.2.5. Effet de 1a présence de magmas

La présence de faibles fractions de magma peut considérablement diminuer la résistance
mécanique d’une roche du manteau supérieur (Daines and Kohlstedt, 1997; Mei et al., 2002;
Zimmerman and Kohlstedt, 2004). La distribution de ces magmas revét une grande
importance sur le style de déformation auquel la roche pourra étre soumise. En effet, alors
qu’une distribution homogene dans un volume important tend & promouvoir une déformation
homogene (e.g. Vauchez et al., 2007), la présence de magmas localisés dans un faible volume
pourrait favoriser une localisation de la déformation (e.g. Holtzman et al., 2003a; Holtzman et
al., 2003b; Vauchez et al., 2012). Par ailleurs, des expériences en cisaillement simple
suggerent que durant la déformation de roches partiellement fondues, le magma se concentre
en bandes distinctes qui localisent la déformation (Holtzman et al., 2003a; Holtzman et al.,
2003b). Enfin, I’étude des microstructures et des OPRs dans une section verticale de la zone
de transition croute-manteau des ophiolites d’Oman révele un changement de ’OPR de
I’olivine en présence de magma d’une symétrie axiale-[100] & une symétrie axiale-[010]
(Higgie and Tommasi, 2012). A plus grande échelle, un tel changement pourrait donc créer
une hétérogénéité au sein de la lithosphére.

Les conséquences possibles de I’injection de magmas sont multiples. En effet, si le
liquide n’est pas a I’équilibre avec la roche encaissante, leur percolation peut engendrer un
métasomatisme. Selon la composition du liquide, un tel métasomatisme peut lui-méme
résulter en la cristallisation de nouvelles phases ou en 1’hydratation des minéraux présents et
modifier la rhéologie de la roche percolée (voir sections 1.2.3 et 1.2.4). De méme, I’injection
de larges volumes de magmas peut entrainer une modification locale de la température

(Kourim et al., 2014).

1.2.6. Role de ’anisotropie mécanique

Une roche se déformant par fluage dislocation développe une orientation préférentielle
de réseau des cristaux (OPR) qui la composent. Le développement des ces OPRs a grande
échelle dans des zones tectoniquement actives a pour effet de générer une anisotropie
mécanique, mesurée par les études sismiques sur les déphasages des ondes SKS sur de larges
distances. De cette anisotropie découle une diminution de la résistance aux contraintes
imposées selon certaines directions par rapport a I’OPR existante. En effet, des modeles

numériques montrent que la résistance du manteau devient alors plus faible a des
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cisaillements paralleles a la foliation et a la linéation (Tommasi et al., 2009) ou a une
extension ou une compression oblique a la fabrique préexistante (Tommasi et al., 2009;
Tommasi and Vauchez, 2001) devient alors plus faible (Figure 1.10). Une variation de
I’orientation et de DI’intensit¢é des OPRs au sein du manteau lithosphérique pourrait donc
permettre une localisation de la déformation a grande échelle (Tommasi et al., 2009). Le
parallélisme entre 1’axe d’anciens orogenes et 1’axe des rifts a ainsi conduit Vauchez et al.
(1997) a proposer que d’anciennes OPRs fossilisées dans le manteau lithosphérique pourraient

étre réactivées lors de la formation d’un rift.

Initial texture
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Figure 1.10 : Géométrie, conditions aux limites et distribution de la déformation cisaillante aprés un étirement
total de 40% dans un modéele avec une zone de cisaillement héritée a 45° de la direction d’extension imposée

(Tommasi et al., 2009).

1.3. Objectifs de la thése et structure du mémoire : Le craton et
le rift comme objet d’étude du comportement du manteau
subcontinental

1.3.1. Le craton du Kaapvaal

Le craton du Kaapvaal fait partie des cratons ayant survécu a la tectonique des plaques
et la convection mantellique depuis leur formation. Il est formé d’un assemblage de terrains
Archéens composés principalement de gneiss et de granitoides, recouverts par des bassins
sédimentaires datant de I’ Archéen supérieur et du Protéroizoique inférieur (Begg et al., 2009;
de Wit et al., 1992). La formation de la crotite il y a ~3.7-3.1 Ga fut suivi par I’amalgamation

et la stabilisation des différents blocs qui composent le craton il y a 3.1-2.6 Ga (de Wit et al.,
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1992; Griffin et al., 2003b). Des analyses Re-Os sur les sulfides dans des inclusions dans des
diamants et dans des xénolites mantelliques indiques que la formation de la racine cratonique
serait antérieure a 3 Ga et donc contemporaine de la formation de la crotte (Griffin et al.,
2003b; Shirey et al., 2002).

Le craton du Kaapvaal a été ensuite affectée par de multiples épisodes magmatiques. La
mise en place du complexe du Bushveld il y a 2.05 Ga (e.g. Scoates and Friedman, 2008) est
le premier et le plus important d’entre eux. Il fut suivi il y a 182 Ma par la mise en place de la
province volcanique du Karoo associée a la rupture du Gondwana (Riley et al., 2005). Le
craton du Kaapvaal fut ensuite affect¢ par de nombreuses éruptions kimberlitiques
principalement a la fin du Jurassique et au Crétacé, mais aussi au Paléozoique (530-255 Ma)
et au Méso-Protérozoique (1650-1200 Ma) (Allsopp et al., 1985; Kramers and Smith, 1983;
Phillips et al., 1998). La répartition de ces diatrémes kimberlitiques est large. Les kimberlites
sont des laves remontées depuis la base de la lithosphére a trés grande vitesse (Mitchell, 1986)
en transportant de nombreux xénolites mantelliques provenant d’une large gamme de
profondeurs (James et al., 2004). Ces xénolites font du craton du Kaapvaal un objet d’étude
idéal pour tenter de comprendre le manteau lithosphérique subcontinental des racines
cratoniques. Depuis plusieurs dizaines années, le craton du Kaapvaal a été 1’objet de
nombreuses publications qui apportent des contraintes précieuses a toute nouvelle étude visant
a mieux comprendre sa structure ainsi que I’origine de sa stabilité (voir les chapitres 2 et 4 de

ce manuscrit pour une revue plus compléte de ces publications).

1.3.2. Le rift Est-Africain

Le rift Est Africain est un des rifts les plus actifs de la planéte. Il s’étend sur plus de 4
000 km du point triple de I’Afar au golfe du Mozambique en suivant la direction d’anciens
orogenes (e.g. Nyblade and Brazier, 2002; Vauchez et al., 1997). Les témoins les plus anciens
du volcanisme li¢ au rift datent de 45 Ma et ont été trouvés au Kenya, au niveau de la
dépression de Turkana, un systéme de bassins en extension de prés de 300 km, au niveau
duquel I’axe du rift se décale. La branche éthiopienne du rift Est-Africain ou rift Ethiopien
commenga a se propager au Sud de I’Ethiopie il y a 25-20 Ma (Hendrie et al., 1994; Morley et
al., 1992) avant d’atteindre le Nord de I’Ethiopie il y a 11 Ma (Wolfenden et al., 2004). Le rift
Est-Africain migra aussi vers le Sud et se subdivise en deux branches distinctes autour du
craton tanzanien. Dans la branche Est du rift, le volcanisme et I’extension date atteignirent le
Sud du Kenya il y a 8-5 Ma (Cerling and Powers, 1977; Crossley and Knight, 1981; Dawson,

1992). Dans la branche Ouest, les premieres traces de volcanisme remontent a 12 Ma au
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Nord, a 6 Ma prés du Rwanda (Kampunzu et al., 1998).

Le rift Est Africain est associ¢ a deux plateaux a la topographie ¢élevée (le plateau
Ethiopien et le plateau Est-Africain), dont 1’existence pourrait étre liée a la présence d’un ou
plusieurs panaches mantelliques détectés dans plusieurs modeles de tomographie sismique
(e.g. Adams et al., 2012; Benoit et al., 2006; Ritsema et al., 1998) et interprétés comme la
continuation du super-panache africain, une large anomalie de vitesse lente détectée dans le
manteau inférieur sous le craton sud-africain (e.g. Benoit et al., 2006; Ritsema and van Heijst,
2000).

En Ethiopie, au Kenya et en Tanzanie, des laves ont rapporté a la surface des xénolites
mantelliques, qui représentent un objet d’étude idéal pour comprendre les processus affectant

le manteau subcontinental a différents stades de rifting.

1.3.3. Objectifs de la thése et structure du mémoire

L’objectif de ce travail est d’étudier le manteau lithosphérique subcontinental de deux
objets aux caractéristiques et aux comportements géodynamiques opposés : le craton du
Kaapvaal (Afrique du Sud) et le rift Est-Africain (Divergence Nord Tanzanienne et SE
Ethiopie), afin de tenter de comprendre les processus permettant d’expliquer ces différences.
L’étude de la déformation (microstructures et OPRs) et de I’hydratation de xénolites
mantelliques du craton Kaapvaal apporte des contraintes sur le role de 1’hydrogéne sur la
stabilit¢ a long terme du manteau subcratonique. Ce travail a été complété par une série
d’expériences visant a affiner notre interprétation sur 1’origine des teneurs en hydrogene
mesurées. Le calcul des propriétés sismiques de ces échantillons permet de enfin de
caractériser la structure de la racine cratonique, en quantifiant I’impact des variations de
composition lié au métasomatisme sur celles-ci, et en tentant de relier 1’anisotropie sismique
et ’orientation de la fabrique fossilisée. Enfin, 1’étude du rift Est-Africain a deux stades de
maturité différents et développé dans des régions présentant des héritages structuraux
différents vise a contraindre le réle de [D’anisotropie mécanique, des hétérogénéités
rhéologiques, et des interactions de fluides et de magmas sur le type et le régime de
déformation d’un rift continental.

Ce mémoire est présenté sous la forme de 7 chapitres. Il comporte 2 articles publiés
dans des revues internationales (Lithos et Solid Earth), un article soumis a Tectonophysics, un
article soumis a American Mineralogist et un article en cours de préparation.

Le chapitre 2 « Déformation et hydratation du manteau lithosphérique sous le
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craton du Kaapvaal » présente une étude sur 50 xénolites péridotitiques échantillonnés dans
9 diatremes kimberlitiques différents au sein du craton du Kaapvaal. Ce travail a été publié
dans le journal Lithos (Baptiste et al., 2012) et repose sur ’analyse des microstructures, des
OPRs, et sur les teneurs en hydrogéne dans I’olivine de ces xénolites. Il a pour objectif de
contraindre les relations entre déformation, hydratation et percolation de fluides ou magmas
au sein d’une racine cratonique, et ainsi de mieux comprendre 1’origine de sa longévité.

Le chapitre 3 « Diffusion de I’hydrogéne d’un liquide kimberlitique a la forstérite »
présente une étude expérimentale soumise en Septembre 2014 a la revue American
Mineralogist, basée sur 5 expériences réalisées en piston-cylindre au laboratoire Magmas et
Volcans de Clermont-Ferrand. Son but est de tester si I’incorporation d’hydrogéne dans
I’olivine par diffusion ionique a partir d’un liquide kimberlitique riche en volatiles (H,O-CO,)
a haute pression est possible durant le transport de la péridotite vers la surface par le magma,
et ainsi de mieux comprendre 1’origine des fortes teneurs en hydrogéne dans 1’olivine des
xénolites cratoniques.

Le chapitre 4 « Contraintes pétrophysiques sur les propriétés sismiques du manteau
lithosphérique sous le craton du Kaapvaal » présente une étude publiée dans le journal
Solid Earth (Baptiste et Tommasi, 2014) ou les propriétés sismiques des 50 xénolites du
craton du Kaapvaal sont calculées. Il a pour but de mieux comprendre les variations de
vitesses et les anisotropies mesurées par les études sismiques et de mieux évaluer les
structures qui en sont déduites, en les confrontant aux variations des propriétés sismiques liées
a la composition, a la profondeur d’origine, et a un changement de 1’orientation de la foliation
dans les xénolites Sud-africain.

Le chapitre 5 « Déformation, hydratation et anisotropie du manteau lithosphérique
sous un rift actif » est une étude sur 53 xénolites mantelliques provenant de 4 localités
différentes au sein de la Divergence Nord Tanzanienne du Rift Est-Africain. Ce travail a été
soumis au mois de Juillet 2014 au journal Tectonophysics, et est actuellement en cours
d’évaluation. Il est basé sur la caractérisation des microstructures, des OPRs, des teneurs en
hydrogene dans I’olivine des xénolites tanzaniens, ainsi que sur le calcul de leurs propriétés
sismiques. Il vise @ mieux comprendre les relations entre déformation et percolation de fluides
et magmas au début du rifting ainsi que le régime de déformation mis en jeu.

Le chapitre 6 « Déformation et anisotropie du manteau lithosphérique sous un rift
mature» est un article en cours de rédaction sur 25 xénolites mantelliques provenant de la
région au Sud de Mega (Sud de I’Ethiopie, Rift Est Africain). Ce travail a pour objectif de

comprendre les relations entre déformation et percolation de magmas au sein d’un rift mature
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formé a I’aplomb d’un panache mantellique.

Le chapitre 7 « Discussions, Conclusions et Perspectives » présente une discussion et
une synthese générale sur le role de 1’anisotropie mécanique, la percolation de fluides et
magmas, [’hydratation et les hétérogénéités rhéologiques sur le comportement géodynamique
du manteau subcontinental. Les nouvelles questions posées par les résultats obtenus dans cette

¢tude et les approches possibles pour y répondre sont aussi exposées.
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Chapitre 2: Déformation et hydratation du
manteau lithosphérique sous le craton du

Kaapvaal

Le craton du Kaapvaal est un domaine continental épais et froid resté stable depuis sa
formation durant 1I’Archéen (Griffin et al., 2004; Pearson et al., 1995; Shirey et al., 2002). Les
péridotites du Kaapvaal montrent des compositions appauvries en CaO et Al,O; et des Mg#
dans I’olivine élevés, suggérant qu’elles sont le résultat de forts taux de fusion partielle (Boyd
and Mertzman, 1987). Pourtant, ces compositions appauvries et le géotherme froid
caractéristiques des cratons ne suffisent pas a générer des contrastes de viscosité
suffisamment ¢€levés pour expliquer la stabilité et la longévité des cratons (Doin et al., 1997,
Lenardic and Moresi, 1999). Partant de 1’idée que 1’épisode de fusion partielle ayant formé les
cratons avait dii entrainer une déshydratation de la racine, plusieurs études ont ainsi proposé
qu’un contraste de densité suffisant pouvait étre li¢ a de trés faibles teneurs en hydrogene
dans I’olivine (Doin et al., 1997; Pollack, 1986). Pourtant, une étude récente de Peslier et al.
(2010) révele que des teneurs en hydrogene dans I’olivine de xénolites mantelliques du
Kaapvaal sont souvent élevées (jusqu’a 100 wt. ppm H,0), a I’exception des échantillons les
plus profonds (<10 wt. ppm H,0). De plus, de multiples épisodes métasomatiques ont été
identifiés dans les péridotites du craton du Kaapvaal (e.g. Boyd and Mertzman, 1987; Griffin
et al., 2003b; Kelemen et al., 1998; Nixon et al., 1981; Simon et al., 2007).

Le travail présenté dans ce chapitre se base sur I’étude de 50 xénolites péridotitiques
¢chantillonnés dans 9 diatrémes kimberlitiques différents au sein du craton du Kaapvaal. Ces
péridotites présentent donc une large distribution latérale, mais aussi verticale. L’analyse des
microstructures et des OPRs révéle que les échantillons granulaires a gros grains qui
prédominent parmi les péridotites du Kaapvaal enregistrent une déformation par fluage
dislocation, suivie par une longue période de recuit. Ces observations supportent un épisode
de déformation ancien, probablement associ¢ a la formation de la racine, suivie d’un
refroidissement lent et d’une longue période de quiétude. Les textures et compositions
révelent également de multiples événements métasomatiques a la répartition géographique

hétérogene. L’analyse combinée des microstructures et des OPRs montre que les épisodes
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métasomatiques a 1’origine des fortes compositions modales en orthopyroxene sont pré- a
post-cinématiques. Le métasomatisme causé par des fluides riches en K est quand a lui post-
cinématique. L’analyse des textures et des OPRs des mylonites cratoniques suggerent une
déformation plus tardive et locale. Les teneurs en hydrogéne sont variables, mais ont tendance
a augmenter jusqu’a une profondeur d’environ 150 km (~150 wt. ppm H,O, calibration de
Bell et al. (2003)). Les échantillons les plus profonds sont quant a eux presque secs.
L’absence de corrélation entre les teneurs en hydrogene et le Mg# de I’olivine suggérent une
réhydratation postérieure a la formation de la racine cratonique appauvrie, par métasomatisme
li¢ a la percolation des fluides ou magmas riches en eau ou par contamination durant le
transport des xénolites a la surface par les kimberlites. Or, une étude magnétotellurique
récente montre que les données de conductivité (Evans et al., 2011) sont mieux expliquées par
un modele montrant une variation de la teneur en hydrogéne dans I’olivine similaire a celle
mesurée (Fullea et al., 2011), suggérant que ces données pourrait étre représentatives de
I’ensemble de la racine cratonique. Que cette réhydratation soit extensive ou plus hétérogeéne,
elle n’a toutefois pas a ce jour entrainé une remobilisation de la racine d’apres les textures treés

recuites des péridotites cratoniques.
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To constrain the relations between deformation and metasomatism in the subcratonic lithospheric mantle, we
have analyzed the microstructures and crystal preferred orientations in 50 mantle xenoliths from the
Kaapvaal craton. Water contents in olivine and pyroxenes were measured in 14 samples equilibrated at differ-
ent depths. Coarse-granular microstructures recording deformation by dislocation creep followed by
annealing predominate. Mylonitic (sheared) peridotites with partially or totally recrystallized microstruc-
tures are however common below 140 km. Refractory compositions predominate, but multiple metasomatic
events resulted in orthopyroxene enrichment or secondary crystallization of clinopyroxene and phlogopite.
Coherent orthopyroxene and olivine CPO in most coarse-grained peridotites implies in pre- to syn-
kinematic orthopyroxene enrichment or epitaxial growth on primary orthopyroxene. Undeformed, interstitial
orthopyroxene, clinopyroxene, and phlogopite with random orientations in coarse-grained peridotites record
post-kinematic modal metasomatic events. Deformation of these phases in the sheared peridotites implies
that mylonitization results from a later event, which affected locally the deep cratonic lithosphere. Olivine
CPO recording dominant [100] glide predominate at all depths. Only two samples, equilibrated at ~3.3 GPa
show olivine [001] and orthopyroxene [001] axes subparallel, suggesting dominant [001] glide. Water con-
tents in olivine are maximum (150 wt.ppm H,0) in peridotites equilibrated at ~160 km depth. Peridotites
equilibrated below 180 km depth are, in contrast, almost dry. Lack of correlation between olivine mg# and
water content indicates that the high water contents in olivine record re-hydration after the extensive partial
melting, which produced the cratonic root. The vertical variation in water contents in olivine observed in the
Kaapvaal peridotites may result from hydrogen addition or loss during extraction by the kimberlites. Compar-
ison with magnetotelluric electrical conductivity data suggests, however, that the observed vertical variation
of water contents in olivine may be representative of the present-day state of the Kaapvaal mantle, implying
that extensive metasomatism resulted in hydration of the cratonic mantle at intermediate depths. The
annealed microstructures of Kaapvaal peridotites indicate however that this metasomatism was not followed
by remobilization of the cratonic root.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

mantle roots are poorly constrained, and are a major open question in
geodynamics.

Cratons are domains of thick lithosphere with cold geotherms
(Boyd et al., 1985; Chevrot and Zhao, 2007; Evans et al., 2011;
Jaupart and Mareschal, 1999), which have remained stable for long
geologic periods since their formation in the Archean (Pearson et
al., 1995). However, while the mantle roots of some cratons, such as
the Kaapvaal in South Africa, survived from reworking by plate tec-
tonics and mantle convection since the Archean, others, like the
north China and Wyoming craton, were partially destroyed in more
recent times (e.g., Eggler and Furlong, 1991; Menzies et al., 1993).
The processes that result in the stability or destruction of the cratonic

* Corresponding author. Tel.: +33 467144912; fax: +33 467143603.
E-mail address: virginie.baptiste@gm.univ-montp2.fr (V. Baptiste).
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Studies of kimberlite-embedded xenoliths reveal that most cra-
tonic peridotites are depleted in CaO and Al,03 and have olivine
with high mg# (mg#=Mg0O/(Mg0 + FeO)), implying that they
were formed by a high degree of partial melting (e.g., Boyd and
Mertzman, 1987). These observations led Jordan (1978) to propose
the isopycnic (equal density) hypothesis to explain the stability of
craton roots: the more refractory composition of the sub-cratonic
mantle compensates the increase in density linked to cooling, im-
plying a neutral buoyancy with respect to the asthenosphere. How-
ever, numerical models show that buoyancy alone is unable to
explain the stability of cratons over several Ga (Doin et al., 1997;
Lenardic and Moresi, 1999). The most common explanation for cra-
tonic root longevity is a high viscosity contrast with the surrounding
mantle (Doin et al., 1997; Pollack, 1986). The stability of cratonic
roots is also favored by higher yield stresses relative to the
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surrounding lithosphere and by neighboring weak material, such as
mobile belts, which may localize the deformation (Lenardic et al.,
2003).

The stability of cratonic roots appears therefore to depend essen-
tially on its rheological properties. As the dominant phase (>50% in
volume), olivine controls these properties. The strength of olivine-
rich rocks under upper mantle conditions depends strongly on stress,
temperature, grain size, and water fugacity (e.g., Demouchy et al.,
2009; Hirth and Kohlstedt, 2003) and, on a lesser extent, on pressure,
chemical composition, and oxygen fugacity (e.g., Keefner et al., 2011;
Raterron et al., 2007). The relatively cold cratonic geotherm results in
a viscosity increase of the cratonic root relatively to the surrounding
convective mantle, but it cannot generate the 2-3 orders of magni-
tude viscosity contrast mantle required to ensure craton stability
over Gy time spans (Doin et al., 1997; Lenardic and Moresi, 1999).
Based on the assumption that the partial melting event responsible
for the refractory compositions of cratonic xenoliths led to extensive
devolatilization of the cratonic mantle, many models consider that
the high viscosity of the cratonic mantle results from extremely low
water concentrations in olivine (e.g., Doin et al., 1997; Pollack,
1986). However, water contents in olivine from the Kaapvaal mantle
measured by Fourier transform infrared spectroscopy (FTIR) are often
high (up to 100 wt.ppm H,0), except for the deepest samples (below
180 km), which have <10 wt.ppm H,0 (Grant et al., 2007; Kurosawa
et al., 1997; Peslier et al., 2010).

In the present study, we explore the relations between deforma-
tion, melt or fluid percolation, and hydration by jointly analyzing mi-
crostructures, crystallographic preferred orientations, and water
contents in a new series of peridotite xenoliths of the Kaapvaal cra-
ton. Previous petrophysical studies carried out on cratonic xenoliths
focused on either the relation between deformation and seismic an-
isotropy (Bascou et al.,, 2011; Ben Ismail et al., 2001) or on the
water contents (Bell et al., 2004; Peslier et al., 2008, 2010; Yang et
al.,, 2008). The association of two approaches results in additional
constraints on the relative timing of deformation and hydration. For
instance, experiments on olivine aggregates deformed under high
water fugacities (>50 wt.ppm H,0) produced olivine crystal pre-
ferred orientation patterns that differ significantly from those
obtained under dry conditions; these results were interpreted as
due to changes in the dominant olivine slip systems due to variations
in the OH™ concentration in olivine (Jung et al., 2006).

2. Geological setting

The Kaapvaal craton (South Africa) is an assemblage of Archean
terranes that extends over more than 12,000 km?. It is mainly com-
posed by granitoids and gneisses that enclose narrow greenstone
belts, but Upper Archean and Lower Proterozoic basins cover most
of it (Begg et al., 2009; de Wit et al., 1992). Crustal formation occurred
essentially between ~3.7 and ~3.1 Ga, followed by terrane assembly
and stabilization of the craton between 3.1 and 2.6 Ga (de Wit et al.,
1992; Griffin et al., 2003).

Formation of the Kaapvaal mantle root as early as 3.3-3.5 Ga is in-
dicated by Re-0s whole-rock data on peridotite xenoliths (Pearson et
al., 1995) and on sulfides in diamond inclusions (Shirey et al., 2002).
These conclusions were confirmed by Re-Os analyses of sulfide
phases in peridotite xenoliths, which indicate that the Kaapvaal man-
tle root formed prior to 3 GPa, that is, previously to or simultaneously
to the formation of the crust, implying that each terrane carried its
own keel during the craton assembly (Griffin et al., 2004).

Recent electrical conductivity measurements suggest that the lith-
osphere beneath the central Kaapvaal craton is currently defined by a
high resistivity layer 200-250 km thick (Evans et al., 2011). High seis-
mic velocities imaged in body and Rayleigh wave tomography also in-
dicate a 250 km thick root beneath most of the craton (Chevrot and
Zhao, 2007; James et al., 2001). Body-wave data suggest however
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that the high-velocity cratonic root may locally attain depths of
300 km (James et al., 2001). A slightly thinner high-velocity layer,
175-250 km thick, was imaged recently using SH-waves (Begg et
al., 2009). These lithospheric thicknesses estimated from geophysical
data are slightly higher, but still consistent with the 185 to 215 km
thick Kaapvaal lithosphere constrained by xenolith thermobarometry
(Eaton et al., 2009).

Following its stabilization, the Kaapvaal craton was affected by
several magmatic events. The most important is the Bushveld com-
plex, which intruded the Kaapvaal craton at 2.05 Ga (Scoates and
Friedman, 2008). Another major magmatic event was the extrusion
of the Karoo large igneous province at 182 Ma (Riley et al., 2005),
which is associated with the Gondwana breakup. The craton was
also affected by numerous kimberlitic eruptions. Kimberlitic pipes
were mostly emplaced between the Late Jurassic and the Cretaceous
(Kramers and Smith, 1983), but also erupted between 1650 and
1200 Ma (Kramers and Smith, 1983) and between 530 and 255 Ma
(Allsopp et al., 1985; Kramers and Smith, 1983; Phillips et al., 1998).

These kimberlitic pipes contain xenoliths of the cratonic mantle that
have been extensively studied for their microstructures, petrology, and
geochemistry. Kaapvaal mantle xenoliths may be classified in two
groups: (1) coarse-grained peridotites, which have dominantly refrac-
tory compositions and (2) fine-grained sheared peridotites, which are
equilibrated at high temperatures and pressures and have, on average,
more fertile compositions (Boullier and Nicolas, 1975; Boyd and
Mertzman, 1987; Boyd and Nixon, 1975; Nixon et al., 1981). Petrologi-
cal and geochemical data on Kaapvaal coarse-grained nodules reveal
that they represent a highly refractory lithospheric mantle residue, im-
plying ~40% melt extraction, which was subsequently affected by sever-
al metasomatic episodes (e.g., Boyd and Mertzman, 1987; Griffin et al.,
2003; Kelemen et al., 1998; Nixon et al., 1981; Simon et al., 2007). The
high orthopyroxene/olivine ratio that characterizes many low-
temperature Kaapvaal xenoliths, for instance, is usually attributed to
Si-enrichment due to interaction with subduction-related fluids or in-
traplate hydrous melts (Bell et al., 2005; Kelemen et al., 1998; Simon
etal.,2007; Wasch et al,, 2009). Lu-Hf and Sm-Nd model ages on garnet
and orthopyroxene clots in peridotite xenoliths from Kimberley suggest
multiple, rather than a single Si-enrichment episode, ranging from 1.3
to 1.1 Ga to Neoproterozoic (Wasch et al.,, 2009). Kaapvaal xenoliths
and xenocrysts also display geochemical evidence for refertilization,
which added basaltic components like Fe, Ca and Al to a depleted prot-
olith (Griffin et al., 2003). Crystallization of diopside, lherzolitic garnet,
and phlogopite has been proposed to result from interactions with
kimberlitic-carbonatitic fluids (Grégoire et al, 2003; Simon et al.,
2007). Recent geochemical data indicate that diamonds and subcalcic
garnets also result from interaction with reduced asthenosphere-
derived fluids, corroborating the hypothesis that the cratonic mantle
was originally essentially composed by highly refractory harzburgites
and dunites (Malkovets et al., 2007). Melt-related metasomatism has
also been identified in sheared peridotites, which may have acquired
their fertile composition by interactions with asthenosphere-derived
melts shortly before the kimberlitic eruption (O'Reilly and Griffin,
2010). In the present study, we will refer to all such changes in
modal composition due to melt or fluid-rock interactions as modal
metasomatism.

For the present study, we selected, from the >400 samples of the
Kaapvaal mantle xenolith collection of Geosciences Montpellier
(France), 50 peridotite xenoliths with varied microstructures and
compositions. Study of samples from 9 pipes with ages ranging
from 1.2 Ga to 87 Ma: Kimberley, Jagersfontein, Monastery, Lentseng,
De Beers, Finsch, Kamfersdam, Premier, and Mothae (Fig. 1 and
Table 1), allowed the sampling of possible lateral and temporal varia-
tions of deformation and composition in the Kaapvaal mantle. Analy-
sis of a larger number of samples from Jagersfontein and Kimberley
(18 samples for each locality) allowed studying vertical variations at
these locations.
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Fig. 1. Sketch of the Kaapvaal craton showing the location of the sampled kimberlite pipes (Fi: Finsch, K: Kimberley, Km: Kamfersdam, J: Jagersfontein, DB: De Beers, M: Monastery,
Mo: Mothae, L: Lentseng, P: Premier) as well as the microstructure and calculated depth of provenance of the studied xenoliths. The number of xenoliths studied for each pipe is
indicated at the bottom of the columns. Dark gray level indicates depths for which spinel- and garnet-bearing xenoliths are sampled.

3. Methods
3.1. Mineral compositions and pressure-temperature estimates

Chemical compositions of olivine, orthopyroxene, clinopyroxene,
garnet and spinel were analyzed using a Cameca SX100 electron mi-
croprobe at Microsonde Sud facility, in Montpellier (France). Analysis
conditions were a 20 kV accelerating voltage and a 10 nA probe cur-
rent. Core and rim compositions were analyzed systematically. For
each mineral phase, three to four grains were measured. The aim

Table 1

List of the studied kimberlitic pipes, the number of samples selected and their ages.
Kimberlite name Number of samples Age (Ma) Reference
Kimberley 18 91 1
Jagersfontein 18 86 5
Monastery 2 90 1,3
Lentseng 1 89 1,4
Mothae 1 90 1
Kamfersdam 1 87 1
DeBeers 1 117,92 1,2
Premier 5 1202 4
Finsch 3 120 5

1: Davis (1977).

2: Davis (1978).

3: McIntyre and Dawson (1976).
4: Kramers and Smith (1983).

5: Smith et al. (1985).
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was to determine pressure and temperature equilibrium conditions
of the selected peridotites to constrain their depth distribution. Equi-
librium temperatures were calculated using the two pyroxenes Fe-
Mg exchange geothermometer from Brey and Kéhler (1990), which
has an uncertainty of 430 °C. In highly-depleted garnet harzburgites
that contained no clinopyroxene, the geothermometer of O'Neill and
Wood (1979), based on Fe-Mg partitioning between garnet and oliv-
ine, which has uncertainties around 460 °C, was used. For garnet-
and clinopyroxene-free harzburgites, we used the geothermometer
Lietal. (1995), based on Fe-Mg exchange between olivine and spinel,
which yield temperatures within 4-50 °C. Equilibrium pressures were
calculated using the orthopyroxene-garnet barometer of Nickel and
Green (1985), which has uncertainties of + 0.2 GPa. For the spinel-
bearing peridotites, pressures were estimated based on the equilibri-
um temperatures and the geotherm that best fits the equilibrium
pressure and temperature data for the garnet-bearing samples.

3.2. Electron-backscattered diffraction (EBSD)

Crystallographic preferred orientations (CPO) of olivine, pyrox-
enes, and garnet in all 50 samples were measured at the SEM-EBSD
facility in Geosciences Montpellier by indexation of EBSD patterns
produced by interaction between an electron beam with the crystals
in thin sections tilted at 70° to the horizontal. Measurements were
performed in a JEOL JSM 5600 scanning electron microscope using
an acceleration voltage of 17 kV and a working distance of 23 mm.
Maps covering almost entirely each thin section were performed
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using sampling steps of 100, 40 or 30 um, depending on grain size.
Indexation rates range from 40 to 75% depending on the extent of
fracturing and serpentinization in the xenolith. Phlogopite is usually
poorly indexed. Indexation is also poor in very fine-grained layers in
samples displaying mylonitic or fluidal mosaic textures. Orthopyroxene
was rarely misindexed as clinopyroxene. Errors in the measurements
were reduced by careful post-acquisition data treatment, controlled
by comparison between EBSD maps and microscopic observations.
Modal composition, grain sizes, and shape-preferred orientations
were also obtained from EBSD maps.

Crystal-preferred orientation data is displayed in pole figures,
presented as lower hemisphere stereographic projections. To avoid
over-representation of large grains, data were plotted as one point
per grain. When the foliation and lineation could be identified, the
orientation of the main crystallographic directions: [100], [010] and
[001] for olivine and pyroxenes, was plotted relatively to the principal
axes of the deformation ellipsoid X, Y, and Z. However, in most
coarse-grained samples, the identification of the foliation and linea-
tion was not possible and thin sections were cut in random orienta-
tions. To allow easy comparison among different samples, we
rotated the CPO of all samples into a common orientation, in which
the maximum concentration of orthopyroxene [001] axes and of the
olivine [010] axes are parallel to the E-W and the N-S directions of
the pole figure, respectively. This choice was based on the observation
that [001] is the only known glide direction in orthopyroxene; plastic
deformation tends therefore to align this axis in the flow direction (cf.
review in Frets et al., 2012). This choice allowed presenting the CPO
without making an ad-hoc hypothesis on the dominant glide direc-
tion in olivine. When the orthopyroxene CPO was too dispersed, the
maximum concentration of olivine [100] or [001] axes, depending
on which had the strongest concentration, was placed in the E-W di-
rection of the pole figure.

The strength of the fabric was quantified using the dimensionless
J-index, which is the volume-averaged integral of squared orientation
densities defined by:
J=flg)dg (1)
where f(g) is the orientation distribution function (ODF) and
dg=d¢, do do, sinpm?, where ¢;, ©, and ¢, are the Euler angles
that define the rotations allowing for coincidence between the crys-
tallographic and external reference frames. Olivine CPO in natural pe-
ridotites is characterized by J-indexes between 2 and 20, with a peak
at 8-10 (Ben Ismail and Mainprice, 1998; Tommasi et al., 2000). The
J-index for all samples was calculated based on the mean orientation
of each grain using the Superctf program by D. Mainprice (ftp://
www.gm.univ-montp2.fr/mainprice//CareWare_Unicef_Programs/)
with a 10° Gaussian half-width, 1° cells, and truncation of the orienta-
tion distribution function (ODF) at 22°.

3.3. Fourier transform infrared spectroscopy (FTIR)

Fourteen doubly-polished thin sections were prepared for unpo-
larized FTIR analysis. Prior to analyses, all sections were immersed
in pure acetone for at least 12h to dissolve any intergranular
CrystalBond glue. FTIR spectroscopy analyses were performed at the
Laboratoire des Colloides, Verres, Nanomatériaux in Montpellier
using a Bruker IFS66v coupled with a Bruker HYPERION microscope
and a liquid nitrogen-cooled mercury-cadmium-telluride (MCT) de-
tector. A Globar light source and a Ge-KBr beam splitter were used to
generate unpolarized mid-infrared radiation. Measurements on oliv-
ine, orthopyroxene, clinopyroxene, garnet, and phlogopite crystals
were performed with square aperture sizes ranging from 40 to
100 um; for each measurement 200 scans were accumulated with a
resolution of 4 cm ™ 1. They were preceded by a background measure-
ment, followed by a baseline correction using the OPUS software, and,
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finally, normalized to a sample thickness of 1 cm. Fractures and inclu-
sions were strictly avoided. The sample thickness was measured
using a micrometer with a tolerance of £+ 1 pm and was always near
500 pm.

The calibration of Paterson (1982) was used to quantify the OH
concentration in each mineral phase:

)

X K i
Con = 150§f 3780—in

(2)

where Cpy is the hydroxyl concentration (in mol H/I), ¢ is an
orientation factor (1/3 for unpolarized measurements), and K(v) is
the absorption coefficient in cm™"! for a given wavenumber ». X;
is a density factor (Xjo)=2695ppmwt. H;0; Xi(orthopyroxene) =
2812 ppmwt. H20;  Xj(clinopyroxene) = 2761 ppmwt. H,0). Estimated
errors on the resulting water contents are ~30% (Kohlstedt et al.,
1996). To compare the present data with previous studies where
measurements were done using polarized infrared radiation and the
Bell et al. (2003) calibration, OH concentrations for olivine have to
be multiplied by a factor between 2 and 4 (Bell et al., 2003). Following
Ferot (2011), a factor of 3 was used in the present study.

4. Microstructures

Kaapvaal xenoliths are generally highly fractured due to fast de-
compression during kimberlite eruption and have abundant alter-
ation products, such as serpentine along grain boundaries and
fractures. Original microstructures can however still be clearly ob-
served. Five distinct microstructures were identified following the
original classification of Boullier and Nicolas (1975). Among the 50
studied xenoliths, 78% are coarse-grained, displaying either coarse-
granular (protogranular) or coarse-porphyroclastic microstructures,
and 22% are fine-grained, high-temperature sheared peridotites,
showing mylonitic, fluidal mosaic, or mosaic microstructures (Fig. 2).

4.1. Coarse-grained peridotites

Coarse-grained peridotites predominate in our xenolith suite; they
are present in every studied pipe except Mothae (Fig. 1). They are
characterized by plurimillimetric grain sizes (Fig. 2). Most are coarse-
granular (CG) peridotites (32/50, 66%), with rare intracrystalline defor-
mation features, but a few are coarse-porphyroclastic (6/50, 12%),
exhibiting a well-defined foliation and lineation and frequent sub-
grain boundaries in olivine.

4.1.1. Coarse-granular peridotites

Coarse-granular peridotites correspond to the protogranular peri-
dotites in the original Boullier and Nicolas (1975) classification, being
characterized by large anhedral olivine and orthopyroxene crystals.
The coarsest-grained peridotites from Jagersfontein have cm-wide
crystals (Fig. 2a). Most coarse-granular xenoliths have, however, 5-
8 mm wide crystals in average (Fig. 2b) and a few samples have
slightly smaller grain sizes (1-2 mm in average, Fig. 2c).

In most coarse-granular peridotites, olivine and orthopyroxene
crystals have irregular shapes with curvilinear boundaries, evolving
locally to polygonal arrangements with 120° triple junctions
(Fig. 2a-c). No foliation or lineation can be identified. However,
some coarse-granular xenoliths from Kimberley have a weak folia-
tion, highlighted by the elongation of olivine and orthopyroxene crys-
tals (aspect ratios range from 1:2 to 1:4, Fig. 2b).

Olivine crystals are usually free of intracrystalline deformation, but
subgrains and undulose extinctions are locally observed (white arrows
in Fig. 2a-c). Orthopyroxene crystals sometimes display kinks (black ar-
rows, Fig. 2b and c). Small interstitial orthopyroxenes are also observed;
they are most often free of any intracrystalline deformation features,
but may also display kinks (Fig. 3a). Clinopyroxene exsolution may or
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Fig. 2. Photomicrographs in cross-polarized light showing typical microstructures for the studied xenoliths. (a) Very coarse-granular gt-bearing J34 lherzolite from Jagersfontein,
showing centimetric irregularly shaped grains with straight grain boundaries. (b) Coarse-granular texture in gt- and sp-bearing harzburgite KBBF16 from Kimberley, where elon-
gation of olivine crystals marks a weak foliation (S). (c) Sp-harzburgite KBBF10 from Kimberley showing an equigranular, less coarse-grained microstructure. White arrows in (b)
and (c) mark undulose extinctions and subgrain boundaries in olivine crystals. (d) Coarse-porphyroclastic spinel harzburgite KBBF8 exhibiting a foliation (S) marked by elongated
olivine crystals with well-developed subgrain boundaries and undulose extinction (white arrows); orthopyroxene crystals have irregular shapes with embayments filled by olivine
and display kinks locally (black arrow). (e) Mylonite KBBF11 showing strained orthopyroxene and olivine porphyroclasts surrounded by a fine-grained olivine-orthopyroxene ma-
trix; dashed lines highlight very fine-grained orthopyroxene-rich domains. (f) Fluidal mosaic texture in Iherzolite KBJ63 characterized by elongated garnet crystals enclosed in a
matrix composed of polygonal olivine and very fine-grained orthopyroxene-rich domains, highlighted by dashed lines as in (e). (g) Mosaic texture in garnet-lherzolite J47 char-
acterized by olivine and orthopyroxene porphyroclasts enclosed in an olivine-rich polygonal matrix. S marks the foliation trace deduced from crystallographic orientation data.
(h) Pie-chart showing the representativity of the different microstructures among the 50 studied xenoliths.

not be present. Interpenetrating boundaries between orthopyroxene
and olivine grains were identified in more than half of the studied
samples (Fig. 2a and b). Rounded olivine crystals are occasionally in-
cluded in orthopyroxene, but orthopyroxene inclusions in olivine are
also observed. Large, often undeformed clinopyroxene crystals are ob-
served in some samples. Most clinopyroxene occurs however as small
dark green crystals along vein-like structures or as small interstitial crys-
tals. It is often spatially related to phlogopite (Fig. 3b), spinel, and garnet.

41

When present, garnet forms large rounded 1 to 5 mm wide crystals
(Fig. 2b). Garnet rimming orthopyroxene is however observed in
lherzolite FRB1339 from Premier (Fig. 3c). Kelyphite rims with variable
thickness (~0.06 to 1 mm) are almost always present. When present, spi-
nel occurs as dark, irregularly shaped and mm-sized crystals, as small
crystals in kelyphite rims, or as small interstitial crystals along fractures
and grain boundaries. Spinel-pyroxene symplectites are observed in
two harzburgites. Garnet- and spinel-bearing harzburgite J41 has
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Fig. 3. Photomicrographs in plane-polarized (a, b, and c¢) and cross-polarized light (d, e, and f) of: (a) interstitial orthopyroxene showing subgrain boundaries in a coarse-grained
peridotite; (b) interstitial dark green clinopyroxene and phlogopite aligned parallel to the foliation in coarse-porphyroclastic peridotite KBBF18; (c) interstitial garnet (black arrow)
rimming orthopyroxene in coarse-grained harzburgite FRB1339; (d) a clinopyroxene-spinel symplectite rimmed by garnet in coarse-grained harzburgite J41; (e) coarse lens-
shaped olivine porphyroclasts surrounded by a matrix composed of very fine-grained polygonal olivine almost entirely replaced by serpentine in porphyroclastic harzburgite
PHN2760; (f) strain-free olivine tablets (white arrows) crystallized on an olivine porphyroclast in mylonite KBBF11; (g) core-and-mantle structure in a partially recrystallized
orthopyroxene porphyroclast (delimited by the dashed lines) and coarser-grained polygonal strain-free olivine neoblasts in fluidal mosaic peridotite KBJ33.

spinel-clinopyroxene symplectites rimmed by garnet (Fig. 3d), whereas
harzburgite KBBF10 has spinel-orthopyroxene symplectites.

Phlogopite crystallizes as reaction products in kelyphite rims, along
fractures, or as small interstitial crystals along grain boundaries or triple
junctions. Millimetric to plurimillimetric, subhedral phlogopite crystals
are observed in two samples (KBJ59 and KBBF14, Table 2). Among these
samples, garnet- and spinel-bearing lherzolite KBJ59 from Jagersfontein
displays an extremely high phlogopite content (14%).

42

4.1.2. Coarse-porphyroclastic peridotites

Coarse-porphyroclastic microstructures are rarer, but they are
observed in 6 harzburgites and lherzolites from the Kimberley,
Finsch and Premier pipes, which display equilibrium temperatures
ranging from 850 °C to 1464 °C (Table 2). These peridotites have
plurimillimetric, lens-shaped olivine crystals (with aspect ratios up
to 4:1) marking the foliation and the lineation (Fig. 2d). Olivine crys-
tals usually exhibit undulose extinction and subgrains (white arrows



V. Baptiste et al. / Lithos 149 (2012) 31-50 37
Table 2
Textures, equilibrium conditions, modal contents, olivine mg#, olivine CPO, olivine and opx J-indexes of the studied Kaapvaal peridotites.
Texture  Locality Sample Pressure  Temperature ~ Olmg#  Reference Modal compositions® Olivine Olivine  Opx
(GPa) Q) (%) Z(:dr;gi;;' ol opx cpx gt sp phl CPO J-index  J-index

CG Kimberley KBBFGa 3.8 9261 90.8 Thisstudy 74 13 4 9 0 0  Axial [100] 7.6 9.9
Kimberley KBBF6b 3.7 908" 91.0 This study 82 8 4 6 0 0  Axial [100] 7.0 -
Kimberley KBBF9 473 1102V 89.8 This study 67 16 9 8 0 0  Axial [010] 3.6 7.5
Kimberley KBBF10 - 948" 924 This study 72 27 1 0 0 0  Axial [010] 47 24
Kimberley KBBF14 - 996(") 93.0 This study 82 16 1 0 0 1 Ortho 40 6.1
Kimberley KBBF15 433 1067V 92.6 This study 65 31 0 4 0 0  Ortho 40 5.6
Kimberley KBBF16 4,0® - 93.3 BI 71 26 0 3 0 0  Ortho 3.0 4.1
Kimberley KBBF20 - 800" - BI 65 35 0 0 0 0  Ortho 10.2 -
Kimberley FRB1404 443 987 935 ] 59 36 1 4 0 0  Ortho 35 6.2
Kimberley FRB1422  44? 994 93.5 ] 65 31 0 4 0 0  Ortho 2.1 8.7
Kimberley FRB1423  3.8(" 851" 91.8 ] 68 18 4 10 0 0  Axial [100] 55 10.6
Kimberley FRB1447 4.2 9682 93.4 ] 73 23 1 3 0 0  Axial [010] 2.4 7.8
Kimberley FRB348 3.7 938" 923 ] 58 28 7 7 0 0  Ortho 4.7 8.2
Jagersfontein ~ KBJ50 - - 92.2 This study 76 0 16 1 1 6 Ortho - -
Jagersfontein ~ KBJ52 - 900 92.7 This study 75 25 0 0 0 0 Ortho 43 5.7
Jagersfontein  KBJ54 3.83) 907 923 Thisstudy 75 23 2 0 0 0  Axial [010] 8.7 7.0
Jagersfontein ~ KBJ56 3.5 895() 92.5 This study 65 28 0 7 0 0  Axial [010] 3.8 7.0
Jagersfontein ~ KBJ59 - 898" 89.9 This study 66 16 4 0o 0 14 Ortho 1.5 4.8
Jagersfontein  KBJ62 313 759(2) 926 This study 64 36 0 0 0 0  Ortho 10.6 104
Jagersfontein ]34 243 656" 92.0 Thisstudy 59 29 5 7 0 0  Axial[100] - -
Jagersfontein ~ J41 3.7 668 924 This study 61 39 0 0 0 0  Ortho 5.8 7.9
Jagersfontein ~ J57 313 7653 924 Thisstudy 79 18 3 0 0 0  Axial [100] 8.5 8.2
Monastery ROM23 333 910" 92.2 MO 66 28 4 1 0 1 Ortho 7.1 -
Monastery ROM69 263 7841 92.2 MO 76 20 3 1 0 0  Ortho - -
Lentseng PHN4274  43® 1015 93.1 BI 62 33 2 3 0 0  Ortho 6.1 7.0
Kamfersdam PHN5580 - * 92.6 This study 72 27 0 0 0 1 Ortho 7.1 -
De Beers KBB2 4.0 917@ 93.3 This study 66 33 0 1 0 0  Ortho 6.5 9.2
Premier FRB1330 - 744 91.3 Thisstudy 80 17 3 0 0 0  Axial [100] 4.7 26
Premier FRB1336  * * 88.9 Thisstudy 70 30 0 0 0 0  Axial [010] 43 6.7
Premier FRB1339  * * 91.7 Thisstudy 71 18 8 3 0 0  Axial[010] 104 -
Premier PHN5266 - * 92.7 This study 70 26 4 0o 0 0 Ortho 6.0 74
Finsch FRB1513 520 1037 92.6 Thisstudy 70 27 1 2 0 0  Ortho 7.0 -

CP Kimberley KBBF8 - 1029 94.3 This study 81 19 0 0 0 0  Axial [010] 8.1 -
Kimberley KBBF18 - 850" 92.2 BI 75 17 6 0 0 2 Axial [100] 3.6 52
Kimberley PHN2760  4.9® 1053 93.2 BI 95 2 - 3 - - Ortho - -
Premier PHN5267  6.5® 14641 91.3 Thisstudy 70 19 6 5 0 0  Ortho 23 -
Finsch FRB1501  4.6°) 1030? 93.0 This study 70 22 0 8 0 0  Ortho 3.6 5.0
Finsch FRB1512 470 1058 92.0 This study 68 22 0 10 0 0  Ortho 3.5 6.9

M Jagersfontein ~ KBJ6 493 1163 90.7 This study 84 9 3 4 0 0  Bimodal 3.2 2.1
Jagersfontein ~ KBJ8 - 1219 90.9 This study 87 13 0 0o 0 0 Ortho 4.6 24
Jagersfontein ~ KBJ14 473 1140V 91.3 This study 70 5 12 13 0 0  Ortho 2.9 47
Jagersfontein ~ KBJ33 483 1217 89.3 This study 68 8 6 18 0 0  Ortho 4.1 16
Jagersfontein  KBJ63 493 12501 91.3 Thisstudy 82 10 3 5 0 0  Bimodal 43 16

M Jagersfontein  KBJ30 5.8 12821 89.4 G 63 11 11 15 0 0  Bimodal 23 48
Jagersfontein ~ KBJ60 523 1190 91.5 Thisstudy 86 13 1 0 0 0  Bimodal 2.5 7.5
Jagersfontein ~ J47 473 1227 90.7 This study 85 6 8 1 0 0  Bimodal 32 49
Jagersfontein ~ J63 523 1176" 87.7 Thisstudy 78 10 10 2 0 0  Bimodal 1.8 5.5
Mothae PHN1925  4.6® 13061 89.9 This study 63 22 11 4 0 0  Bimodal 1.9 2.0

MY Kimberley KBBF11 5.9 1159® 93.6 B&N 88 11 1 0 0 0  Ortho 2.7 16
Kimberley FRB1402 4.6 10233 93.2 ] 83 9 0 8§ 0 0  Bimodal 22 2.9

(DBrey and Kohler (1990) thermometry and barometry; ?)O'Neill and Wood (1979) thermometry; *'Nickel and Green (1985) barometry; ‘Li et al. (1995) thermometry.
*Calculation was not possible because of compositional variability leading to large variations (>200° or >1 GPa) in P, T estimates within the sample.

8Modal compositions determined from EBSD maps.

References for P, T data: Bl =Ben Ismail (1999); B&N = Boyd and Nixon (1978); G = Grant et al. (2007); ] =James et al. (2004); MO = Moore (1986).
Texture: CG = Coarse-grained peridotite; CP: Coarse-porphyroclastic; E=Equigranular; FM = Fluidal mosaic; M = Mosaic; MY = Mylonite.

CPO types: ortho = orthorhombic, bimodal, axial [100] and axial [010] crystal-preferred orientations, see main text and Fig. 6 for details.

J indexes could not be calculated for samples in which less than 100 grains were measured.

in Fig. 2d) and have sinuous to polygonal grain boundaries (Fig. 2d).
Orthopyroxene is coarse-grained and irregularly shaped. Kinks and
undulose extinctions in orthopyroxene are locally observed (black ar-
rows in Fig. 2d). Interpenetrating boundaries between orthopyroxene
and olivine grains are common (Fig. 2d). As in coarse-granular peri-
dotites, rounded olivine crystals are occasionally included in
orthopyroxene, but orthopyroxene inclusions in olivine are also ob-
served. Most coarse-porphyroclastic peridotites and harzburgites
have no clinopyroxene, but lherzolite PHN5267 has anhedral
clinopyroxenes, which show undulose extinctions. In contrast, sp-
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harzburgite KBBF18 displays an alignment of interstitial, undeformed
phlogopite and clinopyroxene aggregates in the foliation (Fig. 3b).
When present, spinel is elongated, marking the lineation. Garnet oc-
curs as plurimillimetric rounded crystals.

Garnet-bearing harzburgite PHN2760 from Kimberley displays an
unusual coarse, but highly strained texture. This rock has very large
(>1cm long) lens-shaped olivine crystals with well-developed
undulose extinction (Fig. 3e), surrounded by a very fine-grained re-
crystallized olivine matrix (average grain size<25 um). Olivine grains
in the matrix have been largely replaced by low-temperature
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serpentine, but they still preserve the original polygonal shapes.
Orthopyroxene porphyroclasts are rare; they are strongly altered
and generally show abundant clinopyroxene exsolutions.

4.2. Sheared peridotites

Sheared peridotites are characterized by a bimodal grain size dis-
tribution where rare porphyroclasts are enclosed in a fine-grained
matrix (grain sizes range from tens to few hundreds of micrometers).
They also usually display a well-developed foliation, but the later
may be absent (mosaic microstructure). Two other microstructures:
mylonitic and fluidal mosaic, may be discriminated based on the av-
erage grain size of the recrystallized matrix. In our sample set,
mylonitic microstructures are only observed in two xenoliths from
Kimberley, fluidal mosaic microstructures in five xenoliths from
Jagersfontein, and mosaic microstructures in four samples from
Jagersfontein and one from Mothae.

The mylonites display large asymmetric olivine and orthopyroxene
porphyroclasts (1-5 mm long), with well-developed undulose extinc-
tions, closely-spaced subgrain boundaries, and recrystallization tails
enclosed in a fine-grained matrix composed of recrystallized olivine
(30-100 um wide) and very fine-grained (<25 um) orthopyroxene-
rich bands (Fig. 2e). Phlogopite often displays sigmoidal shapes and
strong undulose extinction. Euhedral olivine crystals devoid of any in-
ternal deformation (tablets) commonly crystallize on olivine porphy-
roclasts and sometimes also on matrix crystals (Fig. 3f).

In fluidal mosaic peridotites, orthopyroxene and clinopyroxene
porphyroclasts are also enclosed in a fine-grained matrix with a po-
lygonal texture, but olivine grains in the matrix are larger (up to
0.5 mm wide; Fig. 2f). Olivine is usually entirely recrystallized, but
rare porphyroclasts are preserved in gt- and sp-lherzolites KBJ8
and KBJ63. Orthopyroxene porphyroclasts are elongated and show
asymmetric recrystallization tails composed of very fine-grained
orthopyroxene with polygonal boundaries and undulose extinctions
(Fig. 3g). These recrystallization tails evolve into mm-scale,
orthopyroxene-rich bands within the olivine-rich matrix (Fig. 3g). Ol-
ivine crystals in the matrix are polygonal and free of any internal de-
formation features (Fig. 3g). Garnet forms large porphyroclasts,
which may be elongated parallel to the foliation, as in mosaic fluidal
peridotites KBJ63 and KBJ14 (Fig. 2f). It can also be rounded, as in
samples KBJ30 and KBJ33, in which garnet is more abundant (> 15%).

The four studied mosaic peridotites (sp-lherzolite J47, gt- and sp-
lherzolites J63, KBJ30, KB60) are characterized by large olivine por-
phyroclasts with strong undulose extinctions and rare subgrain
boundaries, and by irregularly-shaped orthopyroxene porphyroclasts
enclosed in a polygonal olivine-rich matrix (Fig. 2g). Contrary to the
previous textures, these samples show neither a clear foliation
nor a compositional banding. Crystallization of olivine tablets on
olivine porphyroclasts is frequent. Olivine crystals in the matrix are
polygonal and free of any intracrystalline deformation features.
Orthopyroxene porphyroclasts are usually surrounded by fine-
grained orthopyroxene neoblasts (<25 pm).

4.3. Compositions and equilibrium conditions

Most coarse-grained peridotites are harzburgites or clinopyroxene-
poor lherzolites with high modal contents of orthopyroxene (>20%,
Fig. 4). Coarse-grained lherzolites are rarer. A single very coarse-
grained peridotite from Jagersfontein has a wehrlitic composition that
is accompanied by enrichment in phlogopite. In contrast, half of the an-
alyzed sheared peridotites are lherzolites with fertile compositions.
Garnet modal content is highly variable (0-18%, Table 2) and shows
no correlation with olivine or clinopyroxene contents. Spinel, when
present, is always a minor phase (<1%).

The mineral compositions of the analyzed samples are presented
in the online Supplementary Material Table 1. Olivine mg# varies
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Fig. 4. Olivine:orthopyroxene:clinopyroxene modal ratios in the studied peridotites as a
function of their texture. Garnet, spinel, phlogopite and serpentine were not considered
for the construction of the ternary diagram; modal compositions derived from the EBSD
maps were recalculated for a total of 100% of olivine + orthopyroxene + clinopyroxene.

between 87.7 and 94.3 (Table 2). Mg# tends to be higher in coarse-
grained peridotites (average mg# 92.1) and lower in the sheared pe-
ridotites (average mg# 91.1). However, mylonites from Kimberley
are harzburgites with refractory olivines (average mg# =293.4) and
one of the lowest mg# (88.9) pertain to olivine crystals from
coarse-granular peridotite. Low mg# in olivine are sometimes, but
not always, accompanied by modal metasomatism (enrichment in cli-
nopyroxene or phlogopite).

Orthopyroxene is enstatite; it has very low Al,O; contents
(<1.10 wt.%), except for five samples (KBBF10, FRB1330, FRB1339,
PHN1925, and PHN5266), where Al,03 contents up to 2.76 wt.% are ob-
served. Orthopyroxene has also Ti-poor compositions (<0.30 wt.%). Cli-
nopyroxene is diopside in 11 samples and augite in 14 out of 25
samples. Garnet is always pyrope-rich and is Ca-saturated except in 4
samples (FRB1336, KBJ8, KBJ50 and KBJ56). Spinel is generally Cr-rich
(cr#>50, reaching 94 in harzburgite KBBF14). However, phlogopite-
rich harzburgite KBJ59 has Al-rich spinels (cr#=29).

Coarse-grained peridotites display the widest range of equilibrium
temperatures, from 650 °C to 1464 °C, and pressures, from 2.4 to
6.5 GPa (Fig. 5). Equilibrium temperatures and pressures for sheared
peridotites are comprised between 1023 and 1306 °C and 4.6-
5.9 GPa. Pressure and temperature estimates for the coarse-grained
xenoliths are consistent with a geotherm leading to a surface heat
flux of 40 mW/m?, which intersects the 1283 °C adiabat at 195 km
of depth as illustrated in Fig. 5. Most sheared peridotites plot however
slightly above this geotherm, in agreement with previous data for
Kaapvaal sheared xenoliths (Finnerty and Boyd, 1987; Kennedy et
al., 2002).

5. Crystal-preferred orientations
5.1. Coarse-granular and coarse-porphyroclastic peridotites

Coarse-granular and coarse-porphyroclastic peridotites show sim-
ilar olivine CPO patterns, which range from orthorhombic to axial-
[100] or axial-[010] (Fig. 6). Orthorhombic olivine CPO predominates
(~60% of the coarse-grained peridotites). This CPO is characterized by
point concentrations of the three crystallographic axes, with [100]
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Fig. 5. Equilibrium pressures and temperatures of the studied coarse-grained and
sheared peridotites (see text for details) plotted against geotherms calculated for re-
duced mantle heat flows of 18, 20, and 24 mW m~ 2. T°0&W?79, T°B&K90 and T°Li95 in-
dicate data calculated using the O'Neill and Wood (1979), the Brey and Koéhler (1990),
and the Li et al. (1995) thermometers, respectively. Geotherms were calculated consid-
ering a crustal thickness of 35 km and a surface heat flow of 40 mW/m? following
James et al. (2003) and Stachel et al. (2003), respectively.

axes exhibiting the strongest point concentration (Fig. 6). Seven
coarse-grained harzburgites have axial-[100] CPO characterized by a
strong concentration of [100] axes close to the lineation (when the
latter could be determined) and a girdle distribution for [010] and
[001] axes normal to the distribution of [100] axes (Fig. 6). Eight
coarse-grained harzburgites have characteristic axial-[010] CPO,
with a strong point concentration of [010] axes normal to the girdle
distribution of [100] and [001] axes. Finally, two coarse-grained peri-
dotites (spinel-harzburgite KBBF8, that has an axial-[010]; and gar-
net-harzburgite ROM 23, that has an orthorhombic olivine CPO),
display a stronger concentration of [001] axes than of [100] axes
(Fig. 6).

Olivine CPO intensities are highly variable. Calculated J-indexes
are comprised between 1.5 and 10.6, which correspond to very
weak and to rather strong fabric, respectively (Table 2). There is no
clear correlation between CPO strength and microstructure
(Fig. 7a); the lowest and the highest J-index values in the present
study were obtained for coarse-grained peridotites with orthorhom-
bic olivine CPO. There is also no correlation between the olivine CPO
strength and pattern (Fig. 7b) or composition (Table 2). There is,
however, a relation between the olivine CPO pattern and the equilib-
rium pressure (Fig. 7c). Orthorhombic olivine CPOs are observed over
the whole pressure range, while axial-[100] CPOs tend to concentrate
on the top of the column (2.4-3.8 GPa). Axial-[010] olivine CPO are
observed in xenoliths equilibrated between 3.5 and 4.7 GPa, whereas
bimodal CPOs are restricted to higher pressure xenoliths, between 4.6
and 5.8 GPa.

Orthopyroxene CPO is generally more dispersed, but it is usually
correlated to the olivine CPO (i.e., the main dislocation glide direc-
tions and planes, which are [100] and (010) for olivine and [001]
and (100) or (010) for pyroxenes, are aligned). Orthorhombic
orthopyroxene CPO, characterized by weak point concentrations of
the three main crystallographic axes, predominates. [001] axes al-
ways show the strongest concentration. In sixteen samples, [010]
axes are aligned perpendicular to the plane that contain most [001]
and [100] axes. In twelve other samples, [100] axes are normal to
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the plane containing the [001] and [010] axes. Two samples (KBBF9
and FRB1501) have, however, an axial-[001] pattern, characterized
by [100] and [010] axes distributed in plane normal to the point con-
centration of [001] axes. Six coarse-grained harzburgites (KBBF18,
FRB1404, FRB1422, FRB1423, KBJ52, J41 and J57) have an almost ran-
dom orthopyroxene CPO. Three of these samples (J41, FRB1404, and
FRB1422) are particularly enriched in orthopyroxene, with modal
contents greater than 30%. In coarse-grained peridotites PHN2760
and KBJ50, the number of analyzed orthopyroxene crystals is too
small to identify a CPO pattern.

5.2. Sheared peridotites

Mylonitic, fluidal mosaic, and mosaic peridotites show weak oliv-
ine CPO; J-indexes are comprised between 1.9 and 4.6 (Fig. 7a,
Table 2). Olivine CPO patterns are nevertheless well-defined, with ei-
ther an orthorhombic or an axial-[010] symmetry (Fig. 6). One
mylonite (KBB11) and 3 fluidal mosaic lherzolites (KBJ8, KBJ14 and
KBJ33) have typical orthorhombic olivine CPO with [100] axes aligned
close to the lineation and [010] axes normal to the foliation. Seven
garnet-lherzolites from Jagersfontein, Kimberley and Mothae show,
however, a particular axial-[010] pattern characterized by a bimodal
alignment of [100] and [001] axes in the foliation plane (Fig. 6).
None of the maxima are parallel to the lineation, which is underlined
by the elongation of the olivine crystals and the maximum concentra-
tion of orthopyroxene [001] axes. These bimodal olivine CPO samples
have systematically weak CPO (Fig. 7b). There is also a clear depth
distribution: bimodal olivine CPO are characteristic of sheared peri-
dotites equilibrated at pressures>4.5 GPa (Fig. 7c).

Orthopyroxene CPOs are weak, as indicated by J-indexes between
1.6 and 4.9. CPO patterns are nevertheless clear and correlated to the
olivine CPO, although a small obliquity (<10°) between the CPO of the
two minerals is observed for most samples. [001] is always aligned in
the lineation. In six xenoliths (mosaic peridotites KBJ60 and J47,
mylonite KBFF11, fluidal mosaic peridotites KBJ33, KB14 and KBJ63),
[100] axes are concentrated normal to the foliation. In four other sam-
ples (mosaic lherzolite KBJ30, mylonite FRB1402, fluidal mosaic
lherzolites KBJ6 and KBJ8), [010] axes are aligned normal to the folia-
tion, whereas [100] axes are distributed in the foliation plane and
perpendicular to the lineation. Clinopyroxene CPOs (presented in
the online supplementary material) are weak, but correlated to the
orthopyroxene CPO in all sheared peridotites, except in mylonite
FRB1402.

6. FTIR spectroscopy and water contents
6.1. Olivine

The olivine spectra of xenoliths from Kimberley are heterogeneous
and complex, often displaying more than six O-H absorption bands
(Fig. 8a). This large number of absorption bands suggests H incorpo-
ration in a variety of point defects (e.g., Berry et al., 2007; Kovacs et
al.,, 2010; Miller et al., 1987). A total of nine bands were identified
in the studied xenoliths from Kimberley, but in most samples just a
few of these bands are observed. Absorption bands can be divided
into two groups: group [ with absorptions between 3650 and
3450 cm~ ! and group Il between 3450 and 3200 cm™~! (Bai and
Kohlstedt, 1993). The band at 3571 cm ™~ ! exhibits the maximum O-
H absorbance, in agreement with observations in many natural oliv-
ines (Miller et al., 1987). The intensity of other group I absorption
bands is variable. The 3610, 3590 and 3525 cm™ ! bands usually rep-
resent major peaks as observed for samples PHN2760 and KBBF16
spectra. Group I absorption bands have minor peaks except in sample
KBBF16 where they appear to be the dominant defect sites for H in-
corporation (Fig. 8a). O-H absorption bands at 3709, 3685 and
3645 cm~ ! are attributed to hydrous minerals as serpentine, while
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the band at 3675 cm ™~ ! is likely to be attributed to talc (Miller et al.,
1987; Post and Borer, 2000).

Sample KBJ59 from Jagersfontein, which contains high modal con-
tents of phlogopite (14%), presents very different olivine spectra
(Fig. 8a). The major peak is still located at 3571 cm ™~ !, but important
O-H absorption bands are also present at 3598, 3571, 3525, and
3484 cm™ . Similar spectra have been described in other Kaapvaal
kimberlite xenoliths from Jagersfontein, Lesotho, and Wesselton
(Grant et al., 2007; Kurosawa et al., 1997).

6.2. Pyroxenes and garnet

Orthopyroxene spectra are more homogeneous than the olivine
ones (Fig. 8b). However, most measured spectra are strongly affected
by alteration, exhibiting the O-H absorption bands at 3690 cm ™! and
3650 cm ™ ! usually attributed to hydrous sheet silicates (Miller et al.,
1987; Skogby et al., 1990). The main absorption band associated to O-
H bonds in orthopyroxene is observed at 3600 cm ™ !, followed by two
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Table 3

Mineral OH concentrations.

Locality Sample Pressure Temperature ol Geothermobarometry Texture Olivine Mineral Section Paterson calibration(® Olivine-Bell calibration®
l;/lg data reference o thickness OH concentrations OH concentrations OH concentrations Average OH concentrations
(GPa) (0 (um) (H/10° si) (ppm wt H,0) (ppm wt H,0) (ppm wt H,0)
Kimberley FRB348 3.7M 938" 923 ] CG Ortho ol 508 S* S* S* -
cpx-1 508 2381 146 - -
cpx-2 508 2626 161 - -
cpx-4 508 2561 157 - -
opx-1 508 1399 126 - -
FRB1404 4.4) 987 935 ] CG - - 514 S* S* S* -
FRB1423 3,78 851" 918 ] CG Axial [100]  ol-4 513 342 21 63
ol-5 513 726 44 133 98
FRB1447 42(2) 968(2) 923 ] CG Ortho ol-1 511 664 4 122
ol-3 511 660 40 121
ol-4 511 648 40 119
ol-5 511 728 45 134 124
KBBF11 592 11592 93.6  B&N MY Ortho - 465 <1 <1 <1 -
KBBF16 4,04 - 933  BI CG Ortho ol-4 519 490 30 90
ol-5 519 812 50 149
ol-6 519 483 30 89 109
opx-7 519 1356 122 - -
opx-10 519 1786 160 - -
KBBF18 - 850" - BI CG Axial [100] - 489 S* S* S* -
PHN2760  4.9% 1053@ 932 Bl cP - ol-1 502 906 55 166
ol-2 502 863 53 158
ol-3 502 840 51 154
ol-4 502 883 54 162
ol-5 502 552 34 101
ol-7 502 870 53 160
ol-8 502 878 54 161 152
Jagersfontein  KBJ59 - 890" 90.0  This study CG Ortho ol-1 505 376 23 69
ol-3 505 1099 67 202
ol-4 505 512 31 94
ol-5 505 625 38 115
ol-6 505 362 22 66 109
Finsch FRB1501 460 1030 93.0  This study cP Ortho ol-5 500 112 7 21
ol-6 500 54 3 10
ol-7 500 69 4 13
ol-12 500 63 4 12
ol-19 520 81 5 15
0l-20 520 61 4 11
ol-21 520 79 5 14
0l-26 500 97 6 18
ol-27 500 87 5 16
ol-28 520 93 6 17 15
opx-4 550 1120 100 - -
opx-6 550 1116 100 - -
opx-8 550 1127 110 - -
FRB1512 473 10582 92.0  This study cP Ortho ol-1 520 272 17 50
ol-6 400 355 22 65 58
FRB1513 520 1037 92.6  This study CG Ortho ol-2 700 97 6 18 18
Premier PHN5267 6.5 14641 91.3  This study cP Ortho ol-10 600 44 3 8
ol-15 600 43 3 8 8
opx-2 550 934 83 - -
opx-3 600 662 59 - -
Mothae PHN1925 4.6 1306 90.7  This study M Axial [010]  ol-5 390 92 6 17
ol-7 390 206 13 38
ol-13 460 205 13 38 31
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absorption bands centered at 3511-3520 and 3559-3541cm™!
(Fig. 8b). Broader minor peaks around 3410, 3300, and 3060 cm ™'
are also observed.

Clinopyroxene spectra are homogeneous (Fig. 8b). They exhibit
typical patterns for mantle-derived clinopyroxenes, with major O-H
absorption bands at 3640, 3535, and 3454 cm™ ' (Grant et al., 2007;
Li et al., 2008; Skogby et al., 1990). Garnet crystals were usually con-
taminated by serpentine and talc, displaying absorption bands 3690,
3683 and 3675 cm™ . Spectra obtained from large, clear garnet crys-
tals are however exempt of peaks; their spectra are flat (Fig. 8b), in-
dicating anhydrous gt.

6.3. Phlogopite

Spectra in large undeformed phlogopite crystals from spinel peri-
dotites KBBF18 and KBJ59 have three major O-H absorption bands at
3712, 3706, and 3544 cm~ ' (Fig. 8c). Minor bands can be seen at
3650, 3228 and 3126 cm ™ . Peaks at 3712 and 3650 cm™ ! are likely
to be related to serpentine (Miller et al., 1987). However, an absorp-
tion band at ~3706 cm~ ! was previously observed in phlogopite by
Miller et al. (1987).

6.4. OH concentrations

OH concentrations in olivine for each sample were calculated by
averaging the OH concentration estimated from spectra from 2 to 7
olivine crystals in the sample (Table 3). OH concentrations in olivine
could only be determined precisely for ten samples, because spectra
in olivine crystals from samples KKF18, FRB348, FRB1404, and
KBBF11 displayed extensive contamination by serpentine, character-
ized by a broad band centered at 3690 cm~!, and covering the
whole range of wavenumbers for O-H stretching bands in olivine
(3750-3400 cm~'). Examples of serpentine-contaminated and
good-quality olivine spectra are presented in Fig. 9. Water content
in olivine varies between 3 and 50 wt.ppm H,0 using the Paterson
calibration (9 and 150 wt.ppm H,0 after applying a conversion factor
of 3 for comparison with data obtained using the Bell et al. (2003) cal-
ibration, Table 3). These values are among the highest OH concentra-
tions in olivine measured in Kaapvaal xenoliths (Fig. 10). Still, higher
OH concentrations are observed in olivine megacrysts from the Mon-
astery kimberlite (Fig. 10).

Orthopyroxene grains are significantly more affected by alteration
than olivine. Most orthopyroxene spectra exhibit some contamination
by serpentine and/or amphibole, hindering an accurate determination
of their OH concentration. However, in four samples, OH concentrations
between 49 and 96 wt.ppm H,0 could be measured (Table 3). Sample
FRB348 was the only specimen where clinopyroxene spectra were free
of any contamination. OH concentrations in those clinopyroxene vary
between 146 and 161 wt.ppm H,0 (Table 3).

Homogeneity in OH concentrations within a grain was checked by
FTIR measurements along profiles with 15 or 25 pm step sizes across
randomly oriented olivine (in samples FRB1512 and KBJ59) and
orthopyroxene crystals (in FRB1513 and FRB348). All profiles in oliv-
ine indicate homogeneous OH concentrations, except in the vicinity
of serpentine-filled cracks and grain boundaries as illustrated in
Fig. 9. These observations are in agreement with FTIR profiles in oliv-
ine from kimberlite xenoliths by Grant et al. (2007), Peslier et al.
(2008), and Kamenetsky et al. (2008), which do not show any
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Fig. 9. Unpolarized FTIR profile along an olivine grain (random crystallographic orien-
tation) in peridotite FRB1512. 30 spectra were measured along a 713 um long profile
with a step of 24.58 ym showing a homogeneous distribution before contamination
by intergranular serpentine. All spectra were normalized to a sample thickness of 1 cm.

evidence of diffusive dehydration or hydration. In orthopyroxene,
contamination by serpentine and/or amphibole was too extensive
that variations in water contents within a grain could not be
quantified.

7. Discussion

The studied xenoliths represent samples of the cratonic mantle at
depths ranging from ~50 to 250 km (Fig. 5). Extraction ages vary.
Most samples come from kimberlite pipes erupted between 124 and
85 Ma, but the Premier kimberlite sampled an earlier stage of the cra-
tonic lithosphere evolution (2000-1650 Ma, Kramers and Smith,
1983). No significant difference in deformation microstructures,
CPO, or composition is observed between xenoliths from Premier
and other pipes, but one should keep in mind that only 5 xenoliths
from Premier were analyzed in this study. Analysis of the microstruc-
tures allows two groups to be discriminated: coarse-grained
harzburgites and sheared lherzolites, which also differ by their com-
position (the latter are more fertile, in average). They also display dif-
ferent depths of origin; sheared peridotites have systematically
equilibrium pressures>4.6 GPa, whereas coarse-grained microstruc-
tures occur over the entire sampled depth range. In the following
these two groups will be treated separately. First, the deformation
processes and the relations between deformation, annealing, and
metasomatism in coarse-grained peridotites will be discussed. Then,
we will examine the mechanisms and conditions of deformation
that produced the sheared peridotites and discuss their timing and
origin. Finally, we discuss the implications of the water content mea-
surements for the hydration state of the Kaapvaal craton root.

7.1. Deformation and annealing in the coarse-grained peridotites

Coarse-granular microstructures, characterized by plurimilimetric
anhedral olivine and orthopyroxene crystals with rare intracrystalline
deformation features, like subgrains in olivine or kinks in orthopyroxene

Notes to Table 3:

(DBrey and Khler thermometry and Barometry; (2O'Neill and Wood (1979) thermometry; *'Nickel and Green (1985) barometry.
(MOH concentrations from this study calculated using the calibration of Paterson (1982) have - 30% error (Kohlstedt et al., 1996); (YOH concentrations corrected by a factor of 3

according to Bell et al. (2003).

*S =serpentine contamination prevented OH concentration estimations.

References: Bl=Ben Ismail (1999); B&N: Boyd and Nixon (1978); J: James et al. (2004).
Texture: CG = Coarse-grained peridotite; MY = Mylonite.

CPO types: ortho = orthorhombic, and axial [100] crystal-preferred orientations; see main text and Fig. 6 for details.
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Fig. 10. OH concentration in olivine as a function of pressure in the studied xenoliths.
For comparison, concentrations in olivine from previous studies on peridotite xenoliths
from various cratonic and off-craton localities and in olivine megacrysts in kimberlitic
magmas (Bell et al., 2004; Demouchy et al., 2006; Falus et al., 2008; Grant et al., 2007;
Kurosawa et al., 1997; Li et al., 2008; Peslier and Luhr, 2006; Peslier et al., 2002; Stachel
et al., 2003) are also displayed. Dashed line shows the water solubility at 1100 °C and
increasing pressure from Kohlstedt et al. (1996). Solid line shows the water solubility
in olivine based on Hirschmann et al. (2005).

(Fig. 2a—c), predominate among the studied garnet-bearing peridotites
(66% of the samples). This microstructure (protogranular facies of
Boullier and Nicolas, 1975) has often been interpreted as undeformed.
However, these peridotites show clear olivine and orthopyroxene CPO
(Fig. 6), with variable strength (J-index of olivine varies from <2 to
>10, Fig. 7). The clear olivine CPO, together with the curvilinear to polyg-
onal grain boundaries that characterize these samples (Fig. 2a-c), imply
that plastic deformation was followed by effective recovery and grain
boundary migration under static conditions (annealing). The present
study, based on a larger number of samples, therefore corroborates the
early interpretation of these textures by Boullier and Nicolas (1975).
The highly recovered microstructures and very coarse grain sizes dis-
played by these peridotites imply very effective annealing, which is not
coherent with the low equilibrium temperatures recorded by these xeno-
liths (dominantly <1000 °C). This supports an early deformation episode,
perhaps associated with the formation of the cratonic root, which
according to Re-Os data is older than 3 Ga (Griffin et al,, 2004), followed
by a long quiescence time. Fluid-enhanced grain boundary migration dur-
ing the multiple metasomatic events (Bell et al., 2005; Kelemen et al.,
1998; Simon et al., 2007; Wasch et al., 2009) may also have favored
annealing in the Kaapvaal mantle.

In contrast, coarse-porphyroclastic peridotites preserve well-
defined intracrystalline deformation features, such as undulose extinc-
tions and subgrain boundaries in olivine or kinks in orthopyroxene,
evidencing deformation by dislocation creep. These microstructures
are much less common in the analyzed xenolith collection (12%). They
correspond to domains, which may either have been less annealed be-
cause they were derived from shallower and cooler or less meta-
somatized parts of the mantle root, or have undergone deformation
shortly before xenolith extraction. The latter interpretation is more
probable for the deepest studied sample PHN5267 from Premier,
which high equilibrium temperature (1464 °C) precludes the preserva-
tion of deformation microstructures for long times after the cessation of
deformation.

Although coarse-granular microstructures are observed in all
studied pipes, there are spatial differences, which were already
noted by Boullier (1977). The coarsest-grained and most annealed

peridotites are sampled by Jagersfontein, whereas Kimberley perido-
tites have finer-grained and least annealed microstructures, which
preserve a weak foliation, marked by the elongation of olivine and
orthopyroxene crystals (aspect ratios range from 1:2 to 1:4, Fig. 2b).
Coarse-porphyroclastic microstructures are also more common in
Kimberley (Table 2). This suggests either a stronger annealing or
lower stress deformation in the lithospheric mantle beneath
Jagersfontein. The remaining sites show, however, intermediate tex-
tures with no systematic variation.

In both coarse-granular and coarse-porphyroclastic xenoliths, the
well-defined olivine CPO implies that dislocation creep was the
dominant deformation process. Three olivine CPO patterns were
identified: (1) axial-[100], (2) axial-[010], and (3) orthorhombic. Or-
thorhombic olivine CPOs are observed over the whole pressure range,
while axial-[100] CPOs tend to concentrate on the top of the column
(2.4-3.8 GPa). These olivine CPO patterns, characterized by a stronger
concentration of [100] axes relative to [010] or [001] are coherent
with simple or pure shear with dominant activation of high-
temperature, low pressure, dry (010)[100] or (OkI)[100] slip systems,
respectively (cf. Tommasi et al., 2000).

Axial-[010] olivine CPO, characterized by a point concentration of
[010] and girdle distributions of [100] and [001] are however com-
mon in xenoliths equilibrated between 3.5 and 4.7 GPa. Such olivine
CPO pattern may result from transpressional deformation (Tommasi
etal, 1999), from changes in dominant glide system due to variations
in physical parameters (differential stress, pressure, or water con-
tents in olivine) during deformation, or from recrystallization (Falus
et al, 2011; Tommasi et al., 2008). However, transpressional defor-
mation should also result in dispersion of orthopyroxene [001] axes
in the foliation plane, which is not observed in most studied perido-
tites, which show predominantly point distribution of orthopyroxene
[001] axes (Fig. 6). Experimental deformation of olivine single crys-
tals suggests that [001] glide may be favored at low temperature
and high differential stresses (Durham and Goetze, 1977). The strong
annealing that characterizes most coarse-grained harzburgites pre-
vents a clear determination of the stresses and strain rates during
their deformation, but their very coarse-grained microstructures is,
nevertheless, more consistent with deformation under low stress
conditions.

Occurrence of axial-[010] olivine CPO patterns in peridotites
equilibrated at pressures 3.5-4.7 GPa might suggest that these CPO
may record a change in deformation mechanism associated with an
increase in confining pressure or in water contents, as the latter also
increase in this depth range (Fig. 10). Experimental studies on a
Griggs press (confining pressures ~2 GPa) suggested that high water
fugacities and differential stresses may induce a transition from dom-
inant [100] to dominant [001] glide (cf. review in Jung et al., 2006).
Yet, according to these experiments, the water contents in olivine
measured in the present study (Table 3) are not high enough to in-
duce dominant [001] glide; they rather result in the so-called E-type
fabric, characterized by [100] and [001] axes aligned parallel to the
lineation and normal to the foliation, respectively. The lack of clear fo-
liation and weak CPO (supplementary online material) in the coarse-
granular peridotites for which water contents in olivine could be
measured in this study does not allow discrimination of which is
the dominant glide plane: (010) or (001).

Transition from dominant [100] to dominant [001] glide was also
observed in experimental deformation at high confining pressures
(Couvy et al., 2004); the pressure at which this transition occurred
varied between experiments, ranging from 3 to 3.5 GPa (Jung et al.,
2008) to ~7 GPa (Raterron et al., 2007). Equilibrium pressures for
samples with axial-[010] olivine CPO (between 3.5 and 4.7 GPa) are
in the same range as the Jung et al. (2008) values. Yet, orthorhombic
olivine CPOs are even more common at these depths (Fig. 7b). Sole
two samples have olivine [001] axes aligned parallel to the maximum
concentration of orthopyroxene [001] axes, suggesting dominant
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[001] glide, but they are equilibrated under slightly low pressure con-
ditions (~3.3 GPa, Table 2).

An alternative explanation for the axial-[010] olivine CPO patterns
in the coarse-grained peridotites from the Kaapvaal is dispersion of
the [100] and [001] in response to recovery and subgrain rotation re-
crystallization (Falus et al., 2011). This interpretation is consistent
with the observation that low-angle misorientations are dominantly
accommodated by rotations around the [010] axis. CPO dispersion
during static recrystallization may also explain the predominance of
weak olivine CPO in the Kaapvaal craton (Fig. 7a). Low olivine ]-
indexes also predominate in peridotite xenoliths from the Siberian
craton (Bascou et al, 2011). In general, cratonic peridotites yield
lower J-indexes than peridotites from other tectonic settings
(Fig. 11). However, although weakening of olivine CPO associated
with modal metasomatism has been described in other environments
(Bascou et al., 2008; Morales and Tommasi, 2011; Tommasi et al.,
2004, 2008), in the present dataset, there is no clear relation between
the olivine J-index, modal contents, or olivine mg# (Table 2).

Orthopyroxene CPOs are consistent with deformation by disloca-
tion creep with activation of [001](100) and [001](010) slip systems.
They are always correlated to olivine fabrics, meaning that both min-
erals underwent the same deformation. Well-defined CPOs are ob-
served even in harzburgites showing high modal orthopyroxene,
suggesting that they were deformed during or after the metasoma-
tism leading to Si-enrichment. This interpretation is consistent with
the observation of kinked interstitial orthopyroxene (Fig. 3a).

7.2. Evidence for metasomatism and timing relative to deformation

Textural evidence for reactive percolation of Si-rich fluids and/or
melts is common in the coarse-granular harzburgites. It encom-
passes: (1) interpenetrating orthopyroxene and olivine boundaries
(Fig. 2a-d), (2) small interstitial orthopyroxene crystals with cusped
grain boundaries (Fig. 3a), (3) interstitial garnet in peridotite
FRB1339 (Fig. 3d), (4) crystallization of small, interstitial, Cr-rich cli-
nopyroxene, often associated with spinel and phlogopite (Fig. 3d),
and (5) phlogopite rimming garnets or as interstitial crystals. Obser-
vation (1) may result either from orthopyroxene consumption during
the extensive partial melting event that produced the most refractory
olivines (Boyd and Mertzman, 1987) or from orthopyroxene crystalli-
zation at the expenses of olivine in response to reactions with Si-rich
aqueous fluids or hydrous melts (Bell et al., 2005; Kelemen et al.,
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Fig. 11. Olivine J-index distributions for mantle xenoliths from cratons, off-craton con-
tinental regions, and oceanic plates. Data for cratonic samples from this study, Vauchez
et al. (2005) and Bascou et al. (2011); for off-craton continental regions from Ben
Ismail and Mainprice (1998), Vauchez and Garrido (2001), Pera et al. (2003), Duclos
et al. (2005), Tommasi et al. (2006), Le Roux et al. (2007), Falus et al. (2008), Le
Roux et al. (2008), Tommasi et al. (2008), Soustelle et al. (2009), and Morales and
Tommasi (2011); and from oceanic plates from Ben Ismail and Mainprice (1998),
Tommasi et al. (2004), and Soustelle et al. (2010).
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1998; Wasch et al., 2009). In contrast, observation (2) points to late
crystallization of orthopyroxene and is consistent with the excess
modal content of orthopyroxene, which characterizes the Kaapvaal
harzburgites (Bell et al., 2005). The remaining observations point to
partial crystallization or reaction with percolating melts at high pres-
sure (3) and with K-rich compositions (4 and 5).

Analysis of the microstructures may help in constraining the rela-
tive timing between deformation and episodes of reactive fluid perco-
lation, even if some observations are ambiguous. Kinks in interstitial
orthopyroxene (Fig. 3a) indicate pre- to syn-kinematic silica enrich-
ment. However, undeformed orthopyroxenes with clear interstitial
habitus are also observed in some samples, suggesting strongly that
Si-enrichment may have continued post-kinematically. As discussed
in the previous section, olivine and orthopyroxene CPOs are consis-
tent, suggesting that both minerals recorded the same deformation,
even in orthopyroxene-rich harzburgites, implying pre- to syn-
kinematic metasomatism. Orthopyroxene CPO is however usually
weak (the strongest values in Table 2 probably result from over-
estimation of the orthopyroxene CPO strength due to measurement
of too few crystals), implying that post-kinematic orthopyroxene ad-
dition is also possible.

Phlogopite and clinopyroxene enrichment, on the other hand, is
essentially post-kinematic, as indicated by the interstitial shapes
and undeformed character of these minerals (Fig. 3d). The actual
timing and processes responsible for this late metasomatism by K-
rich fluids or melts (Bell et al., 2005; Grégoire et al., 2003; Griffin et
al., 2003), are however still unclear; it may have happened at any
point between the last deformation episode and shortly before ex-
traction by the kimberlitic magmatism. In sample KBBF18, alignment
of undeformed phlogopite and clinopyroxene parallel to the foliation
(Fig. 3d) suggests nevertheless that the pre-existing deformation
structure may have controlled the melt infiltration.

7.3. Sheared peridotites

Sheared peridotites are characterized by high equilibrium temper-
atures (between 1000 and 1300 °C) and relatively fertile composi-
tions as pointed out by Nixon et al. (1981). They probably represent
ancient coarse-granular rocks that underwent extensive dynamic
and static recrystallization. Harzburgite PHN2760, with its very un-
usual texture (Fig. 4d), may indeed be an illustration of the first
steps of formation of the sheared peridotites, which was followed
by extensive fracturing and low-temperature serpentinization due
to reaction with the kimberlitic melt during extrusion.

The asymmetry of the porphyroclasts in the mylonite implies simple
shear deformation. Moreover, the fine recrystallized grain sizes indicate
deformation under high deviatoric stresses and deformation rates
(Austin and Evans, 2007), in particular considering the high equilibrium
temperatures of these peridotites. Both orthopyroxene and olivine
underwent dynamic recrystallization but the degree of recrystallization
and the recrystallized grain size are larger in olivine than in
orthopyroxene, consistent with the higher strength of orthopyroxene
relative to olivine. Development of shear bands along fine-grained
recrystallized orthopyroxene-rich layers suggests, that more effective
grain refinement in the higher strength orthopyroxene-rich domains
lead to strain localization. Boullier and Gueguen (1975) proposed that
the olivine-rich domains deformed by dislocation creep whereas the
fine-grained recrystallized orthopyroxene-rich layers deformed by
grain sensitive creep.

Evidence of plastic deformation by dislocation creep, such as
undulose extinction, subgrain boundaries, and recrystallization tails,
has also been identified in mosaic and fluidal mosaic peridotites.
However, the presence of polygonal recovered olivine crystals in the
matrix implies that some annealing followed the deformation. The
variable grain size and amount of polygonal crystals in the matrix
may reflect different temperatures, annealing times, or variable
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influence of fluids on the annealing process. Euhedral olivine crystals
free of any deformation features (usually called tablets) are common-
ly observed on both strained porphyroclasts and the matrix of mosaic
and fluidal mosaic peridotites. Such euhedral crystals have been often
described in sheared xenoliths from South Africa (e.g., Boullier and
Nicolas, 1975; Drury and Van Roermund, 1989; Skemer and Karato,
2008). Drury and Van Roermund (1989) proposed that these crystals
record fluid-assisted static recrystallization, where a thin fluid film
along grain boundaries enhances grain boundary mobility. Fluids
may also have played an essential role in the formation of the mosaic
texture, which may represent a more developed stage of fluid-
assisted static recrystallization. The preservation of the fine-grained
texture and deformation features in the orthopyroxene-rich shear
bands may be explained by slower grain boundary migration in
orthopyroxene in comparison to olivine (Skemer and Karato, 2008).
Mosaic and fluidal mosaic peridotites may thus derive from
porphyroclastic and mylonitic peridotites to which annealing is sup-
erimposed, respectively (Boullier and Nicolas, 1975).

Sheared peridotites display either orthorhombic or bimodal olivine
CPO. The orthorhombic CPOs are consistent with deformation by dis-
location creep activating high-temperature, low pressure (010)[100]
slip system. The axial-[010] with a bimodal distribution of [100] and
[001] axes suggest, on the other hand, simultaneous activation of the
(010)[100] and (010)[001] slip systems. Similar olivine CPO were
described in deep mantle xenoliths from the Tanzanian craton
(Vauchez et al., 2005) and have been interpreted as resulting from acti-
vation of the two slip directions at high pressure and probably high
stresses. This interpretation is consistent with the observation that bi-
modal olivine CPO are characteristic of sheared peridotites equilibrated
at pressures>4.5 GPa (Fig. 7c). Olivine CPO strength is always low
(Fig. 7a), probably due to the extensive recrystallization (Falus et al.,
2011). Orthopyroxene CPOs are coherent with deformation by disloca-
tion creep with contribution of both [001] (100) and [001] (010) slip
systems. Clinopyroxene CPO is consistent with deformation by disloca-
tion creep, with dominant activation of the [001]{110} systems (Bascou
et al., 2002). Both pyroxenes CPOs are correlated with the olivine CPO
(Fig. 6 and online supplementary material), indicating that all major
rock-forming minerals underwent the deformation producing the
mylonitic microstructure. Indeed, clinopyroxene occurs as strained por-
phyroclasts and has CPO coherent with the olivine and orthopyroxene,
indicating pre-mylonitization refertilization. Finally, alignment of
recrystallized phlogopite in the mylonitic foliation in KBBF11 indicates
that the mylonitization postpones potassic metasomatism. This
observation contrasts with the pre-kinematic character of phlogopite
in coarse-grained harzburgites, suggesting that mylonitization corre-
sponds to a later deformation event.

In summary, microstructures and CPO in the sheared peridotites
are consistent with post-metasomatism deformation by dislocation
creep under high stress and strain rates. Fluidal mosaic and mosaic
microstructures may be explained by subsequent fluid-assisted static
recrystallization that may be related to the kimberlitic magmatism.
The processes leading to this deformation have been widely
debated in the literature. The kinked geotherm obtained from
thermobarometry in mantle xenoliths from the Kaapvaal made Boyd
and Nixon (1975) propose that the sheared peridotites may result
from localized shearing at the lithosphere-asthenosphere boundary
(LAB). This interpretation was re-proposed by Kennedy et al. (2002)
for the sheared peridotites of the Slave craton. However, already in
the 70s, Goetze (1975) highlighted that the observed geotherm dis-
turbance is not consistent with shear heating and that the strain
rates estimated from the microstructures and equilibrium tempera-
tures of these rocks are too high to be produced by plate tectonics.
Similar conclusions were reached by Boullier (1977) and more re-
cently by Skemer and Karato (2008). Our observations are consistent
with these conclusions, favoring the model proposed by Green and
Gueguen (1974), who viewed the deformation that produced the
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sheared peridotites as due to ascending kimberlitic diapirs, instead
of a quasi-stationary mantle flow at the LAB.

7.4. Hydration state of the Kaapvaal mantle lithosphere

OH concentrations in olivine obtained in this study are highly var-
iable, however they show a general increase with pressure up to
5 GPa and a sharp decrease for pressures>5.9 GPa (Fig. 12, Table 3).
Maximum water contents in olivine measured in this study are
among the highest ones measured in mantle peridotite xenoliths,
reaching values close to those measured in kimberlite-borne
megacrysts (Fig. 10). In samples equilibrated at pressures higher
than 5.9 GPa, reliable estimates of water contents in olivine could be
obtained for two samples, one coarse-grained peridotite and a
mylonite. Both show <10 wt.ppm H,0 (Table 3), consistently with
previous data in four other deep Kaapvaal peridotites by Peslier et
al. (2010).

The observed increase in OH concentrations in olivine with depth
up to 5 GPa is consistent with the increase of water solubility with in-
creasing fH,0 and, hence, with pressure (Kohlstedt et al., 1996). Mea-
sured water contents remain, however, well below the olivine
solubility curves of Hirschmann et al. (2005) and Kohlstedt et al.
(1996), suggesting that even the most water-rich peridotites in the
Kaapvaal are undersaturated in water. However, these water solubil-
ity curves in olivine only consider the effect of pressure. They do not
include the effects of temperature, iron content in olivine, or the
change of water fugacity with increasing solute dissolution at high
pressures and temperatures and probably overestimate the solubility
in the deepest part of the cratonic root (Bali et al., 2008; Ferot, 2011).
Most analyzed peridotites contain phlogopite. Since hydrogen is com-
patible in sheet silicates, crystallization of phlogopite does not require
prior saturation of the nominally anhydrous minerals (NAMs) that
compose the peridotite. A recent experimental study shows that
water solubility curves of mantle minerals are strongly modified by
the presence of pargasite (Green et al, 2010). A similar behavior
might be expected for olivine co-existing with phlogopite, but the sol-
ubility of water in NAMs in a phlogopite-bearing assemblage has not
been quantified yet. In the present dataset, OH concentrations in oliv-
ine are uncorrelated with the presence or absence of phlogopite
(Tables 2 and 3), although less IR peaks are observed in the
phlogopite-rich sample KBJ59 (Fig. 8).

Are the measured values in olivine representative of OH concen-
trations at different depths in the Kaapvaal mantle? Since H behaves
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Fig. 12. Unpolarized infrared spectra of olivine showing the increase in absorbance
with increasing equilibrium pressure between 3.9 GPa and 4.9 GPa and a spectrum
from a deeper sample (PHN5267, equilibrated at 6.5 GPa). All spectra are normalized
to a sample thickness of 1 cm.
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as an incompatible element during partial melting (Bolfan-Casanova,
2005; Dixon et al., 2002; Hirschmann et al., 2005), olivines with high
forsterite contents are expected to have low OH concentrations. This
relation is not observed in the Kaapvaal peridotites; high OH concen-
trations were measured in olivines with mg# ranging from 90 to 94
(Fig. 13). This implies that the high water contents in olivine from in-
termediate depths in the cratonic mantle record re-hydration after
the main partial melting episode that produced the mantle root.
This conclusion brings additional questions. When and how did this
water addition occur? What is its spatial extent?

High OH contents in olivine may result from hydration: (A) by
solid-state diffusion of hydrogen from a volatile-rich asthenosphere,
(B) during transport by the volatiles-rich kimberlitic magma, or (C)
during metasomatism of the craton root by water-rich fluids or
melts (Fig. 14). Re-hydration of lithospheric mantle in a continuous
way by solid-state diffusion of hydrogen from the asthenosphere is
not consistent with the observed low OH contents in olivine from pe-
ridotites equilibrated at >5.9 GPa. Moreover, even if the fast hydro-
gen flux along grain boundaries is taken into account (Demouchy,
2010), solid-state diffusion is a process too slow. For an average
grain size of 1 um, which is much smaller than even the smallest
grains in the mylonites, and an effective hydrogen diffusion coeffi-
cient of 4.48x10 8 m?/s at 1250 °C (Demouchy, 2010) more than
3 Gy would be needed to re-hydrate the entire cratonic root, and if
a more representative grain size of 3 mm is considered, the H diffu-
sion front would have progressed by less than 10 km over 3 Gy.

Scenario (B), that is, hydration during xenolith extraction by the
kimberlites, is based on the observation that olivine megacrysts
from kimberlites have high OH™ contents (Fig. 10), suggesting that
the kimberlite magma is volatile-rich and, perhaps, water-saturated.
It is also consistent with experimental data and with dehydration
FTIR profiles in olivines from basalt-borne peridotite xenoliths,
which both show extremely fast hydrogen diffusion in olivine at
high temperature (Demouchy and Mackwell, 2006; Demouchy et al.,
2006; Peslier and Luhr, 2006). Hydrogen addition to xenolithic min-
erals may therefore occur during the transport of the xenoliths,
even if FTIR profiles do not record these exchanges (Kamenetsky et
al., 2008).

In scenario (C), the re-hydration of the cratonic mantle is pro-
posed to be associated with metasomatism by water-rich fluids or
melts, for which there is abundant modal and geochemical evidence,
like the Si-enrichment (Fig. 3a; Bell et al., 2005; Kelemen et al., 1998;
Simon et al., 2007; Wasch et al., 2009) or the crystallization of
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Fig. 13. OH concentration versus mg# in olivine. For comparison, data obtained in pre-
vious studies on peridotite xenoliths from various localities are also shown (Bell et al.,
2004; Demouchy et al., 2006; Falus et al., 2008).
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Fig. 14. Sketches illustrating the three scenarii proposed to explain the variation of
OH™ concentration in olivine with depth in the Kaapvaal craton root.

secondary garnet, clinopyroxene and phlogopite (Fig. 3b and d;
Grégoire et al., 2003; Simon et al., 2007). In this case, hydration may
be both spatially and temporally heterogeneous, since it may be relat-
ed to many distinct metasomatic episodes: from (i) early metasoma-
tism by Si- and volatile-rich fluids that produced the high modal
content of orthopyroxene in Kaapvaal harzburgites (Bell et al.,
2005), which was proposed, based on Lu-Hf and Sm-Nd model
ages, to be multiple episodes between 1.3 Ga and 600 Ma (Wasch et
al., 2009), to (ii) late metasomatism by K-rich melts, which has cau-
sed phlogopite crystallization (Grégoire et al., 2003; Simon et al.,
2007). This spatial and temporal variability is coherent with the
OH™ concentration heterogeneity of the Kaapvaal olivines (Fig. 10).

In scenarios B and C, the observed vertical variation in OH™ con-
centrations may be accounted by considering the relative changes in
water and carbon activity with pressure in volatile-rich (C-O-H)
fluids, which at pressures>5 GPa, have high carbon and low water
activities (Dixon et al., 1995; Newman and Lowenstern, 2002) and
the variation in the mantle redox state with depth, as proposed by
Peslier et al. (2010). If metasomatism is associated with percolation
of basaltic magmas, change in the melt composition with progressive
enrichment in volatiles during reactive percolation (O'Nions and
McKenzie, 1988) may also account for the contrast in OH™ contents
between the deepest and intermediate depth peridotites.

The two last scenarios have different implications for the cratonic
root stability. In the first one, the root is essentially dry and the high
water contents in olivine measured in the present study and in previ-
ous studies result from “contamination” during the ascent in the
kimberlitic magma. In the second one, metasomatism may have hy-
drated and, hence, weakened at least parts of the cratonic root after
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its formation. The very nature of xenolithic sampling by kimberlites
prevents the evaluation of the actual volumes of the mantle affected
by the metasomatic processes. Comparison between the mag-
netotelluric electrical conductivity data in a station close to
Jagersfontein and the MT signal modeled using a constant water con-
centration in the cratonic mantle or a variation in water contents with
depth similar to the one observed in this study (cf. the Fig. 8 in Fullea
etal.,, 2011) suggests however that the vertical variation of water con-
tents in olivine observed in the present study and in Peslier et al.
(2010) may be representative of the present-day hydration state of
the Kaapvaal mantle, favoring the last scenario and implying that
metasomatism resulted in extensive re-hydration of the cratonic
mantle at intermediate depths.

The annealed microstructures of Kaapvaal peridotites indicate
however that rehydration was not followed by remobilization of the
cratonic root. Several explanations may be proposed: (i) the exten-
sive hydration of the intermediate depths of the cratonic root is re-
cent and its mechanical effects have not been felt yet, (ii) the
distribution of the hydrated domains is too heterogeneous, or (iii)
the dry layer at its base (Fig. 10) protects the craton root from
thermo-mechanical erosion by the convective mantle as proposed
by Peslier et al. (2010). The latter hypothesis is appealing, but convec-
tive models testing the stability of a block with thickened lithosphere
is largely eroded from its sides (edge-driven convection), unless it is
>10 times wider than thick (Morency et al., 2002). This implies that
a high strength layer at the base of the cratonic root may not be
enough to ensure its preservation.

8. Conclusions

Coarse-granular refractory harzburgites predominate in the
Kaapvaal mantle, being observed in all studied pipes at all depths.
Their highly recovered microstructures and very coarse grain sizes
contrast with the olivine and orthopyroxene CPO, indicating that de-
formation by dislocation creep was followed by effective annealing.
This supports an early deformation episode, possibly associated to
the formation of the cratonic root in the Archean, followed by slow
cooling and a long quiescence time. Fluid-enhanced grain boundary
migration during the multiple metasomatic events that affected
the Kaapvaal mantle may also have favored annealing. Coarse-
porphyroclastic peridotites are rarer, but present at all depths in Kim-
berley and in deep levels in Finsch and Premier. They represent do-
mains less annealed or deformed shortly before extraction. Sheared
peridotites with mylonitic, fluidal or mosaic microstructures, are
common below 140 km depth. Their fine recrystallized grain sizes
and high equilibrium temperatures imply deformation under high
stress and high strain rates, not consistent with a quasi-stationary
mantle flow at the lithosphere-asthenosphere boundary.

Textures and compositions of the studied xenoliths provide evidence
for multiple metasomatic events with a spatially heterogeneous distribu-
tion. Analysis of the microstructures and comparison between the olivine
and secondary mineral CPOs indicate that silica-enrichment episodes,
which resulted in high modal orthopyroxene, were pre- to post-
kinematic, and that metasomatism by K-rich fluids or melts and
refertilization was post-kinematic. Deformation of phlogopite and cli-
nopyroxene in the sheared peridotites implies that mylonitization post-
dated all metasomatic events.

Water contents in olivine are strongly variable, but tend to in-
crease with depth up to 150 km, where they are among the highest
measured in mantle peridotites (~150 wt.ppm H,0; Bell et al., 2003
calibration). The deepest analyzed samples are, in contrast, almost
dry. High water contents in coarse-grained peridotites are not accom-
panied by dominant activation of [001] glide. The bimodal olivine CPO
in sheared peridotites indicates nevertheless activation of both [100]
and [001] glide on the (010) plane, probably due to high pressure and
stresses.
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Lack of correlation between olivine mg# and water content indi-
cates that the high water contents in olivine record re-hydration
after formation of the refractory mantle root. Hydration of olivine
may have occurred during either extraction of the peridotites by
volatile-rich kimberlites or metasomatism by water-rich fluids/
melts. Magnetotelluric electrical conductivity data in the central
Kaapvaal is, however, best explained by models with a vertical varia-
tion of water contents in olivine similar to the one measured here,
suggesting that the observed water contents in olivine may be repre-
sentative of the present-day hydration state of the Kaapvaal mantle,
favoring the metasomatism scenario. The predominance of highly
annealed microstructures in the cratonic root indicates nevertheless
that this re-hydration did not result in remobilization of the cratonic
root.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2012.05.001.
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Chapitre 3: Diffusion de I’hydrogéne d’un

liquide kimberlitique a la forstérite

L’hydrogeéne est un élément présentant des taux de diffusions élevés dans I’olivine a
haute température (e.g. Demouchy et al., 2006; Demouchy and Mackwell, 2006), et ayant un
impact significatif sur les propriétés physiques et chimiques du manteau (Demouchy et al.,
2012; Gaetani and Grove, 1998; Hirth and Kohlstedt, 1996; Jacobsen et al., 2008; Karato,
1990; Mackwell et al., 1985). La connaissance de son impact sur la rhéologie du manteau a
ainsi conduit des géologues a suggérer que de faibles teneurs en hydrogéne pouvaient avoir
généré un contraste de viscosité suffisant pour préserver le craton de la convection
mantellique et de la tectonique des plaques durant plusieurs milliards d’années (Doin et al.,
1997 ; Pollack, 1986). Pourtant, les analyses par spectroscopie infrarouge a transformée de
Fourrier (IRTF) révélent des teneurs en hydrogene élevées dans I’olivine des péridotites du
Kaapvaal jusqu’a une profondeur de 150 km (Baptiste et al., 2012; Peslier et al., 2010). De
telles teneurs pourraient avoir été héritées a la suite d’un épisode métasomatique et donc étre
représentatives de la composition de la racine cratonique en profondeur, mais la possibilité
d’une contamination durant extraction par les kimberlites riches en volatiles ne peut étre
exclue malgré I’absence de profils de diffusion (Baptiste et al., 2012). Toutefois, aucune étude
expérimentale n’a a ce jour test¢ ou quantifié¢ la diffusion en hydrogéne entre un liquide
kimberlitique et 1’olivine, nous empéchant de conclure sur ’origine exacte des teneurs en
hydrogene élevées dans I’olivine dans notre étude sur les xénolites du Kaapvaal.

Le travail expérimental présenté dans ce chapitre avait donc pour objectif de tester si
I’incorporation d’hydrogéne par diffusion ionique pouvait avoir lieu entre un liquide
kimberlitique et la forstérite a haute pression et température. Il repose sur 5 expériences au
piston cylindre effectuées au laboratoire Magmas et Volcans de I’Université de Clermont-
Ferrand a 1200-1300°C et 1 GPa, pour des durées de 1 min, Sh et 23h.

Les analyses de deux capsules par EBSD (Electron Back-Scattered Diffraction) et
microsonde ¢lectronique montrent qu’aprés Sh et 23h d’expérience, une surcroissance du
cristal de forstérite, possédant la méme orientation cristallographique a cristallisée. Le liquide
a cristallisé ailleurs sous la forme de cristaux micrométriques de forstérite automorphes aux

orientations cristallographiques aléatoires, ainsi que sous la forme de cristaux nanométriques
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d’une phase alumineuse et d’une phase calcique. Les analyses des teneurs en hydrogene par
spectroscopie IRTF apres expérience révelent qu’aucun des cristaux de forstérite ne présente
de signe d’hydratation, et ce, malgré la saturation en H,O du systéme et des durées
d’expérience longues. La présence de CO, dans le systéme pourrait ainsi avoir abaissé la
fugacité en H>O au point de ne pouvoir hydrater ni le cristal de forstérite, ni sa surcroissance.
De tels résultats suggerent que les teneurs en hydrogéne élevées dans les xénolites
mantelliques du craton du Kaapvaal ont été¢ acquises durant un épisode métasomatique plutot
que durant leur transport a la surface par les kimberlites, et sont certainement représentatives

de la composition en profondeur de la racine cratonique.
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Abstract

Knowledge of the high diffusivity of hydrogen has raised the question of the origin and
relevance of high OH concentrations measured in mantle xenoliths transported by volatile-rich
magmas. To test if hydrogen incorporation by ionic diffusion can occur between a volatile-rich
kimberlitic liquid and forsterite at high pressure and temperature, we conducted high pressure
experiments using a piston-cylinder apparatus at 1200-1300°C and 1 GPa for durations of 1 min,
5h, and 23h. Kimberlitic liquid in the system CaO-MgO-Al,0;-Si0,-CO,-H,O and synthetic
forsterite single crystals were chosen as a first simplification of the complex natural kimberlite
composition. Unpolarized Fourier transform infrared spectroscopy was used to quantify OH
concentrations in the crystallographically oriented forsterite. Electron backscattered diffraction
and electron microprobe analysis were performed to identify the run products. After 5h and 23h,
a forsterite overgrowth crystallized with the same orientation as the initial forsterite single
crystal. The kimberlitic liquid has crystallized as micron-scale euhedral forsterite neocrystals
with random crystallographic orientations, as well as a nano-scale aluminous phase and a calcic
phase. Despite water-saturation of the system and long duration, none of the initial forsterite
single crystals display signs of hydration such as hydrogen diffusion profile from the border
toward the center of the crystal. The presence of CO; in the system may have lowered the H,O
fugacity to such extends which has prohibiting meaningful hydration of the forsterite single
crystal or its overgrowth. These experimental results favor a deep mantle origin of the high OH
content found in natural mantle-derived xenoliths transported in kimberlites, as reported from the
Kaapvaal craton. It also points out to the fact that hydration must take place in a CO,-poor

environment.

Keywords: Kimberlite, water, hydrogen, diffusion, olivine, point defect.
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Introduction

Incorporation of hydrogen in nominally anhydrous minerals (NAMs), even at trace
concentrations (ppm by weight level), is known to have a significant impact on the chemical and
physical properties of the rocks and minerals in Earth’s mantle such as melting temperature,
electrical conductivity, seismic velocities, and rheology (e.g., Karato et al., 1990; Mackwell et al.,
1985; Hirth and Kohlstedt, 1996; Demouchy et al., 2012; Gaetani and Grove, 1998; Jacobsen et
al., 2008). For instance, in terms of rheology, olivine controls the viscosity of the lithosphere root
and its low OH™ concentrations (< 20 ppm H,O wt based on FTIR calibration from Paterson,
1982) was proposed to increase the mantle viscosity and hence a strongly OH-depleted zone at
the base of the craton root could be responsible for the longevity of the South African craton
(Peslier et al., 2010; Baptiste et al., 2012). This hypothesis was tested recently by studying mantle
peridotites from the Siberian craton, but was not confirmed (Doucet et al., 2014). Prior to these
recent studies, several publications have reported high OH concentrations (> 30 ppm H,O wt) in
olivine from mantle xenoliths, olivine megacrysts, and kimberlitic olivine phenocrysts from
several cratons (e.g., South Africa, Siberia, and Canada; see Miller et al., 1987; Matsyuk et al.,
1998; Bell et al., 2004; Matsyuk and Langer, 2004; Peslier et al., 2010; Peslier, 2010, Doucet et
al., 2014). In particular, relatively high OH concentrations in olivine (up to 150 ppm H,O wt)
have been reported in olivine of mantle xenoliths from the Kaapvaal craton (Peslier et al., 2010;
Baptiste et al., 2012), except for the deepest and infrequent samples, which are almost dry (<10
ppm H>O wt). Further, high OH concentrations in olivine (54-419 ppm H,O wt) have been
measured in megacrysts and macrocrysts from kimberlites (Bell et al., 2004, Matsyuk and
Langer, 2004; Matveev and Stachel, 2007) suggesting that kimberlite would be a favorable
environment for hydrogen incorporation in olivine.

Moreover, studies on Kaapvaal mantle xenoliths usually report homogeneous OH
concentration profiles across olivine grains suggesting the absence of hydration or dehydration
process caught-in-the-act (Peslier et al., 2010; Baptiste et al., 2012). However, the origin of
hydrogen in olivines from the cratonic mantle still remains unclear. High OH contents in olivine
in Kaapvaal xenoliths could have been inherited from (1) metasomatism, if water-saturated fluids
or water-saturated percolating melts impregnated the cratonic root, or (2) during transport by the

water-rich kimberlitic magmas (Brooker et al., 2011; Baptiste et al., 2012). Yet, so far,
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experimental studies have not tested the second hypothesis or quantified the diffusion of
hydrogen between a volatile-rich kimberlitic melt/magma and olivine.

The aim of this study is to test if hydrogen incorporation by ionic diffusion can occur
between a model very volatile-rich kimberlitic liquid in the system CaO-MgO-Al,03-Si0,-CO,-
H,O (CMAS-CO;-H,0) and iron-free forsterite at high pressure and temperature during transport

toward the surface.

Sample preparation and experimental method

A synthetic volatile-rich kimberlite starting material was prepared with high purity oxides
(Si0, - Aldrich, 99.995%, Al,Os - Alfa Aesar, 99.998%, MgO - Alfa Aesar, 99.998%,), high
purity calcium carbonate (CaCO; - Alfa Aesar, 99.998%), magnesium hydroxide (brucite,
Mg(OH), - Alfa Aesar, 99.998%), and a very pure natural magnesite (MgCO3) from Oberdorf
(Austria, see Buob et al., 2006). The silicate portion of the starting mixture was prepared first.
The components MgO, Al,Os, and SiO, were fired in platinum (Pt) crucibles for at least 18-20
hours in air at 1250°C, and CaCO; at 400°C. Pt crucibles were used that had not been previously
utilized to dry either iron metal or iron oxides. Afterwards, the fired oxides and CaCO; were
immediately mixed in appropriate proportions, and ground for at least 1 hour under ethanol in an
agate mortar. After drying under an infrared (IR) heat lamp, the mixture was decarbonated in air
in a high temperature, room pressure furnace. To decarbonate, the temperature of the furnace was
slowly ramped to 1000°C over 10 hours, and maintained at this temperature for 6-7 hours. After
this step, the mixture was taken out of the furnace, and then transferred to another high
temperature furnace to prepare a glass by melting the mixture in air at 1650°C for about 4 hours.
To quench this liquid to a glass, the Pt-crucible containing the mixture was partially immersed in
an ice-water bath, and the resulting glass was optically clear and transparent. This glass was
finely ground under ethanol for about 30-40 minutes, and using the same procedure, glassing was
repeated twice more. To ensure homogeneity, the silicate glass was then re-ground for 1 hour
under ethanol in an agate mortar, and then dried under an IR heat lamp for about 1 hour. Finally,
CO; and H,O were added in the silicate glass as magnesite and brucite, respectively. Ground
magnesite and brucite were fired at 250°C and 120°C, respectively in air in a Pt-crucible for over
17 hours, to obtain stochiometric components, then mixed and ground with the silicate glass in an

agate mortar under ethanol for another 1 hour. The final powder was stored in a desiccator.
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Table 1: Forsterite and starting material composition, average kimberlite group-I and group-II compositions, and compositions of run products from
VB12.

. Group I Group II Forsterite VB12 compositions (after run)
Starting . : . . - - -
composition Kimberlite Kimberlite cryst?l. Fo single Al-rich Ca-rich
Wt.% Average* Average* composition crystal Fo overgrowth Fo neocrystals  phase phase
SiO, 30 26.15 33.89 44.76 43.25 43.02 43.08 4.73 28.35
TiO, 0 2.58 1.77 0.00 0.01 0.00 0.00 0.00 0.03
Al,03 4 2.76 3.76 -0.01 -0.02 0.46 1.21 53.37 1.78
FeO . b 0.00 -0.01 0.00 0.00 0.16 0.05
Fe,03 0 10.72 8.76 - - - - - -
MnO 0 0.19 0.18 0.00 0.01 0.00 0.00 0.00 0.01
MgO 28 25.20 23.15 55.41 56.49 54.61 54.99 25.04 18.86
CaoO 14 13.20 9.96 0.00 0.00 0.43 0.31 10.20 28.75
Na,O 0 0.16 0.25 -0.01 0.00 0.00 0.00 0.01 0.02
K,O 0 0.83 3.63 0.00 0.00 0.00 0.00 0.01 0.00
P,0s 0 2.04 1.85 - - - - - -
SO;3 0 0.17 0.21 - - - - - -
NiO 0 0.11 0.14 0.00 0.01 0.00 0.00 0.01 0.00
Cr,03 0 0.18 0.23 -0.01 0.00 0.00 0.00 0.00 0.00
LOI - 14.71 10.75 - - - - - -
H.O- - 0.27 1.34 - - - - - -
H,O0+ N 6.67 7.33 - b - - . -
H,0 13 - - - - - - - -
CO, 11 8.19 4.21 - - - - - -
total 84.29 87.78 100.16 99.78 98.51 99.60 93.53 77.85

* Average compositions from Becker and Le Roex (2006).
Fo:single crystal of crystallographically oriented forsterite



The composition of this starting composition is reported in Table 1 and was synthetized
on the basis of published compositions of: (1) erupted kimberlites (Smith et al., 1985a, b;
Mitchell, 1986, 1995; Becker and Le Roex, 2006; Kamenetsky et al., 2008; Kjarsgaard et al.,
2009; Sparks et al., 2009, Brooker et al., 2011), (2) the results of experimental petrology of
kimberlites in the system CMAS-CO, (Dalton and Presnall, 1998; Gudfinnsson and Presnall,
2005), and (3) the solubility of water (H,O) in model carbonatitic melts (Keppler, 2003). From
studies in the system CMAS-CO, (e.g., Gudfinnsson and Presnall, 2005), it appears that
kimberlites are not stable liquids at 1 GPa, but at higher pressures, >5 GPa. At such high
pressures, the liquid used here will be in equilibrium with forsterite, orthopyroxene (opx),
clinopyroxene (cpx), and garnet. Here, the starting composition was chosen to target hydration of
olivine from kimberlite liquid during transport toward the surface (e.g., then in a rising
metastable kimberlitic liquid), and accordingly, the experiment were run at a lower pressure than
their estimated depth of genesis, on the basis of previous experimental petrology studies (Dalton

and Presnall, 1998; Gudfinnsson and Presnall, 2005).

H diffusion
1 —— AuPd capsule
N
W% Forsterite
b single crystal
a Silicate glass
+ volatiles
2mm

Figure 1: Schematic illustration of the capsule assembly for high pressure diffusion experiments.

High pressure assemblies were prepared by placing a crystallographically oriented single
crystal of forsterite (iron-free forsterite from Roditi) within ~60 mg of starting material, in 4 mm
outer diameter and 7 mm length gold-palladium (AussPd,s) capsules (see Figure 1), which were
then welded shut. AuPd capsules were chosen to minimize water loss. Single crystals of forsterite
were in average 2.20 x 2.65 x 1.9 mm (for [100], [010], and [001] being the crystallographic

axes, respectively). The capsules were then placed in salt (NaCl) cylinders. Experiments were

64



performed in a 19.1 mm non end-loaded piston cylinder apparatus (pressure calibrations detailed
in Xirouchakis et al., 2001). Temperature was controlled using a W74Re»c-WosRes thermocouple.
Five runs were completed, and all cells were pressurized to 1.0 GPa. They were annealed at
1200°C for 1 min, 5h and 23h, or annealed at 1250 and 1300°C for 5h. Annealing duration over 2
hours at temperature above 900 °C is long enough to permit detectable hydrogenation of olivine
or forsterite (Demouchy and Mackwell, 2003, 2006) at pressures above 0.2 GPa. Temperature
quench rate was 50 °C.s'l. Experimental conditions are summarized in Table 2. Short duration
experiments were chosen to avoid significant hydrogen loss or reaction with the capsule (<50h).
The experimental duration of 1 min was chosen to test if the heating up stage allows any
significant hydrogen diffusion between the forsterite crystal from the volatile-rich kimberlite
melt. All the experiments reported here were performed at Laboratoire Magmas et Volcans,

Clermont-Ferrand (France).

Table 2: Experimental conditions in piston-cylinder.

Pressure Temperature Duration

Run Sample (GPa) (°C) (min) free fluid
1 VB7 1.0 1200 1 v
2 VB1 1.0 1200 300 v
3 VB6 1.0 1200 1380 v
4 VB10 1.0 1300 300 v
5 VB12 1.0 1250 300 v

Sample analysis

Electron microprobe analysis (EMPA)

Major elements composition of the forsterite crystals was analyzed before experiments
using a Cameca SX100 electron microprobe at Microsonde Sud facility, in Montpellier (France).
Analytical conditions were a focused beam of 20 kV of accelerating voltage and 10 nA probe
current at the Faraday cup. After experimental runs, the composition of the forsterite crystal and
the newly formed phases was also analyzed. Results are reported in Table 1. Typical composition
of natural Group-I and Group-II kimberlites from Becker and LeRoex (2006) are also provided
for comparison. After experimental runs, each capsule was pierced to check for excess free fluid

to insure water saturation of the liquid; each capsule has shown fluid bubbles.
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Fourier transform infrared spectroscopy

Each capsule was doubly hand-polished for unpolarized Fourier transform infrared
spectroscopy (FTIR) analysis. The sections were immersed in pure acetone for at least 12h to
dissolve any intergranular CrystalBond glue before analysis. FTIR spectroscopy analyses were
made at the Laboratoire des Colloides, Verres, Nanomatériaux in Montpellier (France) using a
Bruker IFS66v coupled with a Bruker HYPERION microscope and a liquid nitrogen-cooled
mercury-cadmium-telluride (MCT) detector. A Globar light source and a Ge-KBr beam splitter
were used to generate unpolarized mid-infrared radiation. A background measurement was
performed before analysis. Measurements were made with aperture sizes between 30 to 100 pum,
with the IR beam parallels to [010] crystallographic axis of the forsterite crystals (i.e., across the
basal plane of the capsule). Two hundred scans were accumulated with a resolution of 4 cm™ ' for
each measurement. A baseline correction was applied on each spectrum using the OPUS
software. Spectra were then normalized to a sample thickness of 1 cm. Fractures and inclusions
were strictly avoided. The sample thickness was measured using a micrometer with an accuracy
of + 1 um. The calibration of Paterson (1982) was used to quantify the OH concentration in each
mineral phase:
Con = 1;%;f (372(0?9)‘/1v

where Cop is the hydroxyl concentration (in mol H/I), { is an orientation factor (1/3 for
unpolarized measurements), and k(v ) is the absorption coefficient in cm ' for a given
wavenumber V. Xi is a density factor equal to 2750 ppm H,O wt, for iron-free forsterite (see

Bolfan-Casanova et al., 2000, for the calculation method).

Electron-backscattered diffraction

After experimental runs, sections cut through VB6 and VB12 capsules were mounted on
epoxy plugs and carefully polished. Analyses were performed with a Scanning electron
microscope (SEM) CamScan X500FE CrystalProbe equipped with an Electron-backscattered
diffractometer (EBSD) at Geosciences Montpellier (France), using an acceleration voltage of
25kV and a working distance of 20 mm. To avoid charging of the samples, low vacuum
conditions were chosen (5 Pa of gaseous nitrogen). EBSD patterns were produced by interaction

between an electron beam at 20° to the horizontal sample stage (see Demouchy et al. 2011 for a
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detailed description of the CrystalProbe-EBSD). Data were acquired using CHANNELS
software. Punctual measurements were made to determine the crystallographic orientation of the

forsterite single crystals and the newly produced crystalline phases.

Results

VB12 (1250°C, 5h)

100 pm

FORSTERITE

Figure 2: SEM-images of VBI12 after experiment, showing (a) the entire capsule section with the forsterite single
crystal displaying a well-defined overgrowth, (b) and (d) the forsterite single crystal boundary, its overgrowth, and
the surrounding euhedral forsterites, (c) the euhedral forsterite and the Ca-rich phase are circled by a white line, (e)

Al-rich phase within the forsterite overgrowth and close to euhedral forsterites.

Results from SEM-EBSD will be presented first, followed by the characterization by
EMPA and finally FTIR results. SEM images of the typical recovered capsule are shown in
Figure 2. During the experiments, the original shape of the forsterite single crystal has been well
preserved, despite few fractures due to decompression. Micrometer-size forsterite overgrowths
which have formed, display the same crystallographic orientation (homo-epitaxy) as the initial
forsterite single crystal as shown by the Kikuchi bands pattern in Figures 3a and 3b. The width of
the forsterite overgrowth increases with increasing run duration and reaches up to 135 microns
after 23h. In addition, the kimberlitic melt has crystallized euhedral neocrystals of forsterite with
variable crystallographic orientations as shown in Figures. 2c and 3. From EBSD and Energy

Dispersive X-ray (EDX), a minor spinel-like (cubic) Al-rich crystalline phase was also identified,
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occurring mostly as small crystallites (tens of nanometers) within the forsterite overgrowth as
shown in Figures. 2e, and by point analysis in Figures. 3d. A Ca-rich phase with well-defined
crystallographic planes has also been identified (Figures. 2, and 3e). Several vesicles were

present (20 um in diameter), but no quenched vitrified melt was observed.

Fotsterite crystal || Forsterite overgrowth | i ¢ Fofsterite neocrystal
B : ,

L4
5
g=

Figure 3: SEM-images of VB12 and electron back-scattered diffraction patterns (Kikuchi’s bands: Kikuchi, 1928) of
(a) the forsterite single crystal, (b) the forsterite overgrowth, (c) a euhedral forsterite, (d) the Al-rich spinel, (e) the
Ca-rich phase.

Subsequently, EMPA analyses after EBSD reported in Table 1 reveal that the forsterite
single crystal, forsterite overgrowths, and the forsterite neocrystals have very similar major
element composition. The Al-rich phase has a composition closer to spinel than sapphirine and
corundum (Ackermand et al., 1975), but is enriched in CaO (>10 wt.%). The Ca-rich phase has a
composition close to monticellite (CaMgSiO,4, Deer et al., 1992, p354-355; Brooker et al., 2011)
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but with lower silica content, it could be a carbonate-like phase as well. For both the Al-rich and
Ca-rich phases, the size of the phase (below 10 nanometer) has significantly limited the outcomes

and quality of the EMPA analyses and thus their identification.
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Figure 4: Unpolarized infrared spectra of the forsterite crystals after experiments (at 1 GPa) from this study. FTIR
spectra from olivine in Udachnaya and Kaapvaal xenoliths (transported by kimberlite, Baptiste et al., 2012;
Kamenetsky et al., 2008), in Malaita xenoliths (transported by alnoites, Demouchy et al. revised), and in San Carlos
olivine hydrated after 14h in a piston-cylinder experiments at 1100°C and 2 GPa (Grant et al., 2007) are presented

for comparison. All spectra are normalized to a sample thickness of 1 cm.

FTIR analyses were performed on the post-runs forsterite single crystal (center and
border) as well as on the adjacent forsterite overgrowths. The unpolarized border spectra are
displayed in Figures 4 and 5. For the same position in the forsterite single crystal, the FTIR
spectra do not change as a function of temperature, or experimental duration (Figure 4) and
display no OH bands within their absorption field in forsterite. Minor OH bands only appear after

passing the interface between the forsterite single crystal and the forsterite overgrowths as shown
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in Figure 5. The amplitude of these bands increases with increasing distance from the interface.
The OH absorption band located at 3698 cm™ is the first to appear, and always exhibits the
highest absorption coefficient. It can be attributed to serpentine or brucite (Miller et al., 1987).
The minor band at 3612 cm™ is characteristic of iron-free forsterite (Demouchy and Mackwell,
2003, Lemaire et al., 2004) and the large broad band at 3427 cm™ was previously attributed to
inter-granular water (e.g., Keppler and Rauch, 2000; Demouchy et al., 2012). In the next section,
we discuss the lack of hydration of the forsterite single crystal and the possible consequences for

the hydration state of the lithospheric mantle.
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Figure 5: Unpolarized FTIR profile across the forsterite single crystal interface. Six spectra were measured with a

step size of 30 pm. All spectra are normalized to a sample thickness of 1 cm. See text for OH band attribution.

Discussion

Unpolarized FTIR analyses has demonstrated that despite water-saturation of the system
and long duration, none of forsterite single crystals display signs of hydration at OH saturation
level or as diffusion profile of OH from the border toward the center of the crystal. Further, the
absorption level of the FTIR spectra on the forsterite overgrowths does not even resemble the

level of hydration from any of the characteristic spectra of mantle-derived or megacryst olivine
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transported by kimberlites from cratonic regions (Baptiste et al., 2012; Bell et al., 2004; Miller et
al., 1987; Peslier et al., 2010) as shown in Figure 4. They also do not match the olivine or
forsterite spectra from hydration experiments at high pressure and temperature in CO,-free
system for only few hours at temperature above 1100°C as previously reported (Demouchy and
Mackwell, 2003; Grant et al., 2007; Lemaire et al., 2004; Sokol et al., 2013a, 2013b; Yang et al.,
2014), except for the very weak bands at 3612 cm™ and maybe that at 3361 cm™'. The other, more
intense, IR peaks present are linked to hydrous minerals (brucite and/or serpentine), and are most
likely the result of the rapid pressure and temperature quench.

Theses experiments were set up to test if a volatile-rich kimberlitic liquid could hydrate
mantle-derived olivine during their transport toward the surface. Hydration during transport could
have explained the absence of dehydration profile in olivine crystals transported by kimberlite as
well as the high water contents reported in mantle-derived olivine from cratonic setting if
hydration took place at important depths (Baptiste et al, 2012; Bell et al. 2004; Doucet et al.,
2014; Kamenetsky et al., 2007; Kurosawa et al., 1997; Miller et al. 1987). In all five experiments,
no OH was found in the single crystal of forsterite, whatever the duration of the experiment. At 1
GPa and at water-saturated conditions in a CO»-free system, OH content should reach 100 ppm
H,O wt in iron-bearing olivine (Kohlstedt et al., 1996; Férot and Bolfan-Casanova, 2012; Grant
et al., 2007; Mosenfelder et al., 2006) and > 25 ppm H,O wt in iron-free olivine (e.g., Demouchy
and Mackwell, 2003; Lemaire et al., 2004; Grant et al., 2006; Bali et al., 2008). The run products
reported here are far from such high hydrogen concentration. Further, it is known that in mixed
fluids, composed of CO, and H,O (Holloway and Blank, 1994), the fugacity of H,O is reduced
with the addition of CO,, and vice-versa. Here, our simplest interpretation is that despite the high
H,O bulk content (>10 wt.%; Table 1) in the starting kimberlitic liquid, the presence of CO; has
lowered the H,O fugacity to such an extent that it has prohibited hydration of the forsterite single
crystal or overgrowth (Figures. 4 and 5). The effect of CO, on lowering H,O fugacity in
kimberlitic liquids was previously anticipated by Sokol et al. (2013b) based on high-pressure,
high-temperature crystallization experiments of olivine phenocrysts from a powder with a
composition of an exotic erupted kimberlite (from Udachnaya, Siberia; Kamenetsky et al., 2008).
Also, a recent experimental study from Yang et al., (2014) has assessed the effect of CO, on
lowering H,O fugacity in a melt-free system (i.e., hydrothermal annealing of natural olivine +

free H O + NaHCO; or Ag,C,04). However, in this study, hydration was not completely
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inhibited and hydrogen incorporation was only reduced by a factor 2 under a pressure of 1.5-5
GPa. Thus, our results corroborate the results from Yang et al., (2014) and confirm the role of
CO; in prohibiting significant hydration of the forsterite and olivine crystals.

The important forsterite overgrowth is a notable result from our experiments and was
previously reported in hydration experiments (e.g., Kohlstedt et al., 1996; Bali et al., 2008). One
may question the link between crystal overgrowth and the lack of hydration in our experiments.
From over 20 measurements per crystallographic axis on the SEM images, we determine that the
overgrowth length is in average after Sh at 1250°C: 72 um parallel to [100] and 102 pm parallel
to [001]; and after 23h at 1200°C: 179 pm parallel to [100] and 153 um parallel to [001]). Two
mechanisms of hydrogen diffusion can be considered based on two types of point defects in
forsterite: hydrogen diffusion is rate limited by Mg-vacancy diffusivity or Si-vacancy diffusivity.
Also, using the diffusion coefficients determined experimentally, one can calculate the
characteristic distance (x) of hydrogen diffusion in forsterite (i.e., x = 2 x (Df)"’* where D is the
diffusion coefficient in m*/s and ¢ time in s'). Assuming a Mg-vacancy (Demouchy and Mackwell
2003, Padron-Navarta, et al., 2014), it yields after Sh at 1250°C a length of 263 pum parallel to
[100] and 823 um parallel to [001]; after 23h at 1200°C a length of 419 um parallel to [100] and
1337 pum parallel to [001]. Therefore, if this mechanism of diffusion is assumed, the
characteristic distance of hydrogen diffusion exceeds by far the overgrowth length and should
have permitted the full hydration of the forsterite overgrowth and significant hydration of the
forsterite single crystal. Assuming a Si vacancy-controlled diffusion of hydrogen (Padron-
Navarta, et al., 2014) which is a slower mechanism of diffusion, it yields after Sh at 1250°C a
length of 149 um and after 23h at 1200°C a length of 174 um. In this case, the characteristic
distance is closed to the length of the overgrowth, therefore, even if the initial forsterite single
crystal was not hydrated, the overgrowth should have incorporated significant H (>20 ppm H,O
wt). All available diffusion kinetics data and solubility experiments converge toward efficient
hydrogen incorporation in a CO,-free system. Except the drastic reduction of water fugacity
favored in this study, the only remaining possibility to explain the lack of hydration would be an
extremely slow diffusivity of hydrogen in the order of 1 to 5 x 10™"° m?s™ and accordingly, an
unrealistic low vacancy concentration at such high temperature of annealing.

Furthermore, as regards to the lack of significant data on olivine grain growth, our

crystallization experiments allow to estimate the rate of grain growth of forsterite crystals. In
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silicate systems with crystals and liquid at chemical equilibrium (with very small AT), Ostwald
ripening (Ostwald, 1901) allows growth of large grains at the expense of the small ones and
layer growth mechanism should control grain growth instead of continuous growth (Cabane et
al., 2005). Following the relation linking grain size and time (e.g., Ardell, 1972; Kirkpatrick,
1975; Cabane et al., 2005) as:

d'-d,"=kt,

where d and d, are the final and initial grain size, n the grain growth exponent, £ is the
growth rate and ¢ is time. For diffusion-control or spiral layer-growth control (i.e., screw
dislocation based), it implies an exponent n equal to 3 (e.g., Cabane et al., 2005). For our
experiment, at 1250 °C (VB12), it results in a growth rate of k = 2.34 x 10 + 0.90 x10® um*/h for
the [100] axis and 2.28 x 10® £ 1.14 x10° pm’/h for [001] axis. At 1200 °C (VB6), it yields a
growth rate k& of 1.34 x 10® + 0.41 x 10® um’/h for [100] axis and of 0.69 x 10* + 0.29 x 10°
um3/h for [001] axis. Several studies on grain growth experiments in nano-scale monocrystalline
aggregates (melt-free) reported generally slower forsterite (Fojo9) growth rates than in this study
(with n equals to 4 for their case). Ohuchi and Nakamura (2007a, 2007b) obtained fast growth
rates on dry and wet forsterite aggregates (2.29 x 10* and 6.31 x 10’ um®/h, respectively) at
similar pressure and temperature (1.2 GPa, 1200°C). At lower pressure and higher temperature
(1-atm, 1380°C), Hiraga et al. (2010) measured slower growth rates (36 pm*h) from grain
growth experiments on dry nano forsterite monominerallic aggregates (50 nm to 6 um). Finally,
grain growth experiments on dry nano forsterite plus 5%-enstatite aggregates conducted by
Tasaka and Hiraga. (2013) at similar pressure and temperatures (1-atm, 1260-1380°C) resulted in
growth rates (1.3-34.4 um?/s) of the same order of magnitude than Hiraga et al., (2010). In the
olivine-basalt systems, based on the extrapolation from Cabane et al. (2005) and their
experimental data, forsterite grain should grow of 5.79 and 9.45 pum after 5h and 23h,
respectively. In our forsterite-kimberlite system, the forsterite single crystal growth more than ten
times faster than the estimates from Cabane et al. (2005) for the same amount of time,
emphasizing the potential role of volatiles (here CO, and H,O) on the depolymerization of the

melt and its effect on grain growth kinetics.

Implications
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At the point defect scale, despite the simplified system under consideration, the results of
this study emphasizes the complex interplay of volatiles (here CO, and H,O) and their
incorporation such as hydrogen in the crystalline lattice of nominally anhydrous minerals. The
results point to the necessity to adjust with care the amount of the respective volatiles when
quantification for ‘water capacity’ or ‘CO; capacity’ for the Deep Earth is attempted, since
significant hydration (> 100 ppm H>O wt) at pressure relevant of the lithospheric mantle (1-3
GPa) seems to take place in a CO,-poor system only.

At larger scale, the main consequences from this experimental study is that the high OH
concentrations measured in mantle-derived olivine from peridotites in cratonic settings must be
representative of the mantle hydrogen concentration at depth (i.e., garnet stability field). They
also seem to be unaffected by their transport in kimberlitic liquids from important depths.
Therefore, the high OH concentrations measured in Kaapvaal craton xenoliths by Baptiste et al.
(2012) were certainly acquired during their mantle history, and were likely to be controlled by

metasomatism (Baptiste et al., 2012).
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Chapitre 4: Contraintes pétrophysiques sur
les propriétés sismiques du manteau

lithosphérique sous le craton du Kaapvaal

La structure du craton du Kaapvaal a ¢été étudiée par de multiples études sismiques au
cours des derniéres décennies afin de tenter de comprendre l’origine de sa longévité.
Toutefois, interpréter ces données en terme de composition ou de température reste ambigué.
La plupart d’entre elles révelent la présence d’une racine aux vitesses sismiques élevées
atteignant au moins 200 km (Chevrot and Zhao, 2007; Fishwick, 2010; James et al., 2001; Li
and Burke, 2006; Priestley, 1999; Priestley et al., 2006). Ces vitesses rapides ont tour a tour
¢t¢ attribuées a des changements de température (Priestley and Tilmann, 2009) ou de
composition (Begg et al., 2009). Certains modeles tomographiques des ondes de volume
montrent de plus faibles vitesses sismiques sous le complexe du Bushveld, ayant été
attribuées a des compositions plus fertiles (Fouch et al., 2004; James et al., 2001) ou a un
géotherme plus chaud (Fouch et al., 2004). Enfin, la conversion a 150 km mesurée par les
fonctions récepteurs pourrait étre liée a un changement de composition ou par un contraste
d’anisotropie au sein du manteau cratonique (Savage and Silver, 2008; Wittlinger and Farra,
2007). Les études d’anisotropie sismiques révelent des directions de polarisation des ondes
SKS NNE-SSO sur I’ensemble du craton (Silver et al., 2001; Vinnik et al., 1995), interprétées
tour a tour comme le produit d’OPRs fossilisées dans la lithosphére (Silver et al., 2001) ou de
la réponse de I’asthénosphére au mouvement de la plaque africaine (Vinnik et al., 1995).
L’interprétation de ces données n’étant pas unique, elles pourraient donc bénéficier de
I’apport d’observations directes de la déformation du manteau lithosphérique et de
I’anisotropie qui en résulte.

Le travail présenté dans ce chapitre repose sur le calcul des propriétés sismiques de 47
xénolites mantelliques du craton Kaapvaal a partir de leur OPRs et de leurs données de
compositions (Baptiste et al., 2012). Il a pour but d’apporter des contraintes sur les vitesses

sismiques et les anisotropies possibles au niveau du Kaapvaal, ainsi que de connaitre leur
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dépendance a la composition et aux OPRs.

Cette étude révele que des changements de I’OPR de I’olivine n’entrainent que des
variations mineures des motifs d’anisotropie sismique. L’anisotropie azimutale maximale des
ondes P varie entre 2.5 et 10.2%, tandis que I’anisotropie de polarisation maximale des ondes
S est comprise entre 2.7 et 8%. Par le calcul des propriétés sismiques moyennes pour des
sections de 20 km, nous avons prédis 1’anisotropie que devrait mesurer les ondes SKS,
Rayleigh et Love pour 5 orientations de foliation et linéation différentes. Les faibles
déphasages et les directions de polarisation cohérente sur I’ensemble du craton mesurés par
les ondes SKS et la faible anisotropie azimutale avec Sy>Sy mesurée par les ondes de surface
sont le mieux expliquées par une foliation et linéation inclinées de 45°. Les compositions tres
hétérogenes des péridotites du Kaapvaal entrainent une variation de densité allant jusqu’a 3%,
et une variation allant jusqu’a 2.3% de V,, V; et du rapport V,/V. Un appauvrissement en Fe
lié a la fusion partielle génére une augmentation de V, et Vi, mais une diminution du rapport
V,/V; et de la densité. L’enrichissement en orthopyroxéne li¢ au métasomatisme entraine une
diminution de la densité et de V,, et réduit fortement le rapport V,/Vs. Un enrichissement en
grenat, aussi attribu¢ au métasomatisme, accroit la densité, et plus faiblement V,, et le rapport
V,/V;. Enfin, la comparaison entre les profiles de vitesse obtenus pour nos échantillons et les
modeles de vitesse 1D fournis par les études sismiques du Kaapvaal montre que : (1) les
mylonites cratoniques ne représentent que des modifications locales de la racine causées et
sur-échantillonnées par les kimberlites (2) les modeles sismiques sous-estiment tres
certainement 1’hétérogénéité compositionnelle de la racine cratonique du Kaapvaal, qui se

produit a une échelle bien inférieure a celle qui peut étre décrite par les études sismiques.
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Abstract. We calculated the seismic properties of 47 man-
tle xenoliths from 9 kimberlitic pipes in the Kaapvaal cra-
ton based on their modal composition, the crystal-preferred
orientations (CPO) of olivine, ortho- and clinopyroxene, and
garnet, the Fe content of olivine, and the pressures and tem-
peratures at which the rocks were equilibrated. These data
allow constraining the variation of seismic anisotropy and
velocities within the cratonic mantle. The fastest P and
S» wave propagation directions and the polarization of fast
split shear waves (S) are always subparallel to olivine [100]
axes of maximum concentration, which marks the lineation
(fossil flow direction). Seismic anisotropy is higher for high
olivine contents and stronger CPO. Maximum P wave az-
imuthal anisotropy (AV,) ranges between 2.5 and 10.2 %
and the maximum S wave polarization anisotropy (AVy), be-
tween 2.7 and 8 %. Changes in olivine CPO symmetry re-
sult in minor variations in the seismic anisotropy patterns,
mainly in the apparent isotropy directions for shear wave
splitting. Seismic properties averaged over 20 km-thick depth
sections are, therefore, very homogeneous. Based on these
data, we predict the anisotropy that would be measured by
SKS, Rayleigh (Sy) and Love (Sy) waves for five endmem-
ber orientations of the foliation and lineation. Comparison
to seismic anisotropy data from the Kaapvaal shows that the
coherent fast directions, but low delay times imaged by SKS
studies, and the low azimuthal anisotropy with with the hor-
izontally polarized S waves (Sy) faster than the vertically
polarized S wave (Sy) measured using surface waves are
best explained by homogeneously dipping (45°) foliations
and lineations in the cratonic mantle lithosphere. Laterally
or vertically varying foliation and lineation orientations with
a dominantly NW-SE trend might also explain the low mea-
sured anisotropies, but this model should also result in back-

azimuthal variability of the SKS splitting data, not reported
in the seismological data. The strong compositional hetero-
geneity of the Kaapvaal peridotite xenoliths results in up
to 3 % variation in density and in up to 2.3 % variation of
Vp, Vs, and V), / V; ratio. Fe depletion by melt extraction in-
creases V), and Vy, but decreases the V), / V; ratio and density.
Orthopyroxene enrichment due to metasomatism decreases
the density and V/,, strongly reducing the V,,/ V; ratio. Gar-
net enrichment, which was also attributed to metasomatism,
increases the density, and in a lesser extent V), and the V), / V
ratio. Comparison of density and seismic velocity profiles
calculated using the xenoliths’ compositions and equilibra-
tion conditions to seismological data in the Kaapvaal high-
lights that (i) the thickness of the craton is underestimated
in some seismic studies and reaches at least 180 km, (ii) the
deep sheared peridotites represent very local modifications
caused and oversampled by kimberlites, and (iii) seismologi-
cal models probably underestimate the compositional hetero-
geneity in the Kaapvaal mantle root, which occurs at a scale
much smaller than the one that may be sampled seismologi-
cally.

1 Introduction

A wealth of seismological studies have investigated the struc-
ture of the Kaapvaal craton aiming at unraveling the ther-
mal structure, the composition, and the deformation fabric of
the cratonic root and at understanding the causes of its sta-
bility since Archean times, as inferred from Re—Os model
ages obtained in kimberlite-born mantle xenoliths (Pearson
et al., 1995). Tomographic models and receiver function data
agree on the presence of a high velocity upper mantle lid
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2 V. Baptiste and A. Tommasi: Seismic properties of the Kaapvaal craton mantle root

on top of a low velocity layer (Jordan, 1978; Priestley, 1999;
James et al., 2001; Li and Burke, 2006; Priestley et al., 2006).
Most body and surface wave tomography models indicate
that this lid is 200-250 km thick beneath the Kaapvaal cra-
ton (James et al., 2001; Chevrot and Zhao, 2007; Fishwick,
2010). A thinner high-velocity layer, extending to depths of
150 or 180 km, was, however, imaged by other models (Se-
bai et al., 2006; Wang et al., 2008). Receiver function stud-
ies mapped sharp decreases in seismic velocities at 150 and
200 km depths (Wittlinger and Farra, 2007; Savage and Sil-
ver, 2008; Hansen et al., 2009; Adams and Nyblade, 2011).

Discriminating between these models, which point to dif-
ferent cratonic root thicknesses, and interpreting these geo-
physical data in terms of composition and temperature re-
quires independent observations. The high seismic velocities
beneath the Kaapvaal craton have indeed been alternatively
attributed to thermal effects (Priestley and Tilmann, 2009) or
to changes in composition (Begg et al., 2009). Similarly, the
conversion at 150 km imaged by S wave receiver functions
was interpreted as produced by compositional layering, by
anisotropy contrasts within the cratonic mantle (Wittlinger
and Farra, 2007; Savage and Silver, 2008) or the lithosphere—
asthenosphere boundary beneath the craton (Hansen et al.,
2009). Small-scale variations in seismic properties within the
cratonic root also may not be imaged or interpreted unam-
biguously. Beneath the Bushveld complex, some, but not all
body wave tomography models imaged velocities lower than
the average ones in the craton, which have been attributed
to either more fertile compositions associated with the 2 Ga-
old Bushveld magmatism (James et al., 2001; Fouch et al.,
2004a) or to a hotter present-day geotherm (Fouch et al.,
2004a).

The deformation of the Kaapvaal craton has also been ex-
tensively investigated by seismic anisotropy studies (Silver
et al., 2001; Fouch et al., 2004a; Fouch et al., 2004b; Silver
et al., 2004; Adam and Lebedev, 2012; Vinnik et al., 1995,
2012). Silver et al. (2001) measured fast polarization direc-
tions that consistently followed the trend of geological struc-
tures and small SKS delay times (0.62s on average), with
almost null delays in the central Kaapvaal craton. They at-
tributed this anisotropy to fossil deformation in the mantle
lithosphere. Vinnik et al. (1995) attributed the same NNE—
SSW fast polarization directions to asthenospheric deforma-
tion in response to African plate motion. Significant varia-
tions of SKS delay times were measured near Kimberley,
which was interpreted as the boundary between a strongly
and a weakly anisotropic domain (Fouch et al., 2004b).
More recently, a Rayleigh wave azimuthal anisotropy model
(Adam and Lebedeyv, 2012) proposed that the mantle fabric at
lithospheric depths parallels the Archean—Paleoproterozoic
crustal structures in the Limpopo belt and in the northern
Kaapvaal, but is perpendicular to the crustal structures in the
western part of the craton. Vinnik et al. (2012), using P re-
ceiver functions and SKS waveform inversion, also observed
belt-parallel, fast directions in the uppermost mantle near the
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Limpopo belt. They also detected a change with depth in
the orientation of the fast direction; the latter aligns progres-
sively with current plate motion at depths > 160 km. In sum-
mary, seismic anisotropy data derived from body and surface
waves are mostly, but not always, consistent. Their interpre-
tation is also not unique and may benefit from direct obser-
vations of the lithospheric mantle deformation and resulting
anisotropy.

The Kaapvaal craton was affected by numerous kimberlite
eruptions, mostly between the late Jurassic and the Creta-
ceous, but also during the Meso-Proterozoic and Paleozoic
(Kramers and Smith, 1983; Allsopp et al., 1985; Phillips
et al., 1998). These magmas carried xenoliths that provide
direct sampling of the lithospheric mantle beneath the cra-
ton. The seismic properties of these peridotite xenoliths can
be calculated from their crystal-preferred orientation (CPO)
and composition data (Mainprice and Silver, 1993; Main-
price and Humbert, 1994). Such data constrain the possi-
ble seismic velocities and anisotropies within the Kaapvaal
mantle root, as well as their dependence on the peridotites
composition and crystal-preferred orientations. In the present
study, we calculated the anisotropic seismic properties of 47
peridotite xenoliths from 9 kimberlite pipes, which sample
different domains, depths, and ages of the Kaapvaal mantle
root (Fig. 1). The present study represents a significant en-
richment of the database of seismic properties of the Kaap-
vaal mantle root, as previous studies focused on either the
composition- and depth-dependence of the isotropic seis-
mic velocities (James et al., 2004) or the crystal-preferred
orientation-induced anisotropy (Ben Ismail et al., 2001).

2 The studied data set

The 47 peridotite xenoliths used in this study come from
9 kimberlitic pipes (Kimberley, Jagersfontein, Monastery,
Lentseng, De Beers, Finsch, Kamfersdam, Premier, and
Mothae) from the Kaapvaal craton, with eruption ages of
1200 Ma (Premier) and 120—87 Ma (all other pipes, see Bap-
tiste et al., 2012, for details). These peridotites are mainly
composed of olivine, orthopyroxene, clinopyroxene +garnet.
When spinel is present, it is a minor phase. Thermobarometry
data indicates that the studied peridotites were equilibrated
at depths ranging between 83 and 187 km on a cold cratonic
geotherm (Baptiste et al., 2012). The full description of the
microstructures, crystal-preferred orientations (CPOs), and
data on the water contents in olivine and pyroxenes in these
xenoliths is presented in Baptiste et al. (2012), but their main
characteristics are recalled below. The modal content, tex-
ture, olivine CPO type and intensity, and equilibration P—T
conditions of all studied samples are summarized in Table 1.

The studied mantle xenoliths can be separated into two
textural groups: the coarse-grained, which are composed by
plurimillimetric to centimetric olivine and pyroxene crys-
tals, and the sheared peridotites, which are characterized by
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Fig. 1. Sketch displaying the location of the sampled kimberlitic pipes as well as the samples’ depths and microstructures (after Baptiste
et al., 2012) relatively to the S wave tomography model of Fouch et al. (2004a) at 150 km. Fi: Finsch, K: Kimberley, Km: Kamfersdam, J:
Jagersfontein, DB: De Beers, M: Monastery, Mo: Mothae, L: Lentseng, P: Premier.

a matrix of fine-grained olivine (a few to 100 um) and, oc-
casionally, orthopyroxene that encloses millimeter-size gar-
net, pyroxene, and, sometimes, olivine porphyroclasts. The
coarse-grained peridotites are the dominant textural group
(72 % of the studied samples), being observed at all depths
and in all pipes (Fig. 1). They display most often strongly an-
nealed textures, but coarse-porphyroclastic microstructures
are also common. The sheared peridotites are only ob-
served in the deeper part of the sampled columns (equili-
bration pressures >4.5 GPa). Their textures range from my-
lonitic to fluidal or mosaic-like, probably due to variable
post-deformational annealing. Based on their occurrence,
microstructures and thermal evolution, Baptiste et al. (2012)
interpreted the coarse-grained microstructures as the typical
cratonic root microstructure, resulting from an early defor-
mation episode followed by a long quiescence time, and the
sheared peridotites as recording local modifications of the
cratonic microstructure just before the xenolith extraction.
Their formation is probably associated with the kimberlitic
activity as proposed by Green and Guegen (1974).
Coarse-grained peridotites have in average more refrac-
tory compositions than the sheared peridotites (Table 1).
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They are mainly harzburgites, with high orthopyroxene con-
tents (>20 %). Sheared peridotites are mainly lherzolites,
with highly variable garnet contents (0—18 %). In the stud-
ied samples, water contents in olivine and pyroxenes are very
variable; maximum water contents in olivine increase up to
150 km depth, reaching up to 150 wt. ppm H,O (values ob-
tained using the Bell et al. (2003) calibration; Baptiste et
al., 2012). In contrast, olivines from samples equilibrated at
depths > 150 km are almost dry.

3 Methods

Seismic properties of Kaapvaal xenoliths were calculated
based on the olivine, orthopyroxene, clinopyroxene, and gar-
net CPOs, and on the modal compositions (Mainprice, 1990).
The CPOs were measured by electron-backscattered diffrac-
tion (EBSD), producing crystal orientation maps, which cov-
ered the entire thin section (see Baptiste et al., 2012 for de-
tails on the EBSD data acquisition and treatment). Because
olivine is the dominant phase in peridotites, largely deter-
mining their seismic properties, and because olivine compo-
sitions vary strongly among the studied samples (Table 1),
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Table 1. Olivine Mg#, modal contents, equilibration conditions, calculated seismic properties and densities of the studied Kaapvaal peri-

dotites.
Locality Sample  OlMg# Modal compositions (%)  Temperature  Pressure  Depth Density VI(,I) Max AV, VS(Z) Max AV pol  Max AVs;  Max AVs;
(%) Ol Opx Cpx Gt (°C) (GPa)  (km) (gem™3) (kms™ 1) (%) (kms™1) (%) (%) (%)
KIMBERLEY KBBF6a 9.8 74 13 4 9 926 3.8 121 3.3690 827 9.7 4.67 8.0 4.8 6.0
KBBF6b 910 82 8 4 6 908 37 118 3.3683 826 92 4.66 70 35 59
KBBF8 943 81 19 0 0 1029 - 138 3.3500 8.19 10.0 4.64 74 6.1 26
KBBF9 89.8 67 16 9 8 1102 47 149 33623 828 54 4.65 42 28 2.1
KBBF10 924 72 27 1 0 948 - 125 3.3398 8.19 79 4.65 6.0 35 49
KBBF11 936 88 11 1 0 1159 59 187 3.3618 8.17 4.7 455 33 4.6 29
KBBF14 930 83 16 1 0 996 - 133 33518 820 54 4.64 54 3.6 28
KBBF15 926 65 31 0 4 1067 43 137 3.3442 821 52 4.65 4.7 12 4.5
KBBF16 933 71 26 0 3 - 40 127 3.3476 821 40 4.66 4.1 22 30
KBBF18 922 75 17 6 0 850 - 110 3.3451 822 72 4.67 63 4.6 37
KBBF20 - 65 35 0 0 800 - 102 *3.3320 *8.17 *7.8 *4.67 *6.4 *32 *5.7
FRB1402 932 83 9 0 8 1023 4.6 146 3.3770 825 42 4.64 34 32 0.5
FRB1404 935 59 36 1 4 987 44 140 3.3380 821 32 4.67 32 2.6 24
FRB1422 935 65 31 0 4 994 44 140 3.3442 821 5.1 4.66 4.1 37 20
FRB1423 91.8 68 18 4 10 851 3.8 121 3.3658 8.28 72 4.69 55 28 37
FRB1447 934 73 23 1 3 968 42 133 3.3501 822 34 4.66 32 1.1 2.6
FRB348 923 58 28 7 7 938 37 118 3.3478 827 56 4.70 43 24 29
JAGERSFONTEIN KBJ6 90.7 84 9 3 4 1163 49 152 33673 822 6.0 4.61 48 37 1.8
KBJ8 909 87 13 0 0 1219 - 168 3.3689 821 10.2 4.60 6.8 23 6.4
KBJ14 913 70 5 12 13 1140 4.7 149 3.3822 8.36 5.7 4.69 4.1 20 33
KBJ30 894 63 11 11 15 1282 58 184 33813 835 45 4.66 39 25 1.6
KBJ33 893 68 8 6 18 1217 48 152 3.3925 8.35 7.6 4.68 53 19 4.5
KBJ52 927 75 25 0 0 900 - 118 3.3425 8.18 73 4.64 57 4.1 35
KBJ54 923 75 23 2 0 907 38 121 3.3431 8.19 82 4.65 75 59 44
KBI56 925 65 28 0 7 895 35 111 33524 824 63 4.69 54 5.1 23
KBJ60 915 86 13 1 0 1190 52 165 33574 8.17 75 4.58 63 43 29
KBJ62 926 64 36 0 0 759 3.1 98 3.3311 8.18 73 4.68 74 44 5.6
KBJ63 913 82 10 3 5 1250 49 156 3.3689 823 75 4.61 77 39 44
134 920 59 29 5 7 656 24 76 3.3457 8.26 9.8 475 6.8 1.8 6.1
J41 924 6l 39 0 0 668 37 118 33283 8.17 4.0 4.66 49 4.5 20
J47 90.7 85 6 8 1 1227 4.7 149 3.3615 822 7.1 4.61 57 4.6 1.6
157 924 79 18 3 0 765 3.1 98 3.3457 821 8.6 4.67 6.0 34 4.7
163 87.7 18 10 10 2 1176 52 165 3.3581 823 45 4.59 33 22 1.6
MONASTERY ROM23 922 66 28 4 1 910 33 105 3.3373 8.21 50 4.69 49 3.1 3.0
ROM69 922 76 20 3 1 784 2.6 83 3.3438 822 25 4.70 3.1 23 25
LENTSENG PHN4274 93.1 62 33 2 3 1015 43 137 3.3387 821 35 4.66 35 30 25
MOTHAE PHN1925 899 63 22 11 4 1306 4.6 137 3.3462 826 34 4.67 27 0.8 25
KAMFERSDAM PHNS5580 926 73 27 0 0 - - - 32814 *#*8.34 *#5.5 *%4.89 **5.2 4.0 *#3.6
DE BEERS KBB2 933 66 33 0 1 917 40 127 33363 8.19 6.8 4.67 57 2.6 4.5
PREMIER FRB1330 913 80 17 3 0 744 - 93 3.3455 821 9.4 4.68 6.7 23 6.1
FRB1336 889 170 30 0 0 - - — 33052 **8.28 7.1 **4 85 *#6.2 ##4.9 **22
FRB1339 91.7 71 18 8 3 - - - **33118 **8.33 5.1 *%4.86 **4.8 **3.8 **1.9
PHN5266 927 70 26 4 0 - - - 33109 #*8.29 ##8.5 *#4 86 6.7 ##5.0 #*3.9
PHN5267 913 70 19 6 5 1464 6.5 171 3.3667 829 69 4.66 48 25 44
FINSCH FRB1501 930 70 22 0 8 1030 4.6 149 3.3620 824 55 4.65 4.6 33 2.1
FRBI1512 920 68 22 0 10 1058 4.7 149 3.3657 826 50 4.66 4.1 33 1.9
FRB1513 926 70 27 1 2 1037 52 165 3.3443 8.19 49 4.62 56 4.8 23

Ol Mg#, modal content and P, T data from Baptiste et al. (2012).
() Mean P wave velocity.
@ Mean S wave velocity.

AV ): V), azimuthal anisotropy; AV: Vs azimuthal anisotropy; AV Sy : fast Vg azimuthal anisotropy; AVS,: slow Vs azimuthal anisotropy; maximum values.
* Seismic properties and density were calculated by only taking into account the sample equilibrium pressure and temperature, since olivine Mg# was unknown.
** Seismic properties and density were calculated by only taking into account the mean olivine Mg# of the sample, since the equilibrium conditions were unknown.

olivine elastic tensors were recalculated to account for the
actual olivine mean forsterite content or Mg# (Mg + Fe / Mg)
in each sample. The elastic constants variation as a func-
tion of the olivine Mg# was calculated by linear interpolation
between the single-crystal elastic constant tensors measured
in laboratory for fayalite, forsterite, and olivine with Mg#
of 90, 91, and 93 (Kumazawa and Anderson, 1969; Suzuki
et al., 1983; Webb et al., 1989; Isaak et al., 1993; Abram-
son et al., 1997). For orthopyroxene, clinopyroxene, and gar-
net, the single crystal elastic tensors of Chai et al. (1997a),
Collins and Brown (1998), and Chai et al. (1997b) at ambi-
ent pressure (P) and temperature (7') were used. Due to lack
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of experimental data, compositional changes could not con-
sidered for these phases. The density, the elastic constants
and resulting seismic properties of each sample were calcu-
lated both at ambient pressure and temperature conditions
and at its equilibration pressure and temperature. In both
cases, the actual olivine Mg# is considered. To account for
the effect of pressure and temperature on the seismic proper-
ties, the elastic tensors and density of olivine, pyroxenes, and
garnet were recalculated for depths between 40 and 200 km
(a point at every 10km depth) using the AnisPT8 software
by D. Mainprice, based on published pressure and tempera-
ture derivatives of the elastic constants for all major mineral
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phases (Abramson et al., 1997; Chai et al., 1997a, b; Collins
and Brown, 1998) and the Kaapvaal geotherm of Baptiste et
al. (2012). A Voigt—-Reuss—Hill averaging was applied in all
calculations. Equivalent “isotropic” seismic velocities were
also estimated for each sample by averaging P and S wave
velocities over all directions. Calculated seismic properties
and elastic constants of all samples are summarized in Ta-
bles 1 and 2, respectively. The equilibration temperature
and pressure of the samples were estimated using traditional
geothermometers and geobarometers for mantle rocks, which
have an uncertainty of up to +60° C and +0.2 GPa, respec-
tively (see Baptiste et al. 2012 for more details). This un-
certainty in the determination of the equilibration tempera-
ture and pressure results in an uncertainty in V), and V; of
+0.04 and 0.03kms ™!, respectively. In the present study, the
seismic properties as a function of depth were not calculated
using the elastic tensors of the different minerals calculated
at the exact equilibration depth of the samples, but at every
10km interval along the Kaapvaal geotherm of Baptiste et
al. (2012). This simplification corresponds to a maximum
pressure variation of 0.15 GPa, which is lower than the geo-
barometer uncertainty. It does not, by consequence, increase
the uncertainty of the estimated seismic velocities. A proba-
ble additional source of uncertainty in the seismic velocities
estimations at depth is the one related with the uncertainties
in temperature and pressure derivatives of the elastic con-
stants. However, the existing experimental data does not al-
low constraining this uncertainty. The three-dimensional dis-
tribution of seismic velocities and birefringence of S waves
relative to the samples’ structural reference frame are dis-
played on lower hemisphere stereograms.

The mean seismic properties of six 20 km-thick sections
between 70 and 190 km depth were calculated by averaging
the olivine composition and modal contents and adding up
the crystal-preferred orientations of all samples equilibrated
within the corresponding depth interval. This approach re-
sults in an upper bound for the estimated anisotropy, since
the CPO summation is performed considering that the struc-
tural reference frames of all samples are parallel, that is, that
the orientation of the foliation and lineation is the same for
all samples within each depth interval.

To analyze the relations between the olivine CPO symme-
try and intensity and the seismic anisotropy, the olivine CPO
symmetry was characterized using the dimensionless BA in-
dex defined as

1 PO1 1
BAindex = — (2 — 010 — G100 , (D
2 G010+ P010 G100 + P100

where P and G are indexes used to characterize the shape of
the distribution (P for Point and G for Girdle) of the olivine
principal axes ([100], [010] and [001]); these indexes were
calculated from the eigenvalues of the normalized orientation
matrix as P = A1 — A3 and G = 2(A2 — A3), calculated using
the MTEX texture analysis toolbox (Hielscher and Schaeben,
2008; Mainprice et al., 2011). This index allows the classifi-
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cation of the olivine CPO into 3 types: axial [010] (BA <0.4),
orthorhombic (0.4 <BA <0.6), and axial [100] (BA>0.6).
The olivine CPO intensity is characterized by the dimen-
sionless J index, which is the volume-averaged integral of
the squared orientation densities defined as
J =f(g)’dg, 2
where f(g) is the orientation distribution function (ODF)
and dg = dgdedg, singr? - @1, ¢, and @, are the Euler an-
gles that define the rotations allowing for coincidence be-
tween the crystallographic and external reference frames. In
natural peridotites, olivine CPO J indexes vary between 2
and 20, with a peak at 810 (Ben Ismail and Mainprice,
1998; Tommasi et al., 2000). J indexes were calculated based
on the mean orientation of each grain, using the SuperJctf
program by D. Mainprice (ftp://www.gm.univ-montp?2 .fr/
mainprice//CareWare_Unicef_Programs/) with a 10° Gaus-
sian half-width, 1° cells, and truncation of the ODF at 22°.

4 Results
4.1 Seismic anisotropy

Seismic anisotropy patterns for samples representative of the
different microstructures and olivine CPO symmetry patterns
observed among Kaapvaal xenoliths (Table 1 and Baptiste
et al., 2012) are illustrated in Fig. 2. At first order, seis-
mic anisotropy patterns for all samples have similar charac-
teristics, independently of the peridotite microstructure and
olivine CPO symmetry. The fastest and slowest P wave and
slow S wave (S2) propagation directions are aligned with the
olivine [100] and [010] axes maxima, respectively. The ori-
entation of the [100] maximum also controls the direction
of polarization of the fast S wave (S7). Moreover, when the
lineation (crystals elongation marking the structural X di-
rection) and foliation (crystals flattening marking the plane
normal to the Z structural direction) could be identified, the
[100] maximum corresponds to the lineation, which marks
the fossil flow direction. The fast split shear wave (S7) is thus
polarized in the plane containing the wave propagation direc-
tion and the fossil flow direction in the mantle lithosphere.
The highest V), / Vg, ratio is also parallel to this direction and
the lowest V), /V §; ratio is observed for waves propagating
normal to it.

Changes in olivine CPO symmetry result in second order
variations in the seismic anisotropy pattern. Peridotites dis-
playing an axial [100] CPO tend to show slow P wave ve-
locities for all directions normal to the lineation, instead of
a clear V,, minimum at high angle to the foliation. § wave
polarization anisotropy patterns are also sensitive to the CPO
symmetry. Samples with an axial [100] olivine CPO display
high V; anisotropy (AVy) for directions of propagation in the
foliation plane, but at high angle to the lineation (Y structural
direction) and a minimum anisotropy for propagation along
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Fig. 2. Calculated seismic properties of the Kaapvaal coarse-grained and sheared peridotites showing different olivine CPO patterns. From
left to right, are displayed the 3-D distributions of P wave velocities (Vp), S wave polarization anisotropy (Vy), the orientation of fast shear
wave polarization plane, S wave velocities (Vg, ), S» wave velocities (Vs,), V,/ Vs, , and V), / Vg, . Black squares and white spots indicate

maximum and minimum values, respectively.

the lineation (X direction) and more rarely at 45° to the lin-
eation in the X Z plane. The slowest S| wave propagation is
always located at high angle to the foliation (parallel to the
Z structural direction), while the fastest propagation is in the
foliation plane, at 45° to the lineation. S» wave velocity is
maximum close to the lineation or in the X Z plane, at ~ 10°
to the lineation. The V) / Vg, ratio is highest parallel to the
lineation (X structural direction) and lowest at high angle to
the foliation (Z structural direction).

In contrast, peridotites with an axial [010] CPO show high
S wave polarization anisotropy for propagations along the
foliation plane and low anisotropy for S waves traveling at
high angle to the foliation. The strongest S wave birefrin-
gence is usually observed for waves propagating at low an-
gle to the lineation, but it may also be oblique to it. S1 wave
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velocity is higher in the foliation plane. The fastest S; waves
may be aligned with either the X or the Y structural direc-
tions or even at 45° to these directions. This variability in
the orientation of the maximum S wave birefringence and
of the fastest S; waves depends on the actual symmetry of
the olivine CPO; samples with lower BA indexes have both
maxima at low angle to the X structural direction. S, wave
velocity is minimum along the XZ plane. The V) / Vg, ra-
tio tends to show high values in the foliation plane and low
values at high angle to it (Z structural direction).

Peridotites with an orthorhombic CPO show patterns in-
termediate between the two described previously. The maxi-
mum S wave polarization anisotropy is at low angle to the
Y structural direction, similarly to that observed for sam-
ples with an axial [100] CPO, but, the minimum S wave
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anisotropy is in the X Z plane, at 45° to both the lineation
(X structural direction) and to the foliation (Z structural di-
rection). The S| wave velocity is most often the highest along
the foliation plane, parallel to both X and Y structural direc-
tions, or at 45° to these axes. The slowest S; wave propaga-
tion is at high angle to the foliation (Z structural direction).
The S, wave velocity is maximum parallel to the lineation
or at 45° to the lineation in the X Z plane, as in the exam-
ple displayed in Fig. 2. It is minimum along the Y Z plane.
The maximum V), / Vg, ratio is observed along the foliation
plane and the minimum V,/ Vg, ratio is located close to the
Z structural direction.

Peridotites with bimodal olivine CPO have also intermedi-
ate patterns, with maximum § wave polarization anisotropy
for propagation directions close to the Y structural direc-
tion. The minimum § wave polarization anisotropy is ob-
served for propagation directions at 45° to the lineation in
the XZ plane. In a few cases, however, the S wave polar-
ization anisotropy is minimum at high angle to the foliation.
S1 wave velocity is the highest in the foliation plane, close to
both X and Y structural directions and it is the lowest at high
angle to the foliation (Z structural direction). The S, wave
velocity is the highest along the Y Z plane. The V), / Vg, ratio
is maximum along the foliation and minimum at high angle
to the foliation (Z structural direction).

Despite the weak variation in the patterns, xenoliths
from the Kaapvaal craton show a wide range of seismic
anisotropy intensities (Fig. 3, Table 1). Maximum anisotropy
values range between 2.5 and 10.2 % for P wave azimuthal
anisotropy (AV,), between 2.7 and 8% for § wave po-
larization anisotropy (AVy), between 0.8 and 6.1 % for
S1 wave propagation anisotropy (AV.S;), and between 0.5
and 6.4 % for S, wave propagation anisotropy (AVs2). All
anisotropies show a positive covariance with the olivine CPO
strength (Fig. 3a, b); samples with stronger olivine CPOs
are more anisotropic. Yet, this variation is not linear, as ob-
served in previous studies (Ben Ismail and Mainprice, 1998):
anisotropy increases fast with increasing CPO strength up for
low J indexes (<4), but slow afterwards, tending to stabi-
lize for J indexes > 8. Coarse-grained peridotites show more
variable olivine CPO intensities (J indexes range between
2-11). However, their maximum seismic anisotropies are in
the same range as those displayed by the sheared peridotites
(Fig. 3a, b). These variations suggest that the modal compo-
sition has also an important effect on the seismic anisotropy
of these samples.

The presence of pyroxenes and garnet is known to dilute
the bulk anisotropy of the rock (Mainprice and Silver, 1993;
Mainprice et al., 2000). Samples with high modal olivine,
and therefore lower pyroxene and/or garnet contents, tend
to have higher maximum AV, AVS; and AVg;. However,
the dependence is weaker than the one on the olivine CPO
strength (compare Fig. 3c and a). The dependence on the
olivine content is even less marked for the S wave polariza-
tion anisotropy (Fig. 3d).
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There is no simple relation between the olivine CPO sym-
metry, characterized by the BA index, and the maximum P,
S, S1,and S> wave anisotropies (Fig. 3e, f). Samples with an
olivine axial [100] CPO tend to show higher maximum P and
S> propagation anisotropies than those with an orthorhom-
bic CPO, which are themselves more anisotropic than those
with an axial [010] CPO. The relation is less clear, however,
for S wave polarization and S; propagation anisotropies.
Moreover, this relation probably reflects more a variation in
the olivine CPO intensity then a strong dependence on the
olivine CPO symmetry. In the studied data set, samples with
axial [100] tend to have stronger olivine CPO, but this be-
havior is not a general one in naturally deformed peridotites,
which may also display very strong axial [010] olivine CPO
patterns (e.g., Tommasi et al., 2008).

4.2 Effect of compositional variations on the density
and isotropic seismic velocities

Kaapvaal mantle xenoliths record a long and complex his-
tory. Early partial melting and extraction of high melt frac-
tions are evidenced by the refractory compositions (olivine
Mg#>92), which are common among the coarse-grained
peridotites (Table 1). However, the large variability in modal
and chemical compositions of these xenoliths implies that the
craton mantle root has been subsequently modified by multi-
ple metasomatic events. The high orthopyroxene content ob-
served in many coarse-grained peridotites has been attributed
to percolation of Si-rich fluids and/or melts (e.g., Bell et al.,
2005; Wasch et al., 2009; Baptiste et al., 2012). In many
xenoliths, secondary crystallization of phlogopite, clinopy-
roxene and garnet point to reactions with percolating K-rich
melts at high pressure (e.g., Grégoire et al., 2003; Griffin
et al., 2003; Bell et al., 2005; Baptiste et al., 2012). These
metasomatic events may have also allowed for rehydration
of the Kaapvaal mantle root above 150 km depth (Baptiste et
al., 2012). Finally, local high-stress deformation, which was
probably shortly predated by a late metasomatic event by K-
rich fluids and/or melts (Wasch et al., 2009), produced the
sheared peridotites (Baptiste et al., 2012).

This compositional variability resulted in significant vari-
ations in both density and seismic velocities as illustrated in
Fig. 4, where densities and isotropic P and S wave veloci-
ties at ambient conditions are displayed as a function of the
olivine Mg#, the orthopyroxene, and the garnet content of
each sample. The density of Kaapvaal samples varies by up
to 3 % (Fig. 4a e, ). It decreases with increasing olivine Mg#
and orthopyroxene content, but strongly increases with in-
creasing garnet content. The linear correlation with the gar-
net content is particularly striking. This later effect is domi-
nant in the sheared peridotites, where the garnet content may
attain up to 18 %.

P wave velocities vary by up to 2.2 % with the peridotites
composition (Fig. 4b, f, j). There is a weak positive covari-
ance between P wave velocities and garnet content. P wave
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Table 2. Elastic constants in megabars (Mbar) calculated using Voigt—Reuss—Hill averaging and the elastic constants of enstatite (Chai et al., 1997a), diopside (Collins and Brown,
1998), garnet (Chai et al., 1997b), and olivine elastic tensors recalculated to account for the actual olivine Mg# in each sample, based on the single-crystal elastic constant tensors for

fayalite, forsterite, and olivine with Mg# of 90, 91 and 93 (Kumazawa and Anderson, 1969; Suzuki et al., 1983; Webb et al., 1989; Isaak et al., 1993; Abramson et al., 1997).

Locality Sample ci1 2 C33 ca4 css C66 c12 c13 cl4 cis 16 23 C24 c25 26 C34 c35 C36 c4s c46 C56
KIMBERLEY KBBF6a  2.1600 26174 22429 07689 06740 07329 08049  0.8439 0.0014 0.0056 00159 08139 00077 0.0012 00161 00223 00120 0.0085 00093 —0.0051 0.0025
KBBF6b 21614 25764 22501 07556  0.6664 07421 08135 08370  —00054  —0.0156 00171 08165  —00169  —0.0058 00196  —00034  —0.0020 0.0029 00014 00034  —0.0060
KBBFS 20052 23564 24182 07834 06926 06801 07947  0.7908 0.0040 00156  —00021 08264  —00262  —00027  —00015  —0.0221 00196 —0.0003 0.0005 00002 —0.0073
KBBFY  2.1736 24113 23372 07573 07079 07222 08452  0.8475 0.0018 0.0148 00131 0.8649 00037 —0.0011 00113 00142 00134 0.0016 0.0017 0.0014 0.0106
KBBFI0 21134 24711 22052 07482 06726 07237 07736 07940  —00017  —0.0021 00095  0.7817 00137 —0.0029 0.0098 00062 —0.0029  —0.0009 00085 —0.0045 0.0041
KBBFIl ~ 2.1584 23682 22252 07137 06704 07026 08370  0.8492 0.0017 0.0022 00063 08611 00108 —0.0002 0.0021 00081 —0.0014 0.0031 00015 —0.0023 0.0055
KBBF14 21386 23764 26650 07599 06847 07116 08074  0.8050 0.0022 0.0039 00031 08123 0.0071 0.0015 0.0078 0.0184 00086  —0.0011 0.0014 0.0048 0.0007
KBBFI5  2.1818 23652 22124 07426 06903 07403 08056 08075  —0.0132 00132 00107 0.8058 00366 —0.0003 00216 0.0384 00086  —0.0018 0.0082 0.0064 00123
KBBFI6 22368 23379 21751 07433 07055 07431 08045 08074 00069  —00122  —00190  0.8099 0.0041 00064  —0.0181 00121 —00032  —00052  —00141  —0.0067 0.0088
KBBFIS  2.1300 24690 22471 07535 06870 07203 07915  0.7984 0.0016 00000  —0.0016  0.7852 00088 —0.0005 00082 —0.0106 00001 —0.0001 00035 00058  —00033
KBBF20  *2.1224 #2345  *2.1857  *0.7783  *0.705  *0.7222  *0.7523  *0.7805  *-0.0149  ¥-0.0033 00159 *0.8011 #0.0786 00118 *-0.0034 #0.0558 00001 *-00015  *-00004  *—0.0047 #0.0383
FRBI402 22061 23580 23435 07481 07164 07143 08438 08511 00006 —0.0300 00054 08454  —00018  —0.0036 00101 —00035  —0.0343 0.0014 00004 —0.0119 0.0008
FRBI404 21869 ~ 23028 22378 07427 07145 07375 08114 07987  —0.0035 00001  —00175 07990  —00050  —0.0008  —0.0227 00118 —0.0066 00046  —00170  —0.0052 00011
FRBI422 23020  2.1990 22797 07157 07279 07266 08119  0.7965 0.0052 0.0247 00476 07985 00138 0.0052 00436 —0.0100 00027 —0.0066 00125 00113 0.0080
FRBI423 21669 24982 23049 07677 06995 07445 08137 08346  —00053  —0.0015 00073 08259  —00154 0.0053 00070 00169  —0.0026 0.0002 00074  —00062  —0.0077
FRBI447 22415 23276 22290 07341 07024 07401 08055 08075 0.0019 0.0189 00064 0.8056 00197 0.0034 0.0024 00206 00117 —0.0047 0.0013 0.0030 0.0096
FRB348 23286 23646 21892 07347 07297 07578 08134 08002  —0.0027 0.0033 00421 08119 00291 —0.0083 0.0346 00268 —0.0062 0.0003 0.1120 0.0065 00195
JAGERSFONTEIN KBJ6 22117 23819 23190 07547 06901 07053 08441 08364  —00029  —0.0033 00068 08614  —00092  —0.0002 00057  —00190  —0.0063 00057 —0.0046 00026 —0.0081
0 KBIS  2.1437 25764  2.1707 07389 06493 07355 08320  0.8593 00008 —00163 00267 0.8386 00163 —00106 0.0458 00111 —00170  —0.0025 00134 0.0023 0.0063
® KBJ14 22506 24998 23425 07652 07101 07546 08722 08754  —00026 00147 00115 0.8805 00071 —0.0025 0.0252 00048  —00145  —00014 00097 —0.0041 0.0023
KBJ30 22488 24582 23794 07645 07093 07313 08902 08869  —00035  —0.0073 00065 0.8980 00015 —0.0043 00035 —00037  —0.0091 0.0021 00019 00036  —0.0019
KBJ33 22248 25585 23411 07687 06996 07582 08629 08864  —00043  —00155 00232 08917 00233 —00077 0.0316 00130 —00179  —0.0010 00107 —0.0034 0.0097
KBI5S2 22035 24416 21234 07254 06871 07387 07953 07927 00010  —0.0212 00079 0.7794 00118 —00097  —00143 00006  —00161 0.0058 00000  —0.0208 00015
KBJ54 22153 22867 24037 07625 07020 06838 07860  0.7916 00009  —00192  —00310  0.7927 00102 —00075  —0.0489 00442 00174  —00112 00221  —0.0137 0.0137
KBIS6 21418 23781 23544 07536 07152 07349 07922 08008 00049  —00040  —00275 07929  —0.0061 00041 —0.0509 00057 —0.0090 00138 —0.0006 00017 —0.0021
KBJ6O 20658 23988 22048 07523  0.6646 06907 08171 08336 0.0013 0.0039 00088 08512 00038 —0.0005 00078 00018  —00015  —00005  —00036  —0.0016 0.0030
KBI62 21179 24316 21733 07726 06807 07351 07584 07640  —0.0004 0.0002 00022 07763  —00364  —00035  —00210  —00027  —00119 00242 00064  —0.0182 0.0064
KBI63 21334 24778 22230 07773 0.6667 07192 08461  0.8455 00009  —00028  —00023  0.8786 00027 —00027  —00058  —0.0035 00008 —0.0006  —0.0039 00019 ~0.0003
J34 21540 25660  2.1857 07884 06897 07790 07848 07536  —0.0031 00206 00073  0.7843 0.0087 00102 00165  —0.0015 0.0214 00155 —0.0027 0.0061 0.0042
J41 2366 22972 22589 07585 07003 07067 07728 07694  —0.0009 0.0057 00082 0.7780 00153 —0.0045 00012 —00179  —00023  —00053  —00083  —00013 0.0013
J47 20888 24032 23554 07546 06832 06981 08293  0.8381 00013 0.0078 0009 08698  —0.0066 0.0050 0.0071 00151 0.0097 0.0070 0.0045 0.0044 0.0033
JS7 22094 24552 2555 07644 06801 07316 07790 07931  —0.0047 00242 00098  0.7893 0.0281 00081 —0.0044 00180 0.0210 0.0053 0.0027 00096 —0.0009
363 2.0674 23572 22985 07324 06919 07018 08557  0.8508 0.0028 0.0077 00073 08719 00123 0.0001 00047 —0.0180 00069 —0.0007 0.0001 00048 —0.0088
MONASTERY ROM23 21676 23192 22399 07534 07260 07418 07872 0.7800 00017 —0.0391 00188 07975  —00075  —0.0016 00030 —00303  —00236  —0.0004 00099  —00185  —0.0103
ROM69Y 22753 22929 22192 07600 07223 07367 07644 07835  —0.0031  —0.0066 00048 07937 00035 —0.0124 00077  —00113 00215 0.0036 00067 —0.0027 0.0010
LENTSENG PHN4274  2.1888 23263 22424 07428 07190 07144 07991  0.8029 00159 —0.0095 00013 08002  —0.0199 00046 00078  —00126  —00I1l1l  —00047  —0.0093 0.0020 0.0018
MOTHAE PHN1925 22229 23552 22732 07414 07096 07357 08226  0.8247 00003 —0.0066  —0.0004  0.8326 00183 0.0002 -0.0083 00241 —0.0057 00025 —00035  —0.0045 0.0109
KAMFERSDAM  PHNSS80  *12.1736  *%2.373 22914 *%0.8095 *¥0.7614 *%0.7901 **0.7172 *#0.7128 **—00114 *-00046 **-00152 **0.7163  *¥-0032 **—00143 * 00482 **—00107  *¥0.0071  **0.0256  *¥0.0069 **—0.0025 **—0.0085
DE BEERS KBB2  2.1587 24200  2.1824 07440 06834 07392 07736 0795  —0.0042 00159  —0.0089 07725 00078 00013 —0.0088  —0.0025 0.0332 00139 0.0029 00004  —00014
PREMIER FRBI330 21317 25519 21425 07644 06702 07469 07729  0.7992 0.0000 00118 00079 07807  —00113 00042 00089  —0.0004 00096 —00014  —0.0038 00043 —0.0007
FRBI336 *%22550 *%2.1943 %%23222 508001 *10.7928 #*0.7580 **0.7155 507224  *%0.0034  *10.5060 *—-0.0450 407226  *¥%0.0491 *¥-00018 *¥-0.0439  *¥05300  *¥0.0431 **-00083 *F-00238  *H00174  *%0.0145
FRBI339 *922486 %2352 *%23271 *+07881 *10.7751 *¥07731 #%0.7287 *%0.7385 #¥—00001 *¥-00510  ¥%0.0225 *¥07201 #¥-00199  *¥00122  *0.0136  #¥0.0031 *¥-00546  *¥00074  *¥00074  *¥-0021 *¥—00110
PHNS266 *12.2466 #22858 *+22703 *%0.7922 *%0.7830 *%0.7936 **0.7158 *0.7234  *¥00008  *¥0.0552 **-00103 *¥0.7152 *-00564  *¥00136 **-00104 *¥-00565 00743 *¥-00190 *¥-0.0308  *0.0413 **-0.0435
PHNS267 22229 24937 22670 22732 06895 07366 08408 08572  —00078  —00324  —00068  0.8623 00021 —00138  —00110 00076 00234  —00131  —001l11  —00134  —0.0067
FINSCH FRBISOI ~ 2.1482 24002 23306 07620 06975 07185 08152 08274 0.0056 0.0036 00002 0.8403 0.0012 00025 00028  —0.0076 00036  —00067  —00033  —00004  —0.0007
FRBISI2 21689 23907 23505 07573 07040 07194 08214 08350  —00033  —0.0124 00012 08417  —00001  —0.0122 0.0050 00042 —00250  —00024  —00016  —00056  —00014
FRBISI3 21300 23269 23105 07450 06878 06906 08008 08197  —0.0035 0.0182 00107 08198 00117 0.0038 00029  —00214 0.0035 0.0083 0.0037 00005  —0.0044
* Seismic properties were calculated by only taking into account the sample equilibrium pressure and temperature, since olivine Mg# was unknown.
*#* Seismic properties were calculated by only taking into account the mean olivine Mg# of the sample, since the equilibrium conditions were unknown.
>}
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Fig. 3. Dependence of the maximum P, S; and S wave anisotropies (AV, AVS| and AVy,), and of the maximum § wave polarization
anisotropy (AV;) on the olivine CPO strength (characterized by the J index), the olivine content and the BA index.

velocities in coarse-grained peridotites also tend to increase
with increasing olivine Mg# (Fig. 4b) and decreasing or-
thopyroxene content (Fig. 4f), but the competing effects of
olivine Mg# and orthopyroxene content results in disper-
sion of P wave velocities of the coarse-grained peridotites in
all diagrams. In contrast, P wave velocities in sheared peri-
dotites increase strongly with olivine Mg#, probably because
the latter have lower orthopyroxene contents.

The isotropic S wave velocities of the Kaapvaal mantle
xenoliths show a clear linear correlation with olivine Mg#
(Fig. 4c), varying by up to 2.4 %. This variation is consistent
with previous data showing that an increase in the olivine

www.solid-earth.net/5/1/2014/

89

Mg# in a dunite results in a linear increase in Vi (Tommasi
et al., 2004). No clear co-variation is observed between the
orthopyroxene and garnet contents and V in neither coarse-
grained nor sheared peridotites, although S wave velocities
are on average higher in the coarse-grained peridotites, which
have higher orthopyroxene contents (Fig. 4g and k).

The V), / V; ratio is also sensitive to compositional changes
(Fig. 4d, h, 1), varying by up to 2.3 %. It decreases with
increasing olivine Mg# and orthopyroxene content and in-
creases with garnet content. The V,,/V; ratio is very sensi-
tive to the orthopyroxene content, as indicated by the strong
linear correlation between the two parameters (Fig. 4h).
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Fig. 4. Evolution of the samples’ densities, P wave velocities (V), S wave velocities (V),and V), / V; ratios with olivine Mg#, orthopyroxene

(opx) content, and garnet contents.

Sheared peridotites have a higher and less variable V) / V;
ratio than coarse-grained peridotites, probably due to their
lower modal orthopyroxene.

4.3 Evolution of seismic properties and density with
depth

The variations of the isotropic P and S wave velocities
(Vp, Vy), V,/ Vs ratio, and density with depth in the present
Kaapvaal xenolith suite and in the one studied by James et
al. (2004) are plotted in Fig. 5. The isotropic P wave ve-
locities calculated for the equilibration pressure and temper-
ature and for the composition of our samples do not show
a monotonic increase with depth. They are highly heteroge-
neous, being comprised between 8.17 and 8.36kms™! over
the entire depth section. This result contrasts with the one
from James et al. (2004), who observed a regular increase
in V,, up to 180km depth, though with some dispersion in
the depth interval of 120—150 km, and a marked decrease be-
low this depth. One may argue that the present data set does
not sample well the deepest part of the root (below 180 km),
but at shallower depths the peridotites analyzed in this study
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tend to display, on average, higher and more variable P wave
velocities than those reported by James et al. (2004). In con-
trast, the isotropic S wave velocities decrease and the V), / V
ratio increases almost linearly with depth, in excellent agree-
ment with the results of James et al. (2004) for depths above
180 km. The dispersion of calculated densities and P wave
velocities at a given depth tends to be higher than for Vj
or the V,,/V; ratio, indicating a stronger dependence on the
composition.

Compositions, olivine CPOs, and anisotropic seismic
properties of average samples (obtained by summing the
CPO and averaging the compositions of all samples in a
20 km-thick depth interval) for six depths between 70 and
190 km depth are presented in Fig. 6. With increasing depth,
olivine and garnet contents increase, while the orthopyrox-
ene content decreases. The variability of olivine Mg# in-
creases as well, with a higher proportion of normal to Fe-
rich olivines (Mg#<90) in the deeper part of the cratonic
root, and the olivine CPO patterns change from axial [100] to
more orthorhombic. These variations do not result, however,
in marked changes in seismic anisotropy with depth.

www.solid-earth.net/5/1/2014/
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Fig. 5. Variation with depth of the isotropic seismic velocities and
density of the studied peridotite xenoliths: (a) Vj, (b) Vs, (¢) V) / Vs
ratio, and (d) density. For comparison, the density and seismic
properties of a peridotite with a standard composition (between 40
and 70km: 65 % olivine with Mg#90, 23 % orthopyroxene, 12 %
clinopyroxene; between 70 and 200 km: 65 % olivine with Mg#90,
20 % orthopyroxene, 10 % clinopyroxene, 5 % garnet) for both a
“cratonic geotherm” as estimated by Baptiste et al. (2012) and a
“normal geotherm” producing a 100 km-thick lithosphere are shown
as black and gray dashed lines, respectively. The IASP91 reference
model and different seismic models for southern Africa (BPI1A:
Simon et al., 2002; DataX: Larson et al., 2006; HO6: Hansen et al.,
2009; L&BO06: Li and Burke, 2006; QPM: Qiu et al., 1996; SATZ:
Zhao et al., 1999) are also shown (colored lines). Uncertainties in
the seismic velocity estimates due to the uncertainty in the determi-
nation of the equilibration pressure and temperature of the xenoliths
are shown in (a) and (b).
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The maximum P wave anisotropy varies between 4.5 and
7.9 %. The fastest P wave propagation direction is always
aligned with the olivine [100] axes maximum, that is, with
the lineation. Between 70 and 110 km, P wave propagation
is slow in all directions at high angle to the olivine [100]
axes maximum. At greater depths, P wave propagation is the
slowest parallel to the olivine [010] axes maximum.

The maximum S wave birefringence varies between 3.8
and 5.8 %. The fast split shear wave (S7) is always polar-
ized in a plane containing the propagation direction and the
olivine [100] axes maximum. The maximum S wave polar-
ization anisotropy is observed for waves propagating along
the structural direction Y at all depths. The apparent isotropy
direction, however, changes slightly with depth. It is always
contained in the XZ plane (that is the plane that contains
the lineation and the normal to the foliation), but it is very
close to the lineation above 100 km depth, where axial [100]
olivine CPO patterns dominate, and at 45° to the lineation in
the deeper layers, where the olivine CPO has a dominantly
pattern.

The propagation of S| waves is always fastest along the
foliation plane and slowest at a high angle to it, close to the
Z structural axis. However, the fastest propagation direction
varies with depth. Between 70 and 90 km, it is parallel to
the lineation and Y structural axis, while between 90 and
130 km, it is located at 45° to the lineation. At greater depths,
S1 wave propagation is fast in all directions within the foli-
ation plane. In contrast, the S, wave propagation anisotropy
does not change with depth. The fastest propagation direction
of §> waves is always located on the X Z plane, at about 30°
to the lineation, while the slowest velocities are found along
the Y Z plane. Finally, the V), / Vg, ratio is always maximum
parallel to the alignment of olivine [100] axes and minimum
along the Y Z plane.

5 Discussion

5.1 Compositional effects on isotropic seismic
properties

In the studied data set, P and S wave velocities, the V),/ Vs
ratio, and density vary with sample composition (Fig. 4) by
2.2,24,23, and 3 %, respectively. Melt depletion tends to
decrease the density and the V,/ Vs ratio, but to increase
V), and V. Metasomatism may result in refertilization, that
is, enrichment in pyroxenes and/or garnet, depending on the
melt composition and depth. Enrichment in orthopyroxene
decreases the whole rock density and P wave velocities, but
increases S wave velocities and, hence, strongly reduces the
V) / Vs ratio. Garnet enrichment tends to strongly increase
density and slightly P wave velocities and the V), / V; ratio.
However, it has little effect on S wave velocities.

The V), /V; ratio is more sensitive to orthopyroxene con-
tent than to the olivine Mg# or garnet content. High Vj
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Fig. 6. Mean compositions, CPOs and seismic properties of five 20-km sections between 70 and 190 km depth calculated by averaging the
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(~47kms™ 1) and low Vp/ Vs ratios (1.65-1.70) observed
locally above the flat slab in central Chile—Argentina were
indeed interpreted by Wagner et al. (2008) as due to or-
thopyroxene enrichment. Yet, although extremely high or-
thopyroxene contents (>30 %) are observed in the Kaapvaal
mantle xenoliths, such an orthopyroxene enrichment can at
most produce V), / Vy ratios of 1.7. These results are consis-
tent with V), / V; ratios in mantle xenoliths from subduction
environments, in which reactive percolation of Si-rich flu-
ids produced enrichment of orthopyroxene at the expenses
of olivine in the supra-slab mantle (Soustelle and Tommasi,
2010). This led Soustelle and Tommasi (2010) to propose
that the very low V),/ Vs ratios (1.65-1.70) observed locally
in the mantle wedge do not result from Si enrichment in the
mantle, but from the intrinsic anisotropy of the peridotites,
representing regions in the mantle dominantly sampled by
seismic waves propagating at a high angle to lineation. Anal-
ysis of the anisotropy of the V), /Vj; ratio in the Kaapvaal
peridotites (Figs. 2, 6) corroborates this conclusion.

Among the studied Kaapvaal peridotites, compositional
changes result in density variations by up to 3 %, while V,,
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Vs and the V), / V; ratio vary at most by 2.4 % (Fig. 4). These
variation ranges are slightly higher than the ~2 % density
and the 1.0-1.4 % V; changes that Griffin et al. (2009) es-
timated to result from an increase of fertility in the man-
tle lithosphere by comparing data from domains where the
crust has been stable since >2.5 Ga (Archons) and domains
formed or modified at < 1 Ga (Tectons). They are, however, in
agreement with the 2-3 % seismic velocity change due com-
positional variations estimated by Schutt and Lesher (2010)
for the Kaapvaal mantle.

The P wave velocities calculated for the equilibration
pressure and temperature of Kaapvaal xenoliths vary strongly
at all depths (Fig. 5a). Between 90 and 150km, the total
variation of P wave velocity is of ~ 1.2 %, but reaches up
to 2.3 % when the sheared peridotites, which were equili-
brated at greater depths, are considered. Such lateral hetero-
geneity in P wave velocity may be explained by the com-
positional heterogeneity of the cratonic root, as discussed
above. This interpretation is corroborated by the strong vari-
ability of density at all depths (Fig. 5d). A lower propor-
tion of deep sheared peridotites and a stronger compositional

www.solid-earth.net/5/1/2014/
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heterogeneity within the presently studied xenolith suite may
thus explain the discrepancy between our P wave data and
that of James et al. (2004) (Fig. 5a). The 3 % decrease in
S wave velocity, 3 % increase in the V), / V; ratio, and 2 % in-
crease in density with depth observed in the present study
(Fig. 5b, ¢, d), are in good agreement with the results of
James et al. (2004). These variations are the result of the con-
jugate effects of changes in pressure, temperature, and com-
position within the cratonic mantle, and corroborate a higher
sensitivity of S wave velocity to temperature.

To discriminate between thermal and compositional ef-
fects on P and S wave velocity profiles, we calculated the
seismic properties and density of a sample with a stan-
dard composition (between 40 and 70 km: 65 % olivine with
Mg#90, 23 % orthopyroxene, 12 % clinopyroxene; between
70 and 200 km: 65 % olivine with Mg#90, 20 % orthopy-
roxene, 10 % clinopyroxene, 5 % garnet), for both the cra-
tonic geotherm estimated by Baptiste et al. (2012) and a
“normal” 100 km-thick lithosphere (Fig. 5). The cooler cra-
tonic geotherm results in an increase in V), and V; by up to
2.8 and 3.1 %, respectively, relative to the seismic veloci-
ties in a “normal” 100 km-thick lithosphere. This variation
is smaller than the one resulting from compositional hetero-
geneity among the Kaapvaal xenoliths (Fig. 5). In a 100 km-
thick lithosphere, the faster increase in temperature relative
to pressure results in decrease of both P and S wave ve-
locities with depth; this trend is changed at sublithospheric
depths, where the pressure effect becomes dominant, leading
to an increase in seismic velocities. Within the cratonic man-
tle lithosphere, the slower temperature increase with depth
is largely compensated by the increase in pressure, leading
to almost constant P wave velocities and a slower decrease
of S wave velocity with depth. The introduction of garnet at
70km depth results in a sharp increase in both P wave and
S wave velocities for both geotherms. The stronger increase
in P wave velocities indicates a stronger effect of this change
in mineralogical composition (crystallization of garnet at the
expenses of the pyroxenes and spinel) on the P wave ve-
locities relative to S waves. This effect is not sampled in
the present data set due to the small fraction of spinel peri-
dotites analyzed and to the refractory composition of most
shallow peridotites, which did not allow crystallization of
garnet (Fig. 1, Table 1).

The marked variations in density and S wave velocity
among the deepest xenoliths (Fig. 5), which are mainly
sheared peridotites, further highlight the strong composi-
tional control on the isotropic seismic velocities. They may
be attributed to the strong variability in the garnet content
and in the olivine Mg# that characterize the sheared peri-
dotites (Fig. 4), and that has been attributed to heterogeneous
refertilization shortly preceding mylonitization and extrac-
tion by the kimberlite (Smith and Boyd, 1987; Baptiste et
al., 2012). At shallower depths, the variations in density can
be attributed to the variability in orthopyroxene content and
olivine Mg#.
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5.2 Comparison with seismological velocity profiles and
tomographic models for the Kaapvaal mantle

Comparison of the velocity profiles in Fig. 5 with one-
dimensional P wave velocity (V) profiles for the Kaapvaal
highlights that most P wave models show an increase of
velocity with depth between 50 and 200 km depth, consis-
tent with James et al. (2004) data (Fig. 5Sa). P wave veloc-
ities for our individual samples do not show a clear trend,
due to the strong variability at all depths. However, except
for the shallowest layer, which displays an average V), sig-
nificantly higher than those estimated in most tomographic
models, but that is only based on two samples, the average
V), tends to increase slightly with depth. Between 90 and
180 km, the range of variation of V), in the studied xenoliths
is consistent with most P wave tomography models, except
for the SATZ model of Zhao et al. (1999), which overesti-
mates V), and the global model IASP91, which as expected
strongly underestimates V), in a cratonic root such as the
Kaapvaal. The DataX model by Larson et al. (2006) is the
model that fits the best our data, while the QPM model by
Qiu et al. (1996) is the most coherent with the xenolith data
of James et al. (2004). The decrease of V), associated with
the predominance of deep sheared peridotites between 180
and 200 km in the James et al. (2004) data is not fitted by any
P wave tomographic model. This observation reinforces the
idea that these sheared peridotites correspond to local mod-
ifications of the mantle lithosphere caused and oversampled
by kimberlites.

The discrepancy between 1-D seismic profiles and xeno-
liths’ velocities is still more marked for S waves (Fig. 5b).
Most models do not fit neither our, nor the xenolith-based
isotropic S wave velocity profiles of James et al. (2004), but
there is a fit with the DataX model of Larson et al. (2006)
and, in to lesser extent, with the model L&BO06 of Li and
Burke (2006). The QPM model of Qiu et al. (1996) and
the model of Hansen et al. (2009) (H09) display a marked
decrease of V; at 110-120km that is not observed in the
xenolith data. The latter implies that the cratonic root is
at least 180 km thick. The gradual increase in the isotropic
S wave velocities calculated based on Kaapvaal xenolith data
(Fig. 5b) is also at odds with the seismic discontinuity im-
aged by S wave receiver functions at ~150 km depth (Wit-
tlinger and Farra, 2007; Savage and Silver, 2008; Hansen et
al.,2009). This suggests that this discontinuity has not a com-
positional origin.

P and S wave tomography studies reported lateral veloc-
ity perturbations of 0.5 % (James et al., 2001; Fouch et al.,
2004a), while surface wave studies imaged velocity perturba-
tions as high as 57 % within the Kaapvaal cratonic root (Rit-
sema and van Heijst, 2000; Priestley et al., 2006; Chevrot and
Zhao, 2007; Fishwick, 2010). Priestley and Tilmann (2009)
attributed the velocity variations within the Kaapvaal litho-
spheric mantle to thermal effects. On the contrary, Begg
et al. (2009) highlighted that xenolith thermometry implies
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a very narrow geotherm range and suggested that lateral
S wave velocity variations within the cratonic root are mainly
due to compositional changes. A characteristic example of
this intracratonic seismic velocity heterogeneity are the lower
velocities (~ 0.5 % for V), and ~ 0.8 % for Vi) imaged below
the Bushveld complex by body wave tomographies (James
et al., 2001; Fouch et al., 2004a) (Fig. 1), but not by sur-
face wave tomographies (e.g., Priestley and Tilmann, 2009),
probably due to their poorer lateral resolution. The degree of
variation of isotropic P and S wave velocities observed in
the present study is higher, in particular for P waves, than
any intracratonic velocity perturbation imaged by body wave
tomographies. The latter may therefore be explained by com-
positional variations within the cratonic mantle lithosphere,
such as, enrichment in Fe due to reactive melt percolation
beneath the Bushveld.

The present data cannot, however, explain the much higher
velocity anomalies inferred from surface wave data (7-8 %).
Moreover, the variations in the xenolith P wave velocity at
all depths are stronger than the S wave ones, what renders
the explanation of the strong velocity gradients inferred from
surface waves still more difficult. Partial melting within the
lithosphere is a highly improbable cause for these veloc-
ity perturbations because of the cold geotherm beneath the
Kaapvaal craton. The possible role of water content changes
on seismic wave velocity is more difficult to access. Jacob-
sen et al. (2008) demonstrated that the combined effects
of 3mol % Fe and 0.8 wt. % H»O reduce the olivine shear
and bulk moduli. However, the effects of low water con-
tents, similar to those measured in the Kaapvaal peridotites
(< 150 wt.ppm H,O, Baptiste et al., 2012; Peslier et al.,
2010) on olivine elastic properties are poorly constrained.

At a given depth, the calculated variation in seismic veloc-
ity is almost as strong within xenoliths derived from a single
pipe or from closely spaced localities as within the entire data
set. Indeed, V,, and V; varies by up to 1.1 % among xeno-
liths from Kimberley equilibrated between a 110 and 130 km
depth (Fig. 5). V), and V; variations by up to 2.1 % are ob-
served among Jagersfontein xenoliths equilibrated between a
150 and 170 km depth. V), and V; variations among xenoliths
from closely spaced pipes (Jagersfontein, Kimberley and De-
Beers, which are all within 100 km, Fig. 1) may reach 1.2
and 1.3 % between a 110 and 130 km depth. Such small-scale
variations cannot be imaged by seismic tomography, which
probably underestimates the heterogeneity of the subcratonic
lithospheric mantle.

5.3 Seismic anisotropy

The changes in olivine CPO symmetry of the Kaapvaal peri-
dotite xenoliths result in slight variations of the seismic
anisotropy patterns (Fig. 2). Analysis of the individual sam-
ple’s seismic anisotropy shows strong variations at all depths
(Table 1), but average values for different depth ranges are
rather homogeneous (Fig. 6). Maximum P and S wave av-
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erage anisotropies (Fig. 6) are coherent with the values for
the Kaapvaal mantle xenoliths reported by Long and Chris-
tensen (2000), but higher than those calculated by Ben Ismail
et al. (2001). They are also coherent with the anisotropies
calculated from Siberian xenoliths reported by Bascou et
al. (2011).

The polarization and propagation anisotropies calculated
for the Kaapvaal xenoliths may be compared to seismic
anisotropy data obtained using both body and surface waves,
which sample the Kaapvaal mantle root in different direc-
tions and with variable vertical and lateral resolutions. SKS
splitting measurements sample the mantle along a vertical
direction, and have no vertical but good lateral resolution
(~50km at lithospheric depths), whereas surface waves sam-
ple the mantle along horizontal directions. Moreover, the
analysis of surface wave data with different periods allows
discriminating between the lithospheric and sublithospheric
contributions to seismic anisotropy.

The fast SKS polarization, which samples vertically the
Kaapvaal’s lithospheric and sublithospheric mantle, and the
fast Rayleigh propagation at 70—120 s periods, which sample
the Kaapvaal lower lithosphere, are characterized by a NNE-
SSW orientation within the western and central part of the
craton, and an E-W orientation in its northern part (Silver
et al., 2001; Adam and Lebedev, 2012). This suggests that
the deep mantle lithosphere beneath the Kaapvaal displays
olivine CPO with consistent orientations at the length scales
of tens to hundreds of kilometers.

We can therefore use the availability of both SKS split-
ting and surface wave anisotropy data in the Kaapvaal cra-
ton to try to determine the orientation of the foliation and of
the lineation in the lithospheric mantle beneath the Kaapvaal
craton. The idea is that both SKS and surface waves sample
the same mantle lithosphere, which has a unique 3-D seismic
anisotropy pattern, but SKS only probes the S wave polariza-
tion anisotropy in the vertical direction, while Rayleigh and
Love waves travel along horizontal paths, allowing therefore
to probe the S wave polarization and azimuthal anisotropies
in the horizontal plane. To do so, we have estimated the
anisotropy that would be measured by SKS, Rayleigh (Sv)
and Love (Sy) waves for five endmember orientations of the
foliation and lineation (Fig. 7). A delicate point in this anal-
ysis is to determine whether the horizontally Sy or the ver-
tically polarized S wave Sy is the fast propagating S; wave,
but this distinction can be made by analyzing the S wave po-
larization anisotropy in the horizontal plane for each case.
S1 is always polarized in a plane containing the lineation.
Hence, when the lineation is vertical, S| corresponds to Sy
(case 3). When it is horizontal, S| corresponds to Sy (cases
1,2 and 5). For a 45° dipping lineation (case 4), the fastest
wave is polarized in the horizontal or in the vertical plane de-
pending on the propagation azimuth, but the birefringence is
always higher when the fastest wave is polarized in the hor-
izontal plane, implying that when significant anisotropy can
be measured S is equal to Sy.
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Fig. 7. Calculated surface wave polarization anisotropy (¢ = (Sy/ SV)2), maximum azimuthal anisotropy of horizontally propagating Sy
and Sy, and the maximum SKS anisotropy for the depth-averaged samples in five different “endmember” orientations of the foliation and
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If the foliation is horizontal (case 1), SKS waves and
Sy waves will measure similar polarization and azimuthal
anisotropies comprised between 1.5 and 4.5 % in the man-
tle lithosphere, while Sy waves will detect almost no az-
imuthal anisotropy (< 1 %) at all depths. Because Sy is faster
than Sy, the surface wave polarization anisotropy (epsilon)
is higher than 1 at all depths. If the foliation is vertical and
the lineation horizontal (case 2), SKS waves sample a highly
anisotropic direction (3.5 to 5.5 %) at all depths. The Sy wave
propagation (2—4 %) anisotropy is, at all depths, twice as
strong as that of the Sy waves (1-2 %). As in case 1, the
surface wave polarization anisotropy is higher than 1 at all
depths. If the foliation and the lineation are vertical (case
3), the surface wave polarization anisotropy is smaller than
1, indicating that Sy is always faster than Sy. SKS and Sy
waves will measure low anisotropies, comprised between 1.0
and 2.5 %. The anisotropy measured by Sy waves should be
even lower (<0.5 %). A 45° dipping foliation and lineation
(case 4) should produce SKS anisotropies higher than 2 %
and Sy wave azimuthal anisotropy lower than 1 % between
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80 and 120 km. At greater depths, SKS wave anisotropy will
be lower than 1 %, while Sy wave azimuthal anisotropy will
vary between 1 and 2 %. The Sy wave azimuthal anisotropy
will always be comprised between 1.5 and 2 %. The sur-
face wave polarization anisotropy will be strongly depen-
dent on the propagation direction. Finally, if we consider
a 45° dipping foliation and a horizontal lineation (Case 5),
the SKS and Sy waves should measure polarization and az-
imuthal anisotropies varying between 1.5 and 5 %, while Sy
waves will measure azimuthal anisotropies lower than 2 %.
As in cases 1 and 2, the surface wave polarization anisotropy
is higher than 1, indicating that Sy is faster than Sy at all
depths.

These predictions can be compared to the anisotropy de-
tected using SKS and surface waves (Table in Fig. 7). Be-
neath the Kaapvaal craton, SKS delay times are low. Vinnik
et al. (1995) first measured SKS delay times comprised be-
tween 0.4 and 1.4 s. Silver et al. (2001) obtained similar SKS
delay times, between 0.3 and 1.1 s, with an average value of
0.62s. Low delay times (0.15 to 0.75 s) were also obtained in
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a denser network near Kimberley by Fouch et al. (2004b). If
we consider a 150 km-thick homogeneous anisotropic litho-
spheric mantle, these delay times yield anisotropies com-
prised between 0.9 and 3.4 %, with an average of 1.9 %. Such
low SKS anisotropies are only obtained for either a verti-
cal or a 45° dipping foliation and lineation (cases 3 and 4 in
Fig. 7).

Surface wave data consistently points to Sy faster than Sy
in the Kaapvaal lithospheric mantle (Freybourger et al., 2001;
Sergei Lebedev, personal communication). This is consistent
with receiver function data, which imaged a 160 km-thick
anisotropic mantle keel with vertical slow axis (Vs > Vs,)
and decreasing anisotropy with depth due to a decrease in
Vs while Vi, remains constant (Wittlinger and Farra, 2007).
These observations are not consistent with case 3 (Fig. 7),
since vertical lineations always result in Vg, < Vs,,. More-
over, coherent fast SKS polarization directions like those
measured by Silver et al. (2001) are not expected if the lin-
eation is vertical (case 3). They might however be produced
by a 45° dipping foliation (case 4). Surface wave azimuthal
anisotropies generated for case 4 range between 0.5 and 3 %,
being consistent with the low azimuthal anisotropies inferred
in both global and regional surface wave models (Ekstrom,
2011; Adam and Lebedev, 2012). However, case 4 produces
a Sy azimuthal anisotropy that is stronger than the Sy one,
which is not consistent with the stronger Rayleigh azimuthal
anisotropy (~ 2 %) relative to the Love azimuthal anisotropy
(~ 1%) imaged beneath South Africa in the global sur-
face wave model of Ekstrom (2011), and in the recent re-
gional anisotropic tomography model for the Kaapvaal by
Adam and Lebedev (2012). Such a relation is obtained in the
cases where the lineation is horizontal (cases 1, 2, and 5 in
Fig. 7), but too strong Rayleigh azimuthal and SKS polariza-
tion anisotropies accompany it.

Low SKS birefringence may result from vertical varia-
tions of the seismic anisotropy. Indeed, beneath the western
Kaapvaal (Kimberley block), the Rayleigh wave azimuthal
anisotropy shows a change of fast propagation directions
from N-S in the crust to E-W in the mantle (Adam and
Lebedev, 2012). A change with depth in the orientation of the
fast direction from E-W to N-S was also detected at depths
> 160 km beneath the Limpopo belt by a study associating
P wave receiver functions and SKS waveforms inversion
(Vinnik et al., 2012). The seismic discontinuity imaged by
S wave receiver functions at ~150 km depth (Wittlinger and
Farra, 2007; Savage and Silver, 2008; Hansen et al., 2009)
also points to vertical variations in the deformation structure
within the cratonic root, since drastic changes in composition
or S wave velocities with depth are not observed in neither
our data set nor in that of James et al. (2004). Most cases
presented in Fig. 7 show a decrease in anisotropy at 140 km
depth, which would be consistent with the observations of
Wittlinger and Farra (2007), but the associated gradient in
seismic velocities is too weak to produce a strong impedance
contrast. Peslier et al. (2010) and Baptiste et al. (2012) did
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measure a marked decrease in OH concentrations in olivine
at depths greater than 160 km. Yet the change in elastic prop-
erties produced by variations of OH contents from 150 ppm
to a few ppm is probably too weak (Jacobsen et al., 2008)
to explain the receiver function signal. A sharp change in
the orientation of the foliation and lineation and the associ-
ated change in seismic anisotropy might produce the needed
impedance contrast. It is also consistent with the anisotropic
surface wave models and with the results of P receiver func-
tions and SKS waveforms inversion, which propose change
in the orientation of the fast direction at depths >160km
(Adam and Lebedev, 2012; Vinnik et al., 2012). However,
such a vertical variation in seismic anisotropy should pro-
duce a backazimuthal dependence of the shear wave split-
ting, which was not described in the regional studies (Silver
et al.,2001; Fouch et al., 2004a; Silver et al., 2004; Vinnik et
al., 1995).

In conclusion, no simple model may account for all seis-
mic anisotropy data in the Kaapvaal. The two models that
best explain the observations are (i) the presence of dip-
ping foliations and lineations within the cratonic lithosphere,
at ca. 160km depth and (ii) a vertical variation in seis-
mic anisotropy within the Kaapvaal mantle lithosphere, with
dominant horizontal frozen flow directions in the shallower
layer. In the second case, we may speculate that it might
represent an interface marking a change in the geodynami-
cal process responsible for the formation and thickening of
the mantle root. A possible geodynamic scenario allowing
for the development of 45° dipping foliations and lineations
within the cratonic lithosphere would be the formation of the
Kaapvaal craton keel by subduction stacking, as suggested
by several geochemical and petrological studies (Shirey et
al., 2001; Simon et al., 2007; Pearson and Wittig, 2008).
However, in this case, fast SKS polarization directions nor-
mal to the main sutures should be expected, rather than the
parallel to slightly oblique directions measured in the Kaap-
vaal craton (Silver et al., 2001). These predictions are also at
odds with the parallelism between fast Rayleigh wave prop-
agation directions and the Archean—Paleoproterozoic crustal
structures in the Limpopo belt and in the northern Kaapvaal,
but they may explain the fast Rayleigh wave propagation di-
rections perpendicular to the crustal structures in the west-
ern part of the craton (Adam and Lebedev, 2012). On the
other hand, if the cratonic root formed by episodic injection
of small (100-200 km) diapiric upwellings (de Smet et al.,
1998, 1999), a horizontal foliation and variable flow direc-
tion are to be expected across the craton. Such a variability of
the structure within the root may explain the low SKS delay
times measured in the craton, but would fail to explain the
coherent fast polarization direction of SKS waves and fast
propagation direction of Rayleigh waves over length scales
of several hundreds of kilometers in the Kaapvaal mantle
lithosphere (Silver et al., 2001; Adam and Lebedev, 2012).
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6 Conclusions

The strong compositional heterogeneity of the Kaapvaal
peridotite xenoliths results in up to 3 % variation in den-
sity, while V), Vs and the V), / V; ratio vary by up to 2.3 %.
These variations are slightly higher than the velocity pertur-
bations imaged by body wave tomography, but cannot ex-
plain the strong velocity anomalies reported by surface wave
studies. Melt depletion tends to increase V, and V, and to
decrease the V), / V; ratio and density. Orthopyroxene enrich-
ment decreases the density and V), and strongly reduces the
V) / Vs ratio. Enrichment in garnet tends to increase the den-
sity strongly and slightly V), and the V,/V; ratio, but has
little to no effect on V. The V,/V; ratio is more sensitive
to the orthopyroxene content than to olivine Mg# and garnet
content. The present data also highlights that compositional
heterogeneity in the Kaapvaal mantle root occurs at a scale
much smaller than the one that may be sampled by seismic
tomography, since at a given depth, the calculated variation
in seismic velocity within xenoliths derived from a single
pipe or from closely spaced localities is almost as strong as
within the entire data set. Seismic tomography thus probably
strongly underestimates the heterogeneity of the subcratonic
lithospheric mantle.

Vertical density and seismic velocity profiles calculated
using the xenoliths’ compositions and equilibration condi-
tions show that Vi decreases, whereas the V), / V ratio and
density increase with increasing depth. V), does not show
a clear trend; it is highly variable at all depths. Compar-
ison of these xenolith-based seismic profiles with 1-D ve-
locity profiles derived from seismological data in the Kaap-
vaal highlights clear discrepancies between seismological
and xenolith-based data. For P waves, the DataX model by
Larson et al. (2006) fits our data the best, while the QPM
model by Qiu et al. (1996) is the most coherent with data of
James et al. (2004). For S waves, most models, except for
the DataX model of Larson et al. (2006) and, in a lesser ex-
tent, the model L&BO06 of Li and Burke (2006), do not fit
neither our, nor data of James et al. (2004), which imply that
the cratonic root is at least 180 km thick. No seismologi-
cal velocity model fits the decrease of V), indicated by deep
sheared peridotites between 180 and 200 km, reinforcing the
idea that they represent very local modifications of the litho-
sphere caused and oversampled by kimberlites.

Changes in olivine CPO symmetry of the Kaapvaal peri-
dotite xenoliths result only in slight variation of the seis-
mic anisotropy patterns. Seismic anisotropy increase with the
olivine J index and olivine content, but there is no simple re-
lation with the olivine CPO symmetry (BA index). Maximum
anisotropy values range between 2.5 and 10.2 % for P wave
azimuthal anisotropy (AV,) and between 2.7 and 8 % for
S wave polarization anisotropy (AVy) in agreement with ex-
isting xenolith data. The maximum P wave anisotropy of
each 20 km interval varies between 4.5 and 7.9 %, whereas
S wave anisotropy is comprised between 3.7 and 5.8 %. Mod-

www.solid-earth.net/5/1/2014/

97

17

els considering endmember orientations of the foliation and
lineation in the subcratonic mantle lithosphere show that the
simplest model that might produce both coherent fast direc-
tions over large domains, but low delay times imaged by SKS
studies, and the low azimuthal surface wave anisotropy with
Sy faster than Sy in the subcratonic mantle lithosphere is
the presence of 45° dipping foliations and lineations. Yet,
this model fails to account for the relative importance of the
Rayleigh and Love azimuthal anisotropies. This observation
and the discontinuity observed at ca. 160 km depth by re-
ceiver functions are best explained by a vertical variation in
seismic anisotropy, due to a sharp change in orientation of the
frozen deformation structures in the Kaapvaal mantle litho-
sphere. However, this scenario is at odds with the observa-
tion of coherent fast polarization direction of SKS waves and
fast propagation direction of Rayleigh waves over scales of
several hundreds of kilometers in the Kaapvaal mantle litho-
sphere (Silver et al., 2001; Adam and Lebedev, 2012).
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Chapitre 5: Déformation, hydratation et
anisotropie du manteau lithosphérique sous

un rift actif

Le rifting est un processus complexe entralnant 1’amincissement d’une plaque
continentale. Bien que le manteau représente plus de 60% de la lithosphére, peu de choses
sont connues sur le réle du manteau sur I’initiation du rifting, mais aussi sur la fagon dont le
manteau accommode la déformation durant le rifting. Vauchez et al. (1997) et Tommasi et
Vauchez (2001) suggérérent que I’extension continental se produit sous un régime de
déformation en transtension produit par la réactivation d’ancienne OPR de I’olivine préservée
dans la lithosphére. En plus de subir a des forces extensives, la lithosphére est soumise a une
percolation extensive de magmas. Buck (2006) proposa ainsi que 1’intrusion de filons pourrait
aider a initier I’extension au cceur de la lithosphére continentale.

Le travail présenté dans ce chapitre repose sur 1’analyse de 53 xénolites mantelliques de
la Divergence Nord Tanzanienne provenant de 4 localités différentes : deux au cceur du rift
Est-Africain (Pello Hill et Eledoi) et deux au cceur de la ceinture volcanique transverse
(Lashaine et Olmani). Cette étude est basée sur la caractérisation des microstructures, des
OPRs, des teneurs en hydrogene dans 1’olivine des xénolites tanzaniens, ainsi que sur le calcul
de leurs propriétés sismiques. Elle vise & mieux comprendre les relations entre déformation et
percolation de fluides et magmas au début du rifting ainsi que son régime de déformation.

L’analyse de ces échantillons révele une variation significative des microstructures et
des OPRs en fonction de leur provenance. Au cceur du rift, les microstructures
porphyroclastiques et mylonitiques enregistrent une déformation par fluage dislocation
récente, ainsi que de fortes variations de température. Les cristaux d’orthopyroxene trés étirés
dans les mylonites suggeérent une initiation de la déformation a faible contrainte et
probablement basse température. Le remplacement de I’orthopyroxéne par 1’olivine dans les
péridotites porphyroclastiques et mylonitiques indique des réactions magmas-roches syn-

cinématiques et une déformation se poursuivant sous des conditions proches du solidus.
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Enfin, les exsolutions dans les orthopyroxenes suggerent un refroidissement important avant
extraction des xénolites. Les OPRs de I’olivine de type axial-[100] et I’orientation des
directions de polarisation des ondes SKS suggere que le rift s’est formé sous un régime en
transtension (Vauchez et al., 2000).

Au cceur de la ceinture volcanique transverse, a Lashaine, les microstructures
granulaires a gros grains indiquent une déformation par fluage dislocation a faibles
contraintes déviatoriques suivie par du recuit. Les OPRs de 1’olivine de type orthorhombique
a axial-[010] peuvent étre associées a la formation de la chaine Mozambique ou un événement
plus ancien (probablement Archéen, Gibson et al., 2013). A Olmani, des microstructures et
des OPRs intermédiaires sont observées, suggérant une déformation hétérogeéne au sein de la
ceinture volcanique transverse, probablement 1i¢ au développement du graben de Pangani.

Les teneurs en hydrogene dans 1’olivine sont comprises entre 2 et 18 ppm wt. H,O, mais
ne varient pas en fonction de la localité, de la microstructure ou du type d’OPR. La présence
d’hydrogeéne dans 1’olivine au Mg# ¢élevé suggere une réhydration par métasomatisme.
Toutefois, 1’absence de corrélation spatiale entre les veines tardives et les teneurs en
hydrogéne dans l’olivine et I’absence de profil de diffusion dans I’olivine indiquent que
I’hydratation de ces échantillons n’a eu lieu ni durant cet épisode métasomatique, ni durant

I’extraction des xénolites a la surface.
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Abstract

We have analyzed the microstructures and crystal preferred orientations (CPO) and
calculated the seismic properties of 53 mantle xenoliths from 4 localities within the North
Tanzanian Divergence of the East African rift: 2 within the rift axis and 2 in the transverse
volcanic belt. Olivine OH concentrations were measured in fifteen xenoliths. Most samples
have harzburgitic to dunitic compositions and high olivine Mg#. Microstructures and olivine
CPO patterns vary strongly depending on the location. In-axis peridotites display mylonitic to
porphyroclastic microstructures, which record recent deformation by dislocation creep.
Highly stretched orthopyroxenes in mylonites indicate that the deformation was initiated
under high stress and probably low temperature. Orthopyroxene replacement by olivine in
mylonitic and porphyroclastic peridotites suggest synkinematic melt-rock reactions and
further deformation under near-solidus conditions. Exsolutions in orthopyroxene imply
significant cooling between melt-assisted deformation and xenolith extraction. Late hydrous
metasomatism is evidenced by the occurrence of veins crosscutting the microstructure and
interstitial clinopyroxene and phlogopite. Axial-[100] olivine CPOs predominate, suggesting
activation of the high temperature, low pressure [100]{Okl} slip systems and, probably,
transtensional deformation. In the volcanic belt, Lashaine peridotites display very coarse-
granular textures, indicating deformation by dislocation creep under low deviatoric stress
conditions followed by annealing. They have orthorhombic to axial-[010] olivine CPO
symmetries. The latter are consistent with activation of the [001](010) slip system in addition
to the dominant [100](010) system and may result from transpressional deformation.
Intermediate microstructures and CPOs in Olmani suggest heterogeneous deformation within
the volcanic belt. Olivine OH concentrations range between 2 and 12 ppm wt. H;O. No
systematic variations are observed between in- and off-axis samples. Maximum P wave
azimuthal anisotropy (AVp) ranges between 3.3 and 18.4%, and the maximum S wave
polarization anisotropy (AVs) between 2.3 and 13.2%. Comparison between seismic
properties of in-axis peridotites and SKS splitting data suggests transtensional deformation in

the lithospheric mantle beneath the rift.
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1. Introduction

Continental rifting is a complex process that results in localized thinning and, in
some cases, in disruption of a continental plate. While the surface expression of this
deformation is clear and usually well understood, little is known about how the lithospheric
mantle deforms to accommodate rifting. The widely differing surface expression of
continental rifting has led to contrasting lithospheric extension models. McKenzie (1978)
proposed a symmetrical rift model, where the lithosphere deforms by homogeneous thinning
and stretching in response to far field extensional forces. To account for the observations in
the Basin and Range, Wernicke (1981, 1985) proposed an asymmetrical extension model, in
which the deformation is localized on a lithospheric-scale detachment fault. However, such
models cannot account for the narrow rift valley and the strong mantle lithosphere thinning
observed in East Africa (Dugda et al., 2007, 2009). The latter observations are in better
agreement with the Nicolas et al. (1994) model, where rifting occurs via lithospheric rupture
and rise of an asthenospheric wedge within the lithospheric mantle. The later model has been
further developed by Vauchez et al. (1997) and Tommasi and Vauchez (2001), who, based on
the analysis of the influence of inherited structures on the localization of continental breakup,
suggested that most major rifts start forming through a transtensional deformation regime
produced by the reactivation of the olivine crystallographic fabric frozen in the lithospheric
mantle. Numerical models in which the upper mantle has an anisotropic viscosity controlled
by the evolution of olivine crystallographic orientations corroborate this assumption
(Tommasi et al., 2009). Rheological heterogeneities, both in the crust and in the mantle, also
have a major effect on the localization of rifting (e.g., Dunbar and Sawyer, 1989; Nyblade and
Brazier, 2002; Vauchez et al., 1997).

In addition to being deformed by an extensional regime, the lithosphere within an
active rift is often subjected to extensive magma percolation. Dyke intrusions have been
proposed to help initiate extension in a thick continental lithosphere (Buck, 2006). The major
role of magmas in rifting has been corroborated by seismic anisotropy data in the Afars,
which unambiguously point to aligned melt pockets throughout the crust and lithospheric
mantle (Bastow et al. 2010; Kendall et al. 2005). At a smaller scale, the presence of melt may
result in weakening of mantle rocks (Hirth and Kohlstedt, 2003; Zimmerman and Kohlstedt,
2004). It may trigger strain localization if melt is heterogeneously distributed (e.g., Le Roux
et al., 2008) or promote homogeneous deformation if it is homogeneously distributed through

a large volume (Vauchez et al.,, 2012). Melt- or fluid-rock reaction may also result in
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softening through crystallization of weaker phases and/or associated grain size reduction and
phase mixing (e.g., Dijkstra et al. 2002; Soustelle et al. 2010).

Mantle xenoliths provide a valuable means by which to study the deformation of
mantle lithosphere during rifting. They allow for quantification of the hydration state and
characterization of melt-rock reactions and of their timing relative to the deformation.
Moreover, the analysis of the microstructures and crystallographic preferred orientations
(CPO) bring constraints on the deformation mechanisms and conditions in the lithospheric
mantle below active rifts. In the present study, we explore the relations between deformation,
melt or fluids percolation, and hydration in a series of mantle xenoliths from four localities in
the North Tanzanian Divergence region (East African Rift). This region, still in the early
stages of rifting, offers favorable conditions to study the expression of rifting on the
lithospheric mantle. In addition, we estimate the seismic anisotropy of these rocks based on
their CPO and mineralogical composition and compare these results to seismic anisotropy

measurements performed within and around the East African Rift.

2°S

4°S

3% 36E  37°E 38

Figure 1: Digital topographic map (http://www.geomapapp.org, topography data from Ryan et al., 2009)

showing the North Tanzania Divergence and the location of the xenolith localities studied here (P: Pello Hill, E:
Eledoi, L: Lashaine, and O: Olmani), as well as the Tanzania craton and main volcanoes. Major volcanoes are
labeled. Labait is another locality containing abundant mantle xenoliths, which microstructures and crystal

preferred orientations were studied by Vauchez et al. (2005).

106



2. Geological setting

The East African Rift is one of the few active continental rifts on Earth. It extends
over ~ 4000 km, from the Afar triple junction in the Red Sea to the Gulf of Mozambique (Fig.
1), mostly following the trend of older orogenic belts (Nyblade and Brazier, 2002; Vauchez et
al., 1997 and references therein). Rifting and volcanism started 35 Ma ago in Ethiopia and
northern Kenya (MacDonald et al., 2001; Morley et al., 1992) in a lithosphere stabilized since
the Neoproterozoic. It migrated southwards, reaching southern Kenya 8-5 Ma ago (Cerling
and Powers, 1977; Crossley and Knight, 1981). The youngest section of the East African Rift
splits into two branches around the Tanzania craton. In the Eastern branch, extension is
accompanied by intense magmatic activity concentrated within the rift valley. The region
experiences relatively intense present-day seismic activity, with earthquakes mainly located
within the rift valley or in its immediate surroundings (e.g., Albaric et al., 2010; Nyblade et
al., 1996). A major faulting episode at 1.0 £ 0.2 Ma (Maclntyre et al., 1974) gave rise to the
present-day rift valley morphology. In addition, off-axis volcanic activity is observed in the
North Tanzanian Divergence, south of which rifting occurs in a more diffuse manner, with
deformation accommodated in many branches (Figure 1). Seismic studies show that crustal
and lithospheric thicknesses in this young rifting domain vary between 36-44 km and 100-150
km, respectively (Dugda et al., 2009; Julia et al., 2005).
Mantle xenoliths occur in both in- and off-axis volcanoes, providing an exceptional
opportunity to study the tectono-thermal evolution of the mantle lithosphere in response to the
progression of the East African Rift along the boundary between the Tanzanian craton and the
N—eoproterozoic Mozambique Belt. The present study focuses on 53 mantle xenoliths from
four localities from the North Tanzanian Divergence (Fig. 1): two within the rift valley (Pello
Hill and Eledoi) and two within the transverse volcanic belt (Lashaine and Olmani). The
xenoliths from the cratered tuff cone of Pello Hill and from the Eledoi explosion crater were
collected in fine-grained scoria with a bulk-rock chemistry similar to olivine-melilitites and
olivine-nephelinites (Dawson and Smith, 1988). The formation of these craters postdates the
major rift faulting episode at 1.2 Ma (Dawson and Smith, 1988). The Lashaine tuff cone and
the Olmani cinder cone are ankaramite rift-related volcanoes erupted during the Neogene.
They are located in a part of the Mozambique Belt characterized by Archean crustal material
reworked in the Neoproterozoic by the Mozambique orogeny (Mansur et al., 2014 and

references therein; Moller et al., 1998).
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Table 1: Texture, equilibrium temperatures, olivine Mg#, modal contents, olivine CPO, olivine J-index, olivine BA index, and calculated density and seismic properties of the

studied Tanzanian peridotites.

Max

Locality Sample -srgl:rt]ion Texture Temperature mOgI# n?g; Reference for Modal compositions* (%) Olivine Olivine  Olivine Density r\a/;( AVs /:4\75)(1 AM\fSXZ
mg# and T pol
(°C) (%) (%) data ol opx cpx gt phl amph CPO type J-index in?iAex (g.cm™) (%) (%) (%) (%)
Eledoi EL3 EL3 P 1068 92.1 92.5 This study 88 11 1 0 0 0 Axial-[100] to ortho 3.31 0.73 3.3493 9.0 6.1 3.0 5.1
EL6 EL6 P - 90.3 - LCTO1 98 (86) 2(2) 0 (10) 0(0) 0(2) 0¢(0) Axial-[100] to ortho 4.63 0.78 3.3401 10.7 7.0 3.5 5.
EL8 EL8 P 1063 92.4 93.3 This study 92 6 2 0 0 0 Axial-[100] 3.82 0.78 3.3515 11.4 8.1 3.8 6.2
EL10 EL10 P - 92.4 - LCTO1 97 1 2 0 0 0 Ortho 3.15 0.62 3.3540 9.4 5.8 2.8 5.5
EL11 EL11 P - 90.8 - LCTO1 92 7 1 0 0 0 Axial-[100] 2.88 0.69 3.3515 88 5.6 3.2 4.2
EL12 EL12 P 1060 91.8 92.5 This study 88 10 2 0 0 0 Axial-[100] 4.34 0.90 3.3495 11.2 7.6 3.4 6.0
EL14 EL14 CG - 84.1 - LCTO1 100 (93) 0 (0) 0 (4) 0(0) 0(3) 0¢(0) Axial-[100] 4.46 0.87 3.3372 9.4 3.1 3.1 6.0
EL15 EL15 P 1052 90.1 91.5 This study 85 (61) 15(11) 0(23) 0 0(5) o Axial-[100] 3.31 0.74 3.3154 4.1 3.9 3.3 1.8
EL16 EL16 P - 92.1 - LCTO1 91 0 9 0 0 0 Axial-[100] 2.14 0.84 3.3525 7.5 4.9 1.6 4.5
Pello Hill PEL1 PEL1 P - 88.4 - LCTO1 95 4 1 0 0 0 Ortho 3.38 0.84 3.3528 9.9 6.3 2.9 5.4
PEL7 PEL7 P - 92.3 929 This study 86 13 1 0 0 0 Ortho 5.38 0.70 3.3484 12.3 8.0 4.1 6.6
PEL9 PEL9 P - 93.3 - LCTO1 96 (95) 4 (4) 0 (0) 0(0) 0(1) 0(0) Axial-[100] 4.77 0.87 3.3475 12.2 8.2 5.0 6.1
PEL9-bis P - - - 93 7 0 0 0 0 Axial-[100] 4.71 0.90 3.3516  12.0 7.9 4.3 6.2
PEL11  PEL11 CG - 86.7 - LCTO1 100 0 0 0 0 0 Ortho 3.27 0.45 3.3550 4.8 4.9 3.6 2.1
PEL12  PEL12A p - 92.6 - LCTO1 83 (78) 16 (15) 1(1) 0(0) 0(1) 0(5) Axial-[100] 3.40 0.86 3.3276 8.7 5.9 2.3 5.0
PEL12B p - - - 82 (77) 17 (16) 1(1) 0(0) 0(2) 0(4) Axial-[100] 3.16 0.89 3.3244 8.3 5.6 3.0 4.6
PEL15 PEL15 M - 92.4 929 LCTO1 77 21 2 0 0 0 Ortho 3.64 0.61 3.3441 7.4 5.5 3.1 4.2
PEL16 PEL16 P - 92.5 93.2 LCTO1 90 9 1 0 0 0 Axial-[100] to ortho 6.69 0.82 3.3506 13.5 8.9 5.0 6.6
PEL17  PEL17 M - 92.4 92.6 LCTO1 87 (86) 12 (12) 1(1) 0(0) 0(0) 0(1) Axial-[100] 4.71 0.79 3.3434 9.6 6.5 2.1 6.1
PEL17A M - - - 76 (75) 23 (23) 1(1) 0(0) 0(0) 0(1) Axial-[100] 3.29 0.84 3.3434 9.6 6.5 2.1 6.1
PEL17B M - - - 75 (74) 25 (25) 0 (0) 0(0) 0(0) 0(1) Axial-[100] 4.23 0.79 3.3428 9.7 6.9 2.7 5.9
PEL20  PEL20 P - 92.3 - LCTO1 97 0 3 0 0 0 Ortho 3.79 0.69 3.3542 9.0 7.3 3.8 6.1
PEL21  PEL21A P - 91.3 - LCTO1 100 (84) 0 (0) 0 (8) 0(0) 0(0) 0¢(8) Axial-[100] 3.20 0.78 3.3300 10.0 6.5 3.1 5.2
PEL21B P - - - 100 (86) 0 (0) 0 (8) 0(0) 0(1) 0¢(5 Axial-[100] 3.31 0.81 3.3330 9.4 6.2 3.1 5.1
PEL22  PEL22A P 1090 91.5 91.6  Thisstudy 96 (90) 4 (4) 0 (5) 0(0) 0(0) 0(1) Axial-[100] to ortho  4.26 0.70 3.3488 11.0 7.1 4.0 5.3
PEL22B P - - - 95 (88) 5 (5) 0 (6) 0(0) 0(0) 0O(1) Axial-[100] to ortho  4.21 0.70 3.3457 10.5 7.0 3.9 5.2
PEL27 PEL27 P - 92.3 - LCTO1 95 0 5 0 0 0 Axial-[100] to ortho 3.76 0.79 3.3536 11.8 7.5 3.5 6.5
PEL33  PEL33 P 1090 92.4 93.1 This study 83 16 1 0 0 0 Axial-[100] 3.79 0.64 3.3469 9.1 6.5 3.8 4.8
PEL34  PEL34A P - 92.4 - LCTO1 86 (85) 12 (12) 2(2) 0(0) 0(0) 0(1) Axial-[100] 4.01 0.89 3.3457 10.8 7.2 3.0 6.1
PEL34B P - - - 86 (85) 13 (13) 1(1) 0(0) 0(0) 0(1) Axial-[100] 4.17 0.91 3.3455 10.6 7.0 2.9 6.1
PEL38  PEL38 P - 91.2 - LCTO1 93 (92) 7 (7) 0 (0) 0(0) 0(0) 0(1) Axial-[100] 4.99 0.83 3.3516  11.3 7.6 3.6 6.3
PEL39  PEL39 P - 90.1 - LCTO1 100 (78) 0 (0) 0(21) 0(0) 0(1) 0¢(0) Axial-[100] 3.16 0.90 3.3436 7.8 4.5 2.5 3.4
PEL40  PEL40A P - 91.0 - LCTO1 89 (75) 11 (9) 0(12) 0(0) 0(3) 0(1) Ortho 4.55 0.66 3.3277 10.0 7.6 5.0 5.5
PEL40B P - - - 88 (76) 12 (10) 0(12) 0(0) 0(1) 0(1) Ortho 4.71 0.69 3.3383  10.2 7.1 4.0 5.7
PEL41  PEL41 CG - 87.9 - LCTO1 100 (79) 0 (0) 0(15) 0(0) 0(3) 0(3) Axial-[100] 3.16 0.79 3.3256 6.4 4.9 1.8 4.4
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Table 1 (suite)

Locality Sample S;Ttlirc])n Texture Temperature OI# r(r:g; folie;egr;n;ﬁd Modal compositions* (%) Olivine Olivine  Olivine  Density PAlI\?; A\Dllsa;ol ':4\75)(1 /:4\}35)(2
°C) (%) (%) Tdata ol opx px gt phi amph CPO type J-index in%’gx (@.cm?) (%) (%) (%) (%)
Lashaine 89-664 89-664 VCG - - - - 93 7 0 0 0 0 Axial-[010] to ortho 5.97 0.67 3.3518 8.0 6.5 2.8 4.9
89-664A VCG 1075 90.2 91.0  Thisstudy 85 13 2 0 0 0 Axial-[010] to ortho 5.47 0.66 3.3484 5.9 4.5 2.6 3.8
89-664B VCG - - - - 94 5 1 0 0 0 Axial-[010] to ortho 5.42 0.66 3.3523 6.8 5.1 1.7 4.0
89-680 89-680 CG 1150 93.0 R94 73 24 2 0 1 0 Axial-[010] 1.86 0.40 3.3371 4.1 3.4 2.4 1.8
L1 L1A VCG - - - - 75 15 10 0 0 0 Ortho 21.3%* 0.49 3.3449 9.1 6.6 4.1 5.8
L1B VCG - - - - 68 29 3 0 0 0 Ortho 4.27 0.74 3.3399 6.1 4.7 1.1 4.1
LS4 LS4A VCG - 92.4 - LCTO1 78 14 3 5 0 0 Ortho 24.7** 0.46 3.3700 10.0 7.2 4.5 6.3
LS4B VCG - - - - 72 21 2 5 0 0 Ortho 13.7** 0.48 3.3669 3.4 3.7 2.3 2.9
LS9 LS9B VCG 1015 92.1 93.0 Thisstudy 73(72) 19(19) 8(8) 0 (0) 0 (1) 0 (0) Axial-[010] 4.57 0.32 3.3379 3.3 3.5 2.2 2.4
LS11 LS11A VCG - 92.3 929  Thisstudy 82 13 3 2 0 0 Axial-[010] to ortho 11.6%* 0.39 3.3569 10.1 6.7 4.3 5.1
LS11B VCG - - - - 71 (70) 24 (24) 2(2) 3(3) 0(1) 0(0) Axial-[010] to ortho  10.5%*  0.30  3.3563 6.8 6.2 4.7 3.8
LS15 LS15 G - 88.2 - LCTO1 100 0 0 0 0 0 Axial-[010] 2.19 0.32 3.3550 8.1 4.9 4.0 2.1
03-TZ-
Olmani  03-TZ-14E  14E1 cp - - - - 68 32 0 0 0 0 Axial-[100] to ortho 6.00 0.80 3.3462 11.2 7.6 3.9 6.0
03-TZ-
14E2 cp - - - - 89 10 0 0 0 0 Axial-[100] to ortho 7.41 0.67 3.6493 11.4 7.2 3.9 5.9
03-TZ-14H 03-TZ-14H P - - - - 90 9 1 0 0 0 Axial-[100] 5.31 0.86 3.3503 12.4 7.9 3.7 6.7
03-TZ-141 03-TZ-141 CP - - - - 97 3 0 0 0 0 Axial-[100] to ortho 3.78 0.64 3.3540 11.1 8.2 5.3 5.4
03-Tz-14)  03-TZ-14]1 CcP - - - - 99 1 0 0 0 0 Axial-[100] to ortho 43.2%* 0.66 3.3545 18.4 13.3 8.3 8.5
03-TZ-1432 CP - - - - 100 0 0 0 0 0 Axial-[100] to ortho 44 . 5%* 0.66 3.3550 13.5 9.2 5.0 7.8
03-TZ-14K  03-TZ-14K CG - 87.6 88.8  Thisstudy 43 53 4 0 0 0 Axial-[100] to ortho 1.81 0.45 3.3279 3.9 2.6 2.1 1.8
03-TZ-14L 03-TZ-14L CG - - - - 89 10 1 0 0 0 Axial-[100] to ortho 4.57 0.79 3.3498 11.7 7.8 3.8 6.3
03-Tz-
03-TZ-14M 14M1 CP - - - - 82 18 0 0 0 0 Axial-[100] 5.59 0.79 3.3462 12.5 7.5 3.9 6.3
03-Tz-
14M2 CcpP - - - - 84 16 0 0 0 0 Axial-[100] 5.75 0.71 3.3472 12.7 7.4 4.2 6.1
03-TZ- VCG
03-TZ-14N 14N1 - - - - 100 0 0 0 0 0 Ortho 5.24 0.47 3.3547 10.2 7.7 5.5 4.3
03-TZ- VCG
14N2 - - - - 100 0 0 0 0 0 Ortho 5.41 0.64 3.3550 10.1 6.5 4.2 4.5
oL3 OL3A CG 1066 92.1 924 This study 44 53 3 0 0 0 Axial-[100] 1.87 0.88 3.3282 3.7 2.3 0.6 2.2
OoL3B CG - - - - 44 53 3 0 0 0 Axial-[100] 1.87 0.88 3.3282 3.7 2.3 0.6 2.1
OL10 OL10 VCG - 93.1 - LCTO1 95 5 0 0 0 0 Axial-[100] 5.28 0.92 3.3525 11.6 7.3 3.4 6.2
OL-NN1 OL-NN1 P - - - - 98 (97) 2(2) 0 (0) 0 (0) 0(1) 0(0 Axial-[100] 5.45 0.80 3.3485 13.8 9.8 5.0 7.1
OL-NN2 OL-NN2 cG - - - - 98 (97) 0 (0) 2(2) 0 (0) 0(1) 0(0) Axial-[100] to ortho 4.00 0.59 3.3544  12.0 8.5 4.9 6.0
OL-NN3 OL-NN3 P - - - - 97 0 3 0 0 0 Axial-[100] to ortho 8.95 0.72 3.3542 14.5 9.1 5.4 6.8
89-772 89-772 VCG 950 87.6 - R94 98 0 2 0 0 0 Axial-[010] 3.11 0.30 3.3544 6.1 3.9 2.7 2.5
89-773 89-773 VCG 1080 93.6 - R94 85 15 0 0 0 0 Axial-[100] to ortho 6.51 0.93 3.3471 12.5 7.8 3.8 6.4
89-774 89-774 VCG - 93.5 - R94 100 0 0 0 0 0 Ortho 8.08 0.48 3.3550 10.6 7.5 5.2 4.1
89-776 89-776 VCG 1120 94.4 - R94 97 0 3 0 0 0 Axial-[100] 7.85 0.62 3.3544 11.8 8.2 3.8 6.4

* Modal compositions determined from EBSD maps. Values between parentheses give the modal contents including veins.

** Qlivine J-index values overestimated because of the small number of grains indexed in very coarse-granular peridotites.

Reference for mg# and T data: R94= Rudnick et al. 1994; LCTO1= Lee, 2001

CPO types: ortho= orthorhombic, axial-[100], axial-[010], axial-[100] to orthorhombic, and axial-[010] to orthorhombic crystal-preferred orientations, see main text for details.
J-indexes could not be calculated for samples in which less than 100 grains were measured.

Textures: G= granular; CG= Coarse-granular; VCG= Very coarse-granular; P= Porphyroclastic; CP= Coarse-porphyroclastic; M= Mylonitic



3. Methods
3.1 Pressure and temperature estimates

Major elements composition of olivine, orthopyroxene, clinopyroxene, garnet, and
spinel were analyzed in 15 samples using a Cameca SX100 electron microprobe at
Microsonde Sud facility, in Montpellier (France). Analytical conditions were a 20 kV
accelerating voltage and a 10 nA probe current. Core and rim composition of 3 to 4 grains
were measured for each mineral (mineral compositions of the analyzed samples presented in
the online Supplementary Material Table 1).

When orthopyroxene and clinopyroxene were both present, the sample equilibrium
temperature was calculated using the two pyroxenes Fe-Mg exchange geothermometer from
Brey and Ko&hler (1990), which has an uncertainty of £50°C. However, many of the samples
are clinopyroxene-free harzburgites to dunites. To verify if other thermometers (Brey and
Kohler, 1990; Fabries, 1979; Li et al., 1995; Sachtleben and Seck, 1981; Wells, 1977; Witt-
Eickschen and Seck, 1991) could be used to calculate the equilibrium temperatures for the
clinopyroxene-free peridotites, the consistency between the temperatures calculated with the
two pyroxenes geothermometer of Brey and Kohler (1990) and these thermometers was tested
for the clinopyroxene-bearing peridotites. Because the discrepancies between the equilibrium
temperatures obtained using different thermometers were large, we choose not to present
temperatures calculated for the clinopyroxene-free samples. The equilibrium pressure was
estimated in one garnet-bearing harzburgite from Lashaine (LS11) using the orthopyroxene-

garnet barometer of Nickel and Green (1985), which has uncertainties of 0.2 GPa.

3.2 Electron-backscattered diffraction (EBSD)

The crystallographic preferred orientation (CPO) of olivine, pyroxenes, pargasite, phlogopite,
spinel, and garnet was measured by indexation of electron back-scattered diffraction (EBSD)
patterns at the SEM-EBSD facility, Geosciences Montpellier. These patterns are produced by
interaction of a vertical incident electron beam and a carefully polished thin section tilted at
70° to the horizontal. Measurements were performed in a JEOL JSM 5600 scanning electron
microscope using an acceleration voltage of 17 kV and a working distance of 23 mm. For
each sample, maps covering nearly the entire thin section were obtained using steps between
100 and 30 pum, depending on grain size. Indexing rates varied between 60 to 90% depending
of the mineral species and degree of fracturing present in the thin section. Phlogopite, when

present, was usually poorly indexed. Orthopyroxene was sometimes misindexed as
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clinopyroxene. Careful post-acquisition data treatment controlled by comparison between
EBSD maps and microscopic observations was performed to reduce inaccurate mineral
determination as well as misindexation due to olivine pseudosymmetry. Modal composition,
grain sizes, and shape-preferred orientations were also obtained from the EBSD maps.
Crystal-preferred orientation data are displayed in pole figures, presented as lower hemisphere
stereographic projections. Data were plotted as one point per grain to prevent over-
representation of large grains. When the foliation and lineation could be identified, the
orientation of the main crystallographic directions: [100], [010] and [001] for olivine and
pyroxenes, was plotted relatively to the principal axes of the deformation ellipsoid X, Y, and
Z. Because the foliation and lineation could not be identified in coarse-grained samples, thin
sections were cut in random orientations. To make comparison between different samples
easier, we rotated the CPO of randomly oriented samples into a common orientation in which
the maximum concentration of olivine [100] and [010] axes are parallel to the E-W and the
N-S directions of the pole figure, respectively.

To characterize the olivine CPO symmetry we computed the dimensionless BA index (where

B and A stand for [010] and [100] axes, respectively, Mainprice et al., 2014) defined as:

"'lI -
mrmfx=l[z—( POLO }_[ G100 D
2 GOLO+POL0,) L G100+ PLOD
(D

where P and G are the Point and Girdle fabric indices (Vollmer, 1990) of the olivine principal

axes [100] and [010]. These indexes were calculated from the eigenvalues of the normalized
orientation matrix, as P=A1-A3 and G=2(A2-A3) using the MTEX texture analysis Matlab
toolbox (Hielscher and Schaeben, 2008; Mainprice et al., 2011). The BA index allows a
classification of the olivine CPO symmetry into 3 types: axial-[010] (BA index<0.35),
orthorhombic (0.35<BA index<0.65), and axial-[100] (BA index>0.65).

The strength of the fabric was quantified using the dimensionless J-index, which is the
volume-averaged integral of squared orientation densities:

J=1(g)2dg (2)
where f(g) is the orientation distribution function (ODF) and dg = do1dede2 sinpn2 (Bunge,
1982). o1, ¢, and @2 are the Euler angles that define the rotations allowing for coincidence
between the crystallographic and external reference frames. Olivine CPO in natural
peridotites is characterized by J-indexes mostly between 2 and 20, with a peak at 8-10 (Ben

Ismail and Mainprice, 1998; Tommasi et al., 2000). The J-index for each sample was
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calculated based on the mean orientation of each grain using the MTEX texture analysis

Matlab toolbox (Hielscher and Schaeben, 2008).

3.3 Seismic properties

Seismic properties of Tanzanian xenoliths were calculated using the CPO of all major
phases and their respective modal content estimated from EBSD maps (Mainprice, 1990). For
olivine, orthopyroxene, clinopyroxene, garnet, amphibole, and phlogopite single-crystal
elastic constant tensors at ambient conditions were used (Abramson et al., 1997; Bezacier et
al., 2010; Chai et al., 1997a, Chai et al., 1997b, Collins and Brown, 1998). A Voigt-Reuss-
Hill averaging was applied in all calculations. The seismic anisotropy parameters and the
elastic constants of all samples are presented in Table 1 and online Supplementary Material 2,
respectively.

Average seismic properties were also calculated for Lashaine, Olmani, and rift axis
localities by averaging the individual samples elastic constant tensors for each locality. This
calculation results in a maximum estimation of the seismic anisotropy for the locality, as it
relies on the assumption of a common orientation of the foliation and lineation for all

samples.

3.4 Fourier transform infrared spectroscopy (FTIR)

Fifteen double-polished thin sections were prepared for unpolarized FTIR analysis.
Before analysis, the sections were immersed in pure acetone for at least 12h to dissolve any
intergranular CrystalBond glue. FTIR spectroscopy analyses were performed at the
Laboratoire des Colloides, Verres, Nanomatériaux at Montpellier University using a Bruker
IFS66v coupled with a Bruker HYPERION microscope and mercury-cadmium-telluride
(MCT) detector cooled by liquid nitrogen. A Globar light source and a Ge-KBr beam splitter
were used to generate unpolarized mid-infrared radiation. A background measurement was
performed at the beginning of the analysis of each sample and repeated when necessary.
Measurements were made on olivine, orthopyroxene, and garnet crystals using a square
aperture 30 to 100 um wide. No measurement could be made on clinopyroxene crystals,
which were too small and too altered. Two hundred scans were accumulated with a resolution
of 4 cm— 1 for each measurement. A baseline correction was applied on each spectrum using
the OPUS software. Spectra were then normalized to a sample thickness of 1 cm. The sample
thickness was measured using a micrometer with a tolerance of = 1 pm, and was always near

500 um (Table 2). Fractures and inclusions were strictly avoided.
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Table 2:

Mineral OH concentrations derived from FTIR analyses.

Locality Sample Temperature Ol Mg #  Reference Texture Texture Olivine CPO  Mineral  Section Paterson calibration® Olivine - Withers calibration®
for mg# complement thickness OH OH Average OH OH Average OH
and T (pum) concentrations concentrations concentrations concentrations concentrations
(°C) data (H/10° Si) (ppm wt H,0)  (ppm wt H,0)  (ppm wt H,0) (ppm wt H,0)
Eledoi EL6 - 90.3 LCTO1 Granular Vein-bearing  Axial-[100] ol-4 538 114 7 9 13 15
to ortho ol-8 538 160 10 18
ol-12 538 151 9 17
ol-13 538 192 12 21
ol-14 538 74 5 8
EL15a 1052 90.1 This study Granular Vein-bearing Axial-[100] ol-1 541 65 4 8 7 14
ol-2 541 103 6 11
ol-5 541 126 8 14
ol-11 541 185 11 20
ol-12 541 178 11 20
opx-2 541 2204 198 209 - -
opx-3 541 2507 225 -
opx-4 541 1657 149
opx-5 541 2031 182 -
opx-9 541 2121 190
opx-10 541 3427 308 -
EL15b 1052 90.1 This study Granular Vein-bearing Axial-[100] ol-2 527 70 4 4 8 7
ol-3 527 48 3 5
ol-4 527 56 3 6
ol-5 527 49 3 5
ol-7 527 46 3 5
ol-10 527 49 3 5
ol-11 527 109 7 12
opx-1 527 2482 223 186 - -
opx-3 527 1902 171 -
opx-4 527 1862 167 -
opx-7 527 2043 183 -
Pello Hill PEL7 - 92.3 LCTO1 Porphyroclastic - Ortho ol-5 528 99 6 6 11 11
ol-8 528 78 5 9
ol-9 528 160 10 18
ol-10 528 43 3 5
opx-2 528 1538 138 133 - -
opx-3 528 1419 127 -
PEL15 - 92.4 LCTO1 Mylonitic - Ortho ol-2 496 77 5 3 8 5
ol-5 496 28 2 3
ol-8 496 32 2 4
opx-1 496 1727 155 212 - -
opx-2 496 2764 248
opx-3 496 1930 173 -
opx-4 496 2488 223 -
opx-5 496 2561 230 -
opx-6 496 2789 250 -
opx-7 496 2416 217 -
opx-8 496 2233 201 -
opx-10 496 2313 208 -
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Table 2 (suite)

Locality Sample Temperature Ol Mg #  Reference Texture Texture Olivine CPO  Mineral  Section Paterson calibration® Olivine - Withers calibration®
for mg# complement thickness
and T (um) OH i OH i Average QH OH A Average QH
data concentrations concentrations  concentrations concentrations concentrations
(°C) (H/10° Si) (ppm wt H,0) (ppm wt H,0)  (ppm wt H,0) (ppm wt H,0)
PEL16 - 92.5 This study Porphyroclastic - Axial-[100] to ol-2 506 46 3 4 5 7
ortho ol-4 506 59 4 6
ol-5 506 51 3 6
ol-7 506 78 5 9
ol-8 506 91 6 10
PEL17 - 92.4 This study Mylonitic - Axial-[100] ol-2 543 24 1 2 3 4
ol-3 543 49 2 5
opx-1 543 1053 65 97 - -
opx-2 543 1632 100 -
opx-4 543 2739 168 -
opx-6 543 1268 78 -
opx-7 543 1231 75 -
PEL34 - - LCTO1 Porphyroclastic - Axial-[100] ol-1 537 46 3 3 - -
ol-2 537 33 2 -
ol-3 537 63 4 -
ol-5 537 36 2 -
ol-6 537 48 3 -
ol-7 537 50 3 -
ol-8 537 42 3 -
ol-9 537 57 4 -
PEL39 - 90.1 LCTO1 Granular - Axial-[100] ol-5 476 28 2 3 3 5
ol-6 476 46 3 5
ol-9 476 49 3 5
ol-10 476 67 4 7
PEL40 - 91.0 LCTO1 Porphyroclastic vein-bearing Ortho ol-1 567 52 3 5 6 10
ol-2 567 131 8 14
ol-4 567 79 5 9
PEL41 - 87.9 LCTO1 Coarse-granular vein-bearing Axial-[100] ol-1 499 216 13 12 24 21
ol-2 499 259 16 29
ol-3 499 288 18 32
ol-4 521 171 10 19
ol-5 521 182 11 20
ol-6 521 158 10 17
ol-7 499 239 15 26
ol-9 499 45 3 5
ol-10 521 179 11 20
Olmani 89-772 950 87.6 R94 Very coarse-granular - Axial-[010] ol-2 528 86 5 5 9 10
OoL10 - 93.1 LCTO1 Very coarse-granular - Axial-[100] ol-1 564 50 3 3 6 6
ol-2 564 75 5 8
ol-3 564 50 3 6
ol-4 564 51 3 6
ol-8 564 43 3 5
_ Coarse
037Z14) - - porphyroclastic - Axial-[100] to ol-1 500 85 5 4 9 -
ortho ol-2 500 75 5 8
ol-3 500 72 4 -
ol-5 500 57 3 -
ol-6 500 85 5 -
Lashaine LS11 - 92.3 This study  Very coarse-granular - Axial-[010] to ol-1 491 203 12 12 22 21
ortho ol-2 491 215 13 24
ol-3 491 204 13 22
ol-4 491 196 12 22
ol-5 491 154 9 17
opx-2 491 1133 98 121 - -
opx-3 491 1648 143 -

(@ OH concentrations from this study calculated using the calibration of Paterson (1982) have £30% error (Kohlstedt et al., 1996);
Reference for mg# and T data: R94= Rudnick et al., 1994; LCTO1= Lee, 2001.

(® OH concentrations corrected by a factor of 1.8 according to Withers et al. (2012).

CPO types: Ortho= orthorhombic, axial-[100], axial-[010], axial-[100] to orthorhombic, and axial-[010] to orthorhombic crystal-preferred orientations, see text for details.



The calibration of Paterson (1982) was used to quantify the OH concentration:

X, k)
Con = 150z;f (3780 —7) 3)

where Cop is the hydroxyl concentration (in mol H/I),  is an orientation factor (1/3 for
unpolarized measurements), and k(v ) is the absorption coefficient in cm ' for a given
wavenumber V . Xj is a density factor, which depends on the mineral phase (X1, rFo90) = 2695
wt. ppm H>O, Xjeorthopyroxene) = 2812 wt. ppm H»O). The uncertainty in the resulting OH
concentrations are ~30% (Kohlstedt et al., 1996).

We also converted the olivine OH concentrations (See Table 2) obtained using the
calibration of Paterson (1982) to the new calibration of Withers et al. (2012). The conversion
factor between the two calibrations is a function of the sample thickness and of the OH
concentration obtained with the calibration of Paterson (1982). Here, the sample thickness is
comprised between 476 and 567 um and the olivine OH concentrations range between 1 and
18 wt. ppm H,O. Therefore, the olivine OH concentrations must be multiplied by a factor of

1.8 (see Withers et al., 2012, Supplementary material Figure 1).

Ol
100

Pello Hill
Eledoi
Olmani
Lashaine

ODo¢ b

60 / 7 — 40
OpX /I /I \\ \\ CpX

Figure 2: Olivine-orthopyroxene-clinopyroxene modal ratios in the studied peridotites studied here. Modal
compositions are derived from EBSD maps, not considering metasomatic veins and pockets, and recalculated for

a total of 100% of olivine+orthopyroxene+clinopyroxene.
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4. Results

4.1 Compositions and equilibrium conditions

All samples are garnet-free peridotites, except for four Lashaine peridotites (LS11,
LS4, L1, and 89-680). Most samples have harzburgitic to dunitic compositions (Fig. 2 and
Table 1). Orthopyroxene contents vary mainly between 0 and 20%, but several samples from
Lashaine, Olmani and Pello Hill display higher modal orthopyroxene contents (22 to 32%)
and two samples from Olmani have >50% orthopyroxene (OL3 and 03TZ14K). Secondary
minerals present in diffuse veins or pockets include clinopyroxene, amphibole, phlogopite,
and spinel. Veins may comprise up to 15% of the total rock (modal contents including the
veins are given in parentheses in Table 1).

Mineral compositions are presented in the online Supplementary Material Table 1. In
most samples, olivine has a high Mg# (Mg#: atomic Mg/(Fe+Mg)), which varies between
90.1 and 94.4 (Table 1). Seven samples (out of the forty-one for which the olivine Mg# has
been measured) have more Fe-rich olivines (Fo < 89). Among these samples, 4 are very-
coarse granular dunites from Olmani or from the rift axis localities (EL14, PEL11, PEL41,
89-772). The 3 other Fe-rich samples are: a harzburgite from Olmani with high orthopyroxene
contents (>50%; 03TZ14K), a granular dunite from Lashaine (LS15), and a porphyroclastic
harzburgite from Pello Hill (PEL1). There is no significant difference between olivine Mg#
for samples from the in-axis and off-axis localities. Olivine always has NiO > 0.25 wt.% and
low CaO (< 0.11 wt.%). Orthopyroxenes are enstatite, with Mg# > 90. Clinopyroxenes are Cr-
bearing diopside (Cr203 comprised between 1.0 and 3.7 wt.%) with Mg# > 90, except for
sample EL15 where Cr203 < 0.1 wt.% and lower Mg# are measured. Spinels have high MgO
(10-17 wt%) and variable Cr# (atomic Cr/(Cr+Al)), ranging between 36 and 89.

We have been able to estimate equilibrium temperatures for only 9 of the 15 samples
analyzed, because the others lacked clinopyroxene. Independently of their provenance or
microstructure, all these samples have core equilibrium temperatures (calculated from core
compositions in orthopyroxene and clinopyroxene) between 1000 and 1100°C +50°C (Table
1). Rim equilibrium temperatures (calculated from rim compositions in orthopyroxene and
clinopyroxene) tend to be slightly, but systematically lower (by 5-21°C), except for sample
PEL22 from Pello Hill, where rim equilibrium temperature is lower than core equilibrium
temperature by >100°C (960°C versus 1090°C). In a garnet harzburgite from Lashaine
(LS11), rim and core equilibrium pressures of 3.3 GPa and 3.1 GPa were obtained,

respectively.
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Figure 3: Photomicrographs in cross-polarized light showing typical microstructures for the studied xenoliths.
(a) Mylonite PEL17B, showing highly elongated orthopyroxenes and olivines, with strong intracrystalline
deformation (undulose extinction, subgrains, kinks) surrounded by a finer-grained matrix composed mainly of
olivine. (b) Porphyroclastic peridotite PEL7, with large olivine porphyroclasts displaying closely-spaced
subgrain boundaries, surrounded by small polygonal olivine neoblasts. (c) Porphyroclastic peridotite PEL1,

showing large olivine porphyroclasts with widely-spaced subgrains and polygonal neoblasts devoid of
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substructure. (d) Porphyroclastic peridotite ELI15, displaying olivine grains with well-defined subgrain
boundaries, as well as diffuse metasomatic veins that crosscut the foliation. (e) Coarse-granular dunite PEL11
showing large olivine grains with rare subgrains, frequent polygonal grain boundaries and triple junctions and,
locally, subautomorphic olivine crystals devoid of any substructure (marked by arrows). (f) Very coarse-grained
peridotite LS4A from Lashaine, showing large olivine grains with curvilinear boundaries and widely spaced
subgrain boundaries and orthopyroxenes rimmed by garnet (arrows). (g) Porphyroclastic peridotite OL-NN4
from Olmani showing elongated olivine porphyroclasts with well-defined subgrain boundaries. (h) Very coarse-

grained harzburgite 89-773 from Olmani, showing large olivines with curvilinear boundaries.

4.2 Microstructures
Because of their very different characteristics, the xenoliths microstructures will be
described as a function of their provenance: the rift axis (Pello Hill and Eledoi) or the

transverse volcanic belt (Lashaine and Olmani).

4.2.1 Rift axis samples

The xenoliths from volcanic localities within the rift axis display variable
microstructures. Among the 27 studied xenoliths, 2 are mylonitic, 22 are porphyroclastic, and
3 are coarse-granular to tabular.

Mpylonitic microstructures are only observed in 2 samples from Pello Hill (PEL15 and
PEL17; Fig. 3a). These rocks are characterized by centimeter-sized orthopyroxenes, which are
highly elongated (aspect ratios of up to 15:1), defining the lineation. These orthopyroxenes
always display well-defined kink bands and undulose extinctions. They have indented grain
boundaries, with olivine grains filling the embayments or even forming vein-like inclusions
parallel to the orthopyroxene elongation (Fig. 4a). Exsolution in orthopyroxene is ubiquitous.
Olivine is present as plurimillimetric porphyroclasts and as recrystallized grains with sizes
ranging from 0.4 to 2 mm. It displays curvilinear boundaries, evolving sometimes to
polygonal shapes. Subgrain boundaries in olivine are highly oblique to perpendicular to the
grains elongation. The frequency and extent of deformation features in the porphyroclasts
vary, however, between the 2 samples. In mylonite PEL17, subgrain boundaries are well
developed and closely spaced. In mylonite PEL1S5, there are fewer subgrain boundaries. In
both mylonites, the olivine neoblasts exhibit few subgrain boundaries and sometimes form

120° triple junctions.
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Figure 4: Photomicrographs in cross-polarized (a, b, ¢, f, and g) and plane-polarized light (d and e) of: (a) Highly
elongated orthopyroxene in mylonite PEL15 from Pello Hill displaying embayments filled with olivine in
crystalline continuity with the surrounding grains, as well as olivine inclusions elongated parallel to the
orthopyroxene elongation and displaying subgrains. (b) Elongated olivine porphyroclasts with closely-spaced
subgrain boundaries in peridotite PEL1 from Pello Hill. Small neoblasts forming triple junctions are also visible.
(c) Orthopyroxene displaying inclusions and embayments filled with olivine in peridotite PEL7 from Pello Hill.
(d) Diffuse veins composed of clinopyroxene, phlogopite, amphibole, spinel, and olivine in peridotite PEL39
from Pello Hill. The same phases are also present as interstitial grains between the veins. (e) Phlogopite,
amphibole, clinopyroxene, and spinel "pockets" in peridotite PEL12 from Pello Hill. Note the smaller grain size
and more polygonal shapes of olivine within these metasomatic pockets and veins. (f) Peridotite LS9 from

Lashaine, characterized by coexistence of large olivine grains and of "recrystallized" zones composed of small
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olivine neoblasts with polygonal shapes. Olivine tablets (arrows) growing on other grains are also visible. (g)
Interpenetrating olivine-olivine grain boundaries, indicating active grain boundary migration in peridotite LS9

from Lashaine.

The porphyroclastic peridotites (Fig. 3b, ¢) are the most common textural type at Pello
Hill; though less common, they are also present at Eledoi. They display plurimillimetric
elongated olivine porphyroclasts (Fig. 3b), with common subgrain boundaries, undulose
extinction, and sutured grain boundaries. Subgrain boundaries in olivine are dominantly at
high angle to the foliation, but in many grains 2 orthogonal subgrain boundary families are
observed (Fig. 4b). Small olivine neoblasts have fewer intracrystalline deformation features
and tend to have more polygonal shapes, sometimes forming triple junctions. The frequency
of the triple junctions in the recrystallized matrix and the subgrain boundaries spacing in
porphyroclasts varies from sample to sample. For example, in sample PEL7, olivine
porphyroclasts exhibit closely spaced subgrain boundaries and serrated grain boundaries (Fig.
4b), whereas olivine porphyroclasts in sample PEL1 display fewer subgrain boundaries and
have polygonal grain boundaries (Fig. 3c). In the porphyroclastic peridotites from Eledoi,
olivine porphyroclasts are rare, giving to the rock a more homogeneous microstructure.
Interpenetrating olivine-olivine grain boundaries are common (Figs. 3b,c), suggesting grain
boundary migration. In both sites, when present, orthopyroxene is anhedral, with
intracrystalline deformation features, such as kink bands and undulose extinction. Exsolutions
and corrosion embayments filled with olivine are common (Figs. 3b and 4c).

All coarse-granular to tabular peridotites are dunites (Fig. 3d,e). They exhibit coarse
olivine grains (1-8 mm) with equant to tabular shapes. Olivine has curvilinear to polygonal
boundaries and is often devoid of any substructure. 120° triple junctions are common. Six
coarse-granular to tabular dunites (EL6, EL14, EL15, PEL39, PEL40 and PEL41) are
crosscut by diffuse veins composed of millimeter-sized clinopyroxene, phlogopite, amphibole
and spinel (Fig. 3d, 4d). Intracrystalline deformation features are very rarely observed in
phlogopite and amphibole grains. The orthopyroxene crystals in contact with the vein are
partially replaced by diopside.

In the porphyroclastic and mylonitic samples, the distribution of metasomatic minerals
(phlogopite, amphibole, clinopyroxene, and spinel) is usually more diffuse. They form
irregular pockets (Fig. 4e) or occur as small interstitial grains dispersed in the rock. When

these minerals are dispersed in the rock, they may display subgrain boundaries. They are
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usually associated with fine-grained olivines, forming “bands” with smaller grain sizes. In the

pockets, spinel grows on clinopyroxene, pargasite or phlogopite (Fig. 4e).

4.2.2 Xenoliths from the transverse volcanic belt
The xenoliths from the two localities (Olmani and Lashaine) within the divergence

exhibit different microstructures. We will thus describe them separately.

4.2.2.1 Lashaine

The xenoliths from Lashaine show mainly very coarse granular microstructures (Fig.
3f). Olivine grain size ranges from few millimeters to more than a centimeter. They have
curvilinear boundaries and widely spaced subgrain boundaries. Interpenetrating grain
boundaries are common. Orthopyroxene is usually smaller (1-8 mm) than olivine, with rare
kink bands or undulose extinction. Exsolution in orthopyroxene is only observed in sample
LS4. Lashaine is the only location where garnet peridotites (samples LS4, LS11, 89-680, and
L1) were sampled. Garnet is present as irregularly-shaped crystals, several mm long, most
often rimming orthopyroxene (marked by arrows in Fig. 3f). Kelyphitic rims are always
present. In sample L1, garnet has been entirely replaced by kelyphite. Clinopyroxene is
present as exsolutions in orthopyroxene or as very small interstitial crystals associated with
pargasite and spinel. Olivine with interpenetrating boundaries is commonly observed (Figs. 3f
and 4g), as well as orthopyroxene embayments filled with olivine. Peridotite LS9 displays
slightly different characteristics: it contains recrystallized zones with finer-grained olivine
showing curvilinear to polygonal boundaries (Fig. 4f). Olivine tablets free of any substructure
form on other olivine crystals (Fig. 4f). Orthopyroxene often contains olivine inclusions.

Two samples have granular microstructures but smaller grain sizes: the coarse-
granular harzburgite 89-680 and the granular dunite LS15. In harzburgite 89-680, olivine
grain size ranges mainly between 1 and 4 mm. Olivine displays curvilinear to polygonal
boundaries, and few subgrain boundaries. Orthopyroxene grain size varies between 0.5 and 2
mm. It has irregular shapes with curvilinear boundaries and may contain kink bands. Small
interstitial clinopyroxene, phlogopite and amphibole grains are present. Dunite LS15 displays
even smaller olivine grain sizes, ranging between 0.5 and 2 mm. Olivine has curvilinear,
sometimes interpenetrating grain boundaries and a higher proportion of subgrain boundaries

than the other samples from Lashaine.
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4.2.2.2 Olmani

The peridotites from Olmani display microstructures intermediate between those
described for peridotites from the rift-axis localities and from Lashaine. Among the 18
studied xenoliths, 5 are porphyroclastic, 4 are coarse-porphyroclastic, 4 are coarse-granular,
and 5 are very coarse -granular.

The porphyroclastic harzburgites display elongated olivine porphyroclasts with
millimetric grain sizes (Fig. 3g), which mark the foliation, and small olivine neoblasts (0.2-1
mm) with curvilinear to polygonal boundaries. The frequency of subgrain boundaries and the
degree of polygonization of the grain boundaries vary from sample to sample. For instance,
sample 03TZ14H shows interpenetrating olivine-olivine grain boundaries, whereas polygonal
olivine grains characterize sample OL-NN4. Orthopyroxene occurs as small (<Imm),
interstitial crystals displaying rare kink bands.

In coarse-porphyroclastic harzburgites, olivine grains are millimetric to centimetric
and elongated. They commonly display closely spaced subgrain boundaries and
interpenetrating grain boundaries. Small olivine grains rim the porphyroclasts. These
neoblasts display curvilinear to polygonal grain boundaries. Orthopyroxene usually display
irregular shapes, rare kink bands, and undulose extinction, as well as common exsolutions and
corrosion embayments filled with olivine. Olivine crystals included in orthopyroxene grains
are sometimes observed. In sample 03TZ14M, spinel-pyroxene symplectites are observed.

In coarse-granular harzburgites, olivine and orthopyroxene grain size varies between
0.5 and 3 mm. Two of these samples (OL3 and 03TZ14K) display very high orthopyroxene
content (>50%). Olivine is characterized by curvilinear to polygonal boundaries and common
subgrain boundaries. In 2 samples (03TZ14K and 03TZ14L), olivine is occasionally included
in orthopyroxene. Orthopyroxene grains are anhedral. They display well-defined kink bands
and undulose extinction, as well as exsolutions. In several orthopyroxene grains, corrosion
embayments filled with olivine are present.

The very coarse-granular peridotites from Olmani are similar to the samples from
Lashaine (Fig. 3h). They display millimetric to centimetric olivine grains. The density of
subgrain boundaries and their spacing vary considerably from one sample to another.
Interpenetrating olivine grain boundaries are always observed. Orthopyroxene is present in
only 1 of these samples (89-773). In this sample, orthopyroxene has millimeter grain sizes,

curvilinear boundaries, and displays well-defined kink bands.
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4.3 Crystallographic preferred orientations (CPO)

As for the microstructures, we describe separately the CPOs of peridotites from the rift

axis, Lashaine, and Olmani
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Figure 5: Olivine and orthopyroxene crystal preferred orientations (CPO): Olivine CPO strength (J-index) vs.
symmetry (BA index) for all samples (granular, porphyroclastic and mylonitic microstructures symbolized by
circles, squares, and diamonds, respectively) and pole figures of selected representative samples from the rift
axis, Lashaine, and Olmani localities. Contours at 1 multiple of a uniform distribution. Dashed arrows indicate
the samples in Lashaine where olivine J-index is overestimated because of the small number of indexed grains in

coarse-grained peridotites.

4.3.1 Rift axis
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Most rift-axis samples have low olivine CPO strength, with J-indexes varying mainly
between 2-6 (Fig. 5). There is no correlation between the olivine CPO symmetry, its strength,
and the microstructure. Peridotites from Pello Hill and Eledoi exhibit olivine CPO symmetries
ranging from axial-[100] to orthorhombic (Fig. 5). Axial-[100] symmetry predominates.
These patterns are characterized by a point concentration of [100], which in the mylonites and
porphyroclastic peridotites is close to the lineation, and a girdle distribution of [010] and
[001] normal to it. One sample has a clear orthorhombic olivine CPO, exhibiting a point
concentration of the 3 crystallographic axes, with [100] showing the strongest concentration
subparallel to the lineation. [010] is usually more concentrated than [001] and tends to align
normal to the foliation. Most samples, like PEL27, display an intermediate pattern
characterized by weak girdles of [010] and [001] normal to the maximum concentration of
[100], with a concentration of [010] normal to the foliation plane and a concentration of [001]
in the foliation plane parallel to the Y structural axis.

When present, orthopyroxene has more dispersed CPO, but correlated to the olivine
CPO: the maximum concentration of [001] of orthopyroxene is parallel or slightly oblique to
the olivine [100] maximum, except for one sample (PEL22). Orthorhombic CPO
predominates, with [001] showing the strongest point concentration, which, in the mylonites
and porphyroclastic peridotites, is subparallel to the lineation. In most samples, [100] axes are
aligned normal to the foliation, but in some samples [010] is preferentially oriented
perpendicular to the foliation.

Clinopyroxene crystals in the veins or as interstitial grains display a weak
orthorhombic CPO pattern, with [001] axes showing the strongest point concentration, which
is usually subparallel to the orthopyroxene [001] maximum and to the olivine [100]
maximum. The clinopyroxene CPO is thus coherent with those of olivine and orthopyroxene.
In 12 samples, [100] axes are perpendicular to the foliation plane. In 6 other samples, [010]

tends to be preferentially oriented normal to the foliation.

4.3.2 Transverse volcanic belt
4.3.2.1 Lashaine

Olivine CPO strength of Lashaine samples is more variable than for the rift axis
peridotites. J-index ranges between 2 and 8 for those samples where more than 100 grains
could be measured (Fig. 5). However, in some very-coarse grained peridotites, the number of
measured grains was <100, leading to a possible overestimation of the J-index (Ben Ismail

and Mainprice, 1997). These values are marked by dashed arrows in Fig. 5. Olivine CPO in
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Lashaine peridotites varies from axial-[100] to axial-[010] patterns, with a predominance of
orthorhombic patterns (BA indexes vary between 0.3 and 0.74, Fig. 5). Three samples (LS9,
LS15, and 89-680) display axial-[010] CPO, characterized by a point concentration of [010]
and a girdle distribution of [100] and [001] normal to it. Two samples (L1A and L1B, LS4A
and LS4B) display orthorhombic CPO. In 2 other samples (89-664 and LS11), CPOs with a
pattern intermediate between orthorhombic and axial-[100] are observed. In these rocks, the
CPO is generally weak, but a point concentration of [100] and incomplete girdles of [010]
axes are observed.

Orthopyroxene CPOs are more dispersed than olivine CPOs. They are characterized
by a weak point concentration of [001] axes parallel to [100] of olivine. In most samples,

[100] are parallel to [010] of olivine.

4.3.2.2 Olmani

The peridotites from Olmani display olivine CPO with variable strength (J-indexes vary
between 2 and 9; Fig. 5). They show mainly axial-[100] to orthorhombic olivine CPO patterns
(Fig. 5). Porphyroclastic samples tend to exhibit axial-[100] patterns, that is, higher olivine
BA indexes, as well as higher J-indexes than granular samples. A single coarse-granular
sample (89-772) is characterized by axial-[010] pattern.

When present, orthopyroxene has a CPO correlated to the olivine one. —In three
samples, weak axial-[010] patterns can be observed (see Figure 5, sample OL3). They are
characterized by a girdle distribution of [100] and [001] in the foliation plane and point
concentration of [010] normal to it. The other samples display weak orthorhombic CPO

symmetry (Figure 5, sample 03TZ14E1).

4.4 Seismic properties

Average anisotropic seismic properties for rift-axis and off-axis samples are illustrated
in Fig. 6. To a first order, all localities share common seismological characteristics. The P-
waves propagation is fastest close to the olivine [100] maximum, which corresponds to the
lineation in the samples where it has been identified, and slowest close to [010] maxima, then
normal to the foliation. The slowest propagation directions of the slow S-wave (S2) are in the
YZ structural plane. The fast split shear wave (S1) is polarized in a plane containing the main
concentration of olivine [100] and the propagation direction. The highest Vp/Vsl ratio is also
parallel to the preferred orientation of olivine [100] and the lowest Vp/Vsl is observed for

waves propagating normal to this direction.
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Changes in olivine CPO symmetry result in second order variations of the seismic
anisotropy pattern. Within the rift axis and at Olmani, where axial-[100] and orthorhombic
olivine CPOs predominate, P-waves velocities are slow and S-waves azimuthal anisotropy is
high within the YZ plane. The fastest velocities of S2-waves are observed for directions close
to the lineation. The slowest propagation of the S1-wave occurs for directions either close or
normal to the lineation, while the fastest S1 propagation are expected for directions at 45° to

the lineation.
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Figure 6: Calculated seismic properties of average samples for the rift axis, Lashaine, and Olmani localities.
From left to right are displayed the 3-D distributions of P-wave velocities (V,), S-wave polarization anisotropy
(AV,) and the orientation of fast shear wave polarization plane, S; wave velocities (VS;), S, wave velocities, and

Vp/VS, ratio. Black squares and white spots indicate maximum and minimum values, respectively.

At Lashaine, where axial-[010] to orthorhombic olivine CPOs dominate, slow P-
waves velocities are found for propagation directions normal to the foliation plane. In contrast
to the average properties computed for the rift axis, the S-waves polarization anisotropy is
very low for propagation directions at high angle to the plane containing the concentrations of
[100] and [001] (corresponding to the foliation when observed), with a minimum within the
XZ plane at ~45° to the lineation. The maximum S-wave polarization anisotropy lies within
the foliation at 90° to the lineation. The fastest propagation directions of S;-wave are

contained in the foliation plane, while the slowest directions are parallel to the Z structural
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direction. Slow and fast S;-waves propagation directions are observed in a plane normal to the
lineation and in the XZ plane, at 45° to the lineation, respectively.

Seismic anisotropy intensities for individual samples are highly variable (Fig. 7, Table
1). Maximum P-waves anisotropies are comprised between 3.3 and 18.4%, while maximum
S-waves polarization anisotropies range between 2.3 and 13.3 %. To a first order, both
anisotropies display a weak positive correlation with olivine content (Fig. 7a-b). This is
consistent with the observation that the presence of pyroxenes and garnet decreases the rock
bulk anisotropy (Mainprice and Silver, 1993; Mainprice et al., 2000). Porphyroclastic
peridotites, which have the strongest olivine CPO, tend to have the highest anisotropies,
whereas granular peridotites yield the lowest anisotropies. Within a microstructural group,

however, there is no systematic variation in anisotropy as a function of the provenance.
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Figure 7: Dependence of the maximum P-wave anisotropy (AVp), and of the maximum S-wave polarization

anisotropy (AVs) on the olivine content and the olivine CPO symmetry (BA index).

We observe no simple relationship between P- and S-waves anisotropy intensities and
the olivine CPO symmetry (characterized by the BA index; Fig. 7 ¢, d). Most porphyroclastic
peridotites, which have axial-[100] olivine CPO, are strongly anisotropic (Fig. 5), but their
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large proportion of olivine and strong olivine CPO explain better their high anisotropy than
the olivine CPO symmetry.

Crystallization of large volumes of metasomatic phases (>25% vol.) may considerably
reduce P-, S;- and S,-waves velocities, and the maximum P- and S-waves anisotropy, as
illustrated by Fig. 8, in which we compare the seismic properties of sample EL15 calculated
by taking into account or not a phlogopite-bearing clinopyroxenite vein that crosscuts this

sample. However, it has no effect on Vp/VS, and Vp/VS; ratios.
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Figure 8: Effect of veins on the seismic properties of peridotite EL15 from Eledoi. From left to right are
displayed the 3-D distributions of P-wave velocities (V,), S-wave polarization anisotropy (AVj) and the
orientation of fast shear wave polarization plane, S; wave velocities (VS;), S, wave velocities, and Vp/VS; and

Vp/VS,; ratios.

4.5 OH concentrations
4.5.1 Olivine

The olivine spectra of xenoliths from Pello Hill, Eledoi, Olmani, and Lashaine exhibit
many absorption bands with highly variable intensities (Fig. 9a), suggesting H incorporation
in a variety of point defects (Berry et al., 2005; Berry et al., 2007; Kovacs et al., 2010; Miller
et al., 1987; Padron-Navarta et al., 2014). In a first group of samples (LS11, PEL41, 03TZ14]J,
EL6, PEL39), the absorption band at 3571 cm™ displays the maximum O-H absorbance,
while the intensity of the absorption bands at 3596 and 3525 cm™ varies. Absorption bands
between 3450 and 3200 cm™ have minor peaks, except for the band at 3226 cm™, which can
be more developed. In a second group of samples (EL15a, PEL17, PEL7, PEL15), absorption

bands between 3450 and 3200 cm™' present major peaks, with variable intensities. Finally, in a
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third group of samples (PEL16, EL15b, 89-772, OL10, PEL40, PEL34), both absorption

bands groups are observed.

4.5.2 Orthopyroxene and Garnet

Orthopyroxene spectra are more homogeneous (Fig. 9b) than those of olivine. They
display up to seven absorption bands. The four major bands are found at 3600, 3544, 3517
and 3410 cm™. Their intensities are variable. Minor peaks are also present around 3473, 3324
and 3060 cm".

Several millimeters long clear garnet grains were present in only one of the analyzed
samples (harzburgite xenolith from Lashaine LS11). Their spectra are flat, indicating

anhydrous garnet.
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Figure 9: Representative unpolarized FT infrared spectra of nominally anhydrous minerals in xenoliths from

Tanzania. (a) Olivine; (b) Orthopyroxene and garnet. All spectra are normalized to a sample thickness of 1 cm.
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Figure 10: Representative unpolarized FT infrared spectra of nominally anhydrous minerals in xenoliths from

Tanzania. (a) Olivine; (b) Orthopyroxene and garnet. All spectra are normalized to a sample thickness of 1 cm.

4.5.3 OH concentrations

Olivine OH concentrations are heterogeneous both between and within samples.
They range between 2 and 12 wt. ppm H,O (Table 2, Fig. 10 and 11) and are in the range of
concentrations previously measured for spinel peridotites (Denis et al., 2013; Falus et al.,
2008; Grant et al., 2007; Kurosawa et al., 1997; Li et al., 2008; Peslier, 2010; Peslier and
Luhr, 2006; Soustelle et al., 2010; 2013; Yang et al., 2008). Olivines from Pello Hill xenoliths
are more heterogeneous than those from Olmani and Eledoi. However, there is no systematic
correlation between olivine OH concentrations and provenance (Fig. 10). The lowest olivine
OH concentrations are found in mylonites, in agreement with data from previous studies
(Baptiste et al., 2012; Falus et al., 2008). The highest average olivine OH concentrations (12
wt. ppm H,O) are observed in dunite PEL41 from Pello Hill and harzburgite LS11 from
Lashaine. Although both samples are coarse-granular, in the whole set of analyzed samples,
there is no systematic correlation between olivine OH concentration and microstructure.

There is also no correlation between the olivine OH concentration and Mg# (Fig. 11).
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Figure 11: OH concentrations in wt. ppm H2O (calibration of Paterson, 1982) versus Mg# in olivine. For
comparison, data obtained in previous studies on peridotite xenoliths from various localities are also shown
(Baptiste et al., 2012; Demouchy et al., 2006; Denis et al., 2013; Falus et al., 2008; Grant et al., 2007; Kurosawa
et al., 1997; Matsyuk et al., 1998; Matsyuk and Langer, 2004; Peslier and Luhr, 2006; Peslier et al., 2008; Peslier
et al., 2010; Yang et al., 2008).

The homogeneity of OH concentrations in olivine was tested by profiles analyses with
50 to 150 um step sizes along transect (850 to 3450 um) on randomly oriented olivine grains
in three samples: one mylonite from Pello Hill (PEL17), one garnet-bearing harzburgite from
Lashaine (LS11), and one vein-bearing sample from Pello Hill (PEL41). These profiles
indicate long homogeneous concentrations plateau within grains, incompatible with
significant dehydration (Thoraval and Demouchy, 2014)

Average orthopyroxene OH concentrations range between 97 and 212 wt. ppm H20
(Table 2), being in the range of concentrations reported by previous studies (Falus et al.,
2008; Peslier et al., 2002; Peslier, 2010). In rift axis samples, orthopyroxene OH
concentrations are more heterogeneous, but there is no systematic correlation between
orthopyroxene OH concentration and xenolith locality or microstructure. Indeed, the lowest
orthopyroxene OH concentrations are measured in mylonite PEL17 and the highest, in
mylonite PEL15. There is also no correlation between the olivine and orthopyroxene OH

concentrations.

131



5. Discussion

5.1 Thermomechanical and metasomatic evolution of North Tanzanian Divergence peridotites
5.1.1 Rift Axis (Pello Hill and Eledoi)

The peridotites from the rift axis localities show a variety of microstructures, from
mylonitic to porphyroclastic and coarse-granular. All exhibit evidence for plastic deformation
and both dynamic and static recrystallization, but the deformation conditions and the extent of
static recrystallization vary from one microstructure to another. The obliquity between the
lineation and subgrain boundaries in olivine suggests simple shear deformation in both
porphyroclastic peridotites and mylonites, but the higher elongation of orthopyroxenes and
finer grain sizes imply deformation under higher stresses in the mylonites. The heterogeneity
in microstructures may indicate a spatial or a temporal variation of deformation conditions
and intensity within the mantle below Eledoi and Pello Hill.

In both mylonites and porphyroclastic peridotites, the frequency and spacing between
subgrain boundaries in olivine porphyroclasts and the extent of grain boundary
polygonization vary from sample to sample (Fig. 3a and b). These microstructural features
support a deformation by dislocation creep followed by variable degree of annealing. The
well-preserved intracrystalline deformation features in most porphyroclastic peridotites
suggest, however, that the time span between the deformation and the extraction by the
magma was too short to allow for complete annealing of the deformation microstructures. The
recent character of the deformation is further supported by the rather high equilibration
temperatures (1050-1100°C) recorded by these peridotites. The variable degree of annealing
observed in these rocks may be explained by variable interaction with fluids or melts, by
sampling of different depths, or by transient and spatially heterogeneous heating events.

Mylonites also record a temporal variation of deformation conditions. Highly stretched
orthopyroxenes are a characteristic feature of the mylonites (Fig. 3a). Similar highly stretched
orthopyroxenes have been described, in mylonitic peridotites from the Lanzo (Nicolas et al.,
1972), Ronda (Tubia et al., 2004; Soustelle et al., 2009), and Beni Bousera massifs (Frets et
al., 2014), and were interpreted as the result of deformation under high stress at moderate
temperatures (850-950°C estimated from thermobarometry in the peridotites and associated
pyroxenites; Frets et al. 2014; Garrido et al. 2011). Closely spaced kinks in orthopyroxene
also indicate deformation under high stress conditions. However, the stretched
orthopyroxenes from the mylonites have indented shapes, with embayments filled by vein-

like olivine crystals, which are often subparallel to the orthopyroxene elongation (Figure 4a).
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In porphyroclastic peridotites, orthopyroxene embayments filled with olivine and olivine
inclusions in orthopyroxene (Fig. 4c) are also present. These microstructures suggest
reactions leading to consumption of orthopyroxene and crystallization of olivine. In both
mylonites and porphyroclastic peridotites, the olivine crystals that replace orthopyroxene
display ubiquituous undulose extinction and subgrain boundaries dominantly oriented normal
to the crystals' elongation. This suggests that this reaction is synkinematic. Three processes
may produce replacement of orthopyroxene by olivine: (1) incongruent melting of
orthopyroxene (Kubo, 2002); (2) reaction between the peridotite and a Si-undersaturated melt
(Kelemen et al., 1990, 1995), (3) percolation of aqueous fluids (Padrén-Navarta et al., 2010).
The last process may occur at low temperatures (650-700°C), but implies very large volumes
of aqueous fluids (Padron-Navarta et al., 2010), which are plausible in a subduction zone, but
not in a continental rift.

In summary, the recent deformation event recorded by the rift axis xenoliths started under
high stress and probably low temperature. The deformation was later coupled with partial
melting or reactive percolation of Si-undersaturated melts. Both processes imply high, near-
solidus temperatures, which are at odds with the high stresses inferred in the mylonites from
the stretching of orthopyroxenes. Moreover, the ubiquituous exsolutions seen in
orthopyroxenes suggest significant cooling between this melt-assisted deformation and the
extraction of the xenoliths. Together these observations imply transient and probably spatially
heterogeneous temperature fields, marked by fast heating and cooling episodes, which
probably accompanied deformation and reactive melt percolation. Interestingly, similar
observations have been recently reported for peridotites samples from the boundary of the
Middle Atlas (Marocco) in a context of progressive exhumation, leading to convergent
interpretation (El Messbahi et al., in press).

Coarse-grained dunites (EL14, PEL11, and PEL41) contain more Fe-rich olivine in
comparison to the other Tanzanian samples. In these rocks, subgrain boundaries are rare and
triple junctions are common (Fig. 3e). They display, however, a clear crystallographic fabric.
Altogether this suggests that efficient annealing followed deformation by dislocation creep.
Dunite may form when a harzburgite interacts with Si-undersaturated melts (Berger, 1985;
Berger and Vannier, 1984; Kelemen et al., 1990; Morgan and Liang, 2003). The coarse-
grained dunites from Pello Hill and Eledoi contain olivines with significantly lower Mg# (84-
88, while the average for the other microstructures in these localities is ~92, Table 1). Such a
strong enrichment in Fe suggests interaction with very large volumes of melts. The coarse-

grained dunites might represent melt channels or melt accumulation levels within the mantle
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lithosphere (Berger, 1985; Berger and Vannier, 1984; Kelemen et al., 1995; Kelemen and
Dick, 1995; Tommasi et al. 2004).

In mylonitic, porphyroclastic and coarse-granular peridotites, the well-defined olivine CPO
indicates dislocation creep as the dominant deformation process. The olivine CPO patterns
range from to orthorhombic. These olivine CPOs are consistent with deformation by simple
or pure shear with dominant activation of (010)[100] or (0kI)[100] slip systems under high
temperature, low pressure and anhydrous conditions (Tommasi et al., 1999; Tommasi et al.,
2000). Axial-[100] CPO symmetry likely denotes a strain regime producing a well-defined
stretching direction, such as transtension; Chatzaras and Kruckenberg (in press) have recently
shown the correlation between axial-[100] CPO symmetry and prolate strain ellipsoids due to
constructional deformation. Orthopyroxene CPOs indicate deformation by dislocation creep
with activation of the [001](100) slip system. They are always correlated to the olivine CPO,
indicating that both minerals underwent the same deformation event.

In addition to the olivine-forming reactive melt percolation, textural evidence for
metasomatism by hydrous melts has also been identified in many peridotites from Pello Hill
and Eledoi (see also Dawson and Smith, 1988, who first analyzed the composition of the
veins from Pello Hill mantle xenoliths and concluded that they bear asthenospheric Nd and Sr
isotopic signatures and imparted REE, K, Fe, Ti metasomatism on the surrounding peridotite).
It encompasses: (1) veins with diffuse margins that comprise clinopyroxene, amphibole,
phlogopite, and spinel that crosscut deformation microstructures (Fig. 3d), (2) irregularly-
shaped pockets of clinopyroxene, amphibole, phlogopite, and spinel (Fig. 4e). In these
minerals, deformation substructures are uncommon. However, clinopyroxene crystals in veins
do exhibit a clear CPO that is coherent with the CPO of olivine and orthopyroxene from the
surrounding peridotite. Two hypotheses may explain this observation. First, vein intrusion
may be synkinematic, but this hypothesis is at odds with the orientation of the veins that
crosscut the foliation and with the lack of plastic deformation of the metasomatic phases.
Thus, we propose that the vein intrusion was post-kinematic and the minerals crystallized in a

preferential orientation controlled by the orientation of the preexisting orthopyroxene.

5.1.2 Lashaine

Mantle xenoliths from Lashaine mainly display very coarse-grained microstructures
characterized by millimeter- to centimeter-sized grains with curvilinear, interpenetrating
boundaries and low densities of subgrain boundaries (Figure 3f, 4g). These observations point

to efficient grain boundary migration. Together with the well-defined olivine and
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orthopyroxene CPOs, they support deformation by dislocation creep at high temperature or
effective annealing. In LS9, the frequent olivine-orthopyroxene interpenetrating boundaries
suggest reaction with percolating melts. In addition, the olivine tablets growing on other
crystals (Fig. 4f) have been previously interpreted as resulting from fast grain growth in
presence of fluids (Drury and Van Roermund, 1989).

Among the studied samples, the xenoliths from Lashaine are the only ones containing garnet,
implying that deeper parts of the Tanzanian lithosphere have been sampled. Garnet crystals in
peridotites LS4 and LS11 display interstitial shapes and usually rim orthopyroxene. This
morphology led Gibson et al. (2013) to interpret these pyrope garnets as the product of
exsolution from orthopyroxene due to cooling.

Well-defined olivine and orthopyroxene CPOs in Lashaine peridotites indicate that
dislocation creep was the main deformation process. Orthopyroxene CPOs are consistent with
deformation by dislocation creep with dominant activation of [001](100), as usually observed
in deformed mantle peridotites and pyroxenites (e.g., Frets et al. 2012, 2014; Vauchez et al.,
2005). Olivine CPO patterns are dominantly orthorhombic to axial-[010] (Fig. 5). Axial-[010]
olivine CPO symmetry, though less common than orthorhombic and axial-[100] symmetries
(Tommasi et al., 2000), has been described in many xenoliths suites from continental and
oceanic environments (e.g., Bascou et al., 2008; Tommasi et al. 2008; Vauchez et al., 2005;
Zaffarana et al., 2014) and in peridotite massifs (e.g., Frets et al. 2014, Soustelle et al. 2010).
It may result from similar activation of [100](010) and [001](010) slip systems as a result of
changes in physical parameters (e.g., olivine water contents, pressure, differential stresses,
presence of melt) during deformation or from a deformation regime characterized by an
oblate strain ellipsoid (Chatzaras and Kruckenberg, in press) such as pure shear or
transpression (Tommasi et al., 1999). A dispersion of olivine [100] axes has also been
observed in rocks undergoing dynamic and static recrystallization (Falus et al., 2011;
Tommasi et al., 2008). Experiments on olivine single crystals and polycrystals have shown
that [001]-glide is favored at low temperature and high differential stresses (Demouchy et al.,
2009; Demouchy et al., 2013; Demouchy et al., 2014; Durham and Goetze 1977; Phakey et
al., 1972; Raleigh, 1968). However, this explanation is inconsistent with the very-coarse
granular microstructures of Lashaine peridotites. The OH concentrations measured in olivine
are too low (<20 wt. ppm H20) to induce the transition from dominant [100] to dominant
[001] glide suggested by Jung et al. (2006). Transition from [100] to [001] glide have also
been observed as a result of increasing pressure in deformation experiments at high confining

pressure (Couvy et al., 2004; Jung et al., 2006; Raterron et al., 2009). Occurrence of axial-
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[010] CPO in garnet-bearing harzburgite LS11 may suggest a change in dominant mechanism
with increasing pressure, an interpretation similar to the one proposed by Vauchez et al.
(2005) for the deepest Labait peridotites. However, this explanation cannot account for the
common axial-[010] patterns in the Lashaine spinel peridotites. Deformation in presence of
melt, accompanied by refertilization reactions, also results in development of axial-[010]
olivine CPO (Le Roux et al., 2008; Higgie et al., 2012, 2014). Yet, there is no clear evidence
for synkinematic refertilisation reactions in the studied peridotites. Thus axial-[010] olivine
CPO in Lashaine peridotites probably results from either transpression or recrystallization.
Transpression should also result in dispersion of orthopyroxene [001] axes in the foliation
plane, but the small number of orthopyroxene crystals present in most samples does not allow
corroborating or excluding this hypothesis. Evidence for static recrystallization and grain

boundary migration is, on the other hand, widespread in these peridotites.

5.1.3 Olmani

Xenoliths from Olmani display microstructures and CPOs intermediate between those
found in peridotites from rift-axis localities and from Lashaine (Fig. 3 and 7). Half of the
Olmani samples display coarse-grained to very coarse-grained sizes, similar to the
microstructures observed in Lashaine. The other half of Olmani samples exhibits coarse-
porphyroclastic to porphyroclastic microstructures, with characteristics similar to those
observed in rift axis peridotites. All textural types from Olmani show evidence for olivine
crystallization at the expenses of orthopyroxene. Chemical evidence for interaction with
carbonatites was identified in several of the studied peridotites (89-772, 89-774, 89-776, and
89-773) by Rudnick et al. (1993). These samples display coarse-granular microstructures,
suggesting that the carbonatitic metasomatism is not directly related to the recent deformation
(probably rift-related), recorded by the porphyroclastic microstructures.

The well-defined olivine CPOs measured in Olmani peridotites suggests that
dislocation creep was the main deformation process. All three olivine CPO symmetries are
observed. Interestingly, Olmani granular peridotites tend to display axial-[010] olivine CPO,
similar to those of the granular peridotites from Lashaine, whereas porphyroclastic to coarse-
porphyroclastic samples show dominantly axial-[100] patterns, similar to rift axis peridotites.
Moreover, the weak annealing observed in the porphyroclastic peridotites suggests that
deformation occurred shortly before extraction. The orthopyroxene CPO is consistent with

deformation by dislocation creep with dominant activation of [001](100) and [001](010) slip
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systems. Olivine and orthopyroxene CPOs are always correlated, implying that they record
the same deformation event.

A variation in microstructures and olivine CPO patterns between the localities of
Olmani and Lashaine was not expected, as both localities are within the Tanzanian
Divergence and distant of less than 30km. This variation may be explained by: (1) younger
eruption ages in Olmani than Lashaine, in which case Olmani peridotites would record the
recent deformation associated with the rifting, (2) a bias in xenolith sampling, (3) Olmani and
Lashaine sample lithospheric domains with different tectonic ages, or (4) heteregeneous
deformation of the lithospheric mantle at the scale of few tens of km within the transverse
volcanic belt. The eruption age of Olmani and Lashaine is poorly constrained. However,
neighboring volcanic centers with similar morphologies have eruption ages between 2.5-1.56
Ma (Evans et al., 1971; Le Gall et al., 2008; Maclntyre et al., 1974; Wilkinson et al., 1986).
Hypothesis (1) is therefore improbable. A bias in xenolith sampling (2) cannot be definitely
excluded, but is unlikely, since in spite of the large number of xenoliths collected, Lashaine
xenoliths have very homogeneous microstructures. The presence of lithospheric domains of
different ages (3) within the Mozambique belt is possible. Indeed, Lashaine and Olmani are
located in a domain of the Mozambique belt that is interpreted as a remnant of cratonic
lithosphere reworked during the Neoproterozoic Orogeny (Mansur et al., 2014; Mdller et al.,
1998). Similarities between Lashaine and cratonic peridotites are numerous. Rudnick et al.
(1994) first highlighted similarities in mineral compositions between Lashaine and the
Kaapvaal craton peridotites. Minimum ages of 3.4 and 2.9 Ga were obtained from Re-Os
studies of sulphides in mantle xenoliths from both Lashaine and Labait, a Quaternary volcano
located on the eastern boundary of the Tanzanian craton (Fig. 1; Burton et al., 2000; Chesley
et al., 1999). Comparison of the microstructures and the olivine CPOs of the Labait and
Lashaine peridotites provides additional evidence for a common origin. Vauchez et al. (2005)
described three textural types in the Labait peridotites, among which the garnet-free, coarse-
grained peridotites display microstructures and olivine CPO very similar to those observed in
the Lashaine peridotites. However, the similarities between Lashaine and Olmani coarse-
granular peridotites make hypothesis (3) unlikely. Heterogeneous rift-related deformation
within the volcanic belt is the most probable explanation to Lashaine and Olmani
microstructural and CPO difference. Indeed, the deformation recorded by the Olmani
porphyroclastic peridotites might be related to localized deformation in a strain transfer zone

connecting the main rift to the Pangani Graben (Fig. 1) or to reactivation of the
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neoproterozoic Aswa shear zone (e.g., Corti et al., 2007; Ruotoistenmiki, 2014 and references

therein) in a transtensional regime that resulted in the opening of the Pangani Graben.

5.2 Hydration state of the Tanzanian lithosphere

Diffusion data from experimentation and dehydration profiles from basalt-borne
peridotite xenoliths, both point out to a very fast hydrogen ionic diffusion in olivine at high
temperature (Mackwell and Kohlstedt, 1990; Demouchy and Mackwell, 2006; Demouchy et
al., 2006; Peslier and Luhr, 2006; Denis et al., 2013). However, the length and homogeneity
of OH concentrations plateau in olivine along profiles in three samples demonstrates that the
measured concentrations were not modified during xenolith extraction (Demouchy et al.,
2006; Thoraval and Demouchy, 2014).

Average OH concentrations in olivine measured in the Tanzanian samples vary from
very low to moderate (up to 12 wt. ppm H2O; Fig. 10, Table 2). Average orthopyroxene OH
concentrations range between 97 and 212 wt. ppm H2O. In xenoliths from Pello Hill, the
olivine OH concentrations are more heterogeneous than in those from Eledoi and Olmani.
However, this difference might be related to the fact that we analyzed more samples from
Pello Hill than from other localities. We also observe no clear relationship between the
microstructure or the olivine CPO pattern and OH concentrations (Table 2, Fig. 10). We also
do not observe significant differences in olivine OH concentrations between in- and off-axis
samples (Fig. 10). The 2 samples that exhibit the highest OH concentrations in olivine, are a
garnet-bearing harzburgite LS11 from Lashaine and a vein-bearing dunite PEL41 from Pello
Hill. We discuss below the potential origin of these relatively higher OH concentrations.

The harzburgitic to dunitic compositions, and high olivine Mg# in most samples
suggest extensive partial melting, which might be as old as 3.4 Ga, based on Os isotopic
dating of sulphides in a garnet lherzolite from Lashaine (Burton et al., 2000). Since H behaves
as an incompatible element during partial melting (Bolfan-Casanova, 2005; Dixon et al.,
2002; Hirschmann et al., 2005), olivine with high Mg# should have the lowest OH
concentrations. However, we observe no correlation between olivine Mg# and OH
concentrations (Fig. 11), implying that the Tanzanian samples were potentially hydrated or
rehydrated during later metasomatic events.

Geochemical studies have provided evidence for multiple metasomatic events in
mantle xenoliths from the sampled localities. Carbonatite metasomatism led to enrichment in
REE, increase in Mg#, and the crystallization of clinopyroxene and phosphate in Olmani

xenoliths (Rudnick et al. 1993, 1994). However, this carbon-rich metasomatism should not
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result in extensive hydration of Nominally Anhydrous Minerals (NAM) because a high CO2
fugacity will lower H20 fugacity in the system and thus minimize the hydration of NAMs
(Dixon et al., 1995, Sokol et al., 2010). In Lashaine peridotites, an episode of metasomatism,
which enriched the peridotites in K, Fe Ca, Ti, Rb and REE, was dated at ~2 Ga based on Re-
Os isotope data on sulphides (Burton et al., 2000; Dawson, 2002). A more recent
metasomatism led to addition of Si, K, Ti, Ca, Fe, Nb, and Ta (Dawson, 2002). Rudnick et al.
(1994) suggested that the SiO2 enrichment in Lashaine garnet peridotites was caused by the
interaction with silicic melts derived from partial melting of a subducting slab, during the
major subduction on the eastern edge of the Kaapvaal craton around 2 Gy ago (Moller et al.,
1995). Such a process may modify the trace element contents of NAMs and therefore allow
for OH incorporation in olivine. It might therefore explain the relatively high OH
concentration in olivine from garnet-bearing harzburgite LS11 (Fig. 10). Moreover, LS11
harzburgite is a garnet-bearing peridotite. Its deeper origin may also explain the higher OH
concentration, since higher pressure implies higher water fugacity, favoring OH incorporation

in olivine (Kohlstedt et al., 1996; Férot and Bolfan-Casanova, 2012).
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Figure 12: Olivine OH concentrations in wt. ppm H,O, (calibration of Paterson, 1982) as a function of the

distance from hydrous mineral-rich veins.

The presence of undeformed hydrous phases in veins or diffuse pockets (Fig. 3d, 4d,e)
in xenoliths from all sites implies extensive post-kinematic metasomatism by hydrous fluids
or melts. Indeed, the vein-bearing dunite PEL41 from Pello Hill shows the highest OH
concentrations in olivine from all analyzed samples (Fig. 10). However, measurement of the
OH concentration in olivine at different distances from the veins in dunite PEL41 shows no

systematic increase in olivine OH concentrations in the vicinity of the vein (Fig. 12). Similar
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measurements were performed for samples EL15 and PEL40. These data suggest that
hydration of olivine is not related to the metasomatic event that formed the veins. The actual
nature of the metasomatic agent and the timing of the hydration of olivine remain therefore

undetermined.

5.3 Upper mantle deformation and seismic anisotropy in the North Tanzanian Divergence

Microstructures and CPOs analysis of the Tanzanian xenoliths show that the
lithospheric mantle in the Northern Tanzanian Divergence is pervasively deformed. However,
the strong heterogeneity in microstructures and olivine CPO suggests that this deformation
was acquired during multiple tectonic events, probably separated by quiescence episodes,
which allowed for annealing. The observed microstructural heterogeneity could also be
explained by spatial variations in strain rate. The mylonitic to granular microstructures of the
rift axis peridotites, despite rather high equilibrium temperatures, underwent limited
annealing, which suggests that they were deformed shortly before extraction. Therefore, these
samples likely record the deformation associated with the rift propagation in this region.
Among the peridotites from the rift axis, the most common olivine CPO pattern is the axial-
[100] pattern. This pattern implies that: (1) [100] is the dominant glide direction in olivine
and (2) the active deformation regime has a well-defined stretching direction. Numerical
models show that development of axial-[100] olivine CPO is characteristic of transtensional
deformation regimes (Tommasi et al., 1999). High temperature (1200°C), high strain rate
(<10-6 s-1) torsion experiments in dry olivine aggregates (Bystriky et al., 2000; Hansen et al.
2014) have shown, however, that [100]-axial CPO also forms during the initial stages of
simple shear deformation, with a progressive transition from axial-[100] symmetry to
orthorhombic symmetry for y>5. The obliquity between subgrain boundaries and the foliation
observed in the mylonites and porphyroclastic peridotites are consistent with a simple shear
component of deformation. In addition, the extreme stretching of the pyroxenes in the
mylonites (Fig. 3a, 4a) implies high finite strains. Altogether, these observations support that
the deformation, which developed the mylonites and porphyroclastic peridotites in the mantle
lithosphere beneath the southern part of the East-African rift, results from a transtensional
strain regime with a strong simple shear component.

Comparison between the seismic properties of the studied xenoliths and seismological
data may help to further constrain the deformation regime in the region (e.g., Vauchez et al.,
2000). Anisotropy measurements in the Tanzania Divergence show fast SKS polarization

directions parallel or slightly oblique to the rift axis (Albaric et al., 2014; Bagley and
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Nyblade, 2013; Gao et al., 1997; Walker et al., 2004). Oblique fast polarization directions for
teleseismic shear waves are expected for a rift formed by transtensional deformation of the
lithosphere, which should result in axial-[100] olivine CPO patterns with a concentration of
olivine [100] axes close to horizontal and slightly oblique to the rift axis (Vauchez et al.,
2000). These data, together with the predominance of axial-[100] olivine CPO in the studied
mantle xenoliths from Pello Hill and Eledoi, are in good agreement with the suggestion that
the East African Rift was initiated by a transtensional reactivation of inherited
crystallographic fabrics, as suggested by Tommasi and Vauchez (2001) and Tommasi et al.
(2009) who showed, using numerical models, that a CPO-induced mechanical anisotropy in
the mantle imposes deformation with a strong strike-slip component parallel to the reactivated
mantle structure.

Away from the rift axis, the coarse-granular, highly annealed microstructures of the
Lashaine peridotites probably record an older deformation event. The olivine CPO in these
peridotites also differ markedly from those from the rift axis: axial-[010] to orthorhombic
patterns predominate. The deformation microstructures and CPOs frozen in these peridotites
might be related to the last major compressive event in the region: the formation of the
Mozambique Belt during the Neoproterozoic East African Orogeny (e.g., Pinna et al., 1993).
Considering the similarity in microstructure and composition between the xenoliths from
Lashaine, Labait (Vauchez et al. 2005), and the Kaapvaal craton (Baptiste et al. 2012), it may
also be hypothesized that the lithosphere beneath Lashaine is a remnant of a cratonic domain
embedded and preserved in the Mozambique Belt, as suggested by Gibson et al. (2013) from
the geochemical study of ultra-depleted garnets. In this case, the structures and CPO of
Lashaine xenoliths might result from even older deformations, such as those recorded in the
neighboring Tanzanian craton (e.g., Bagley and Nyblade, 2013; Walker et al., 2004).
Although localized within the transverse volcanic belt, the Olmani mantle xenoliths show
both types of microstructures and CPOs: rift-axis or Lashaine ones. This might result from
localized deformation reworking an older lithosphere (similar to the Lashaine mantle, or
affected by the Aswa transcurrent shear zone) leading to the development of a subordinate
branch of the East African Rift southeast of Mount Kilimandjaro (see Fig. 1).

The present study shows that lithospheric mantle beneath the southern part of the East
African Rift is anisotropic. Below the rift axis, calculated seismic anisotropy intensities (Fig.
7, Table 1) range between 3.3 and 18.4% for P-waves, and between 2.3 and 13.3 % for S-
waves. The contribution of the mantle lithosphere cannot therefore be neglected in the

interpretation of shear wave splitting data, even if the coherence of the large-scale seismic
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anisotropy pattern has lead investigators to favor a sublithospheric flow interpretation (e.g.,
Bagley and Nyblade, 2013). Estimates of the crustal and lithospheric thicknesses in this
region vary between 36-44 km and 100-150 km (Dugda et al., 2009; Julia et al., 2005),
respectively. Upper mantle S-wave velocities of 4.6 km/s were measured in the region (Julia
et al., 2005). Assuming that the rift formed by transtension, we expect the foliation to be near
vertical and the lineation close to horizontal and slightly oblique to the rift axis (Vauchez et
al., 2000). SKS-waves will then sample the maximum S-wave polarization anisotropy (Z
direction in Fig. 6), leading to delay times around 0.65s for a 60 km-thick mantle, and of 1.2s
for a 110 km-thick mantle. In the North Tanzanian Divergence, Walker et al. (2004) measured
SKS delay times of 0.3-0.8s, while Bagley and Nyblade (2013) and Albaric et al. (2014)
obtained mean delay times of 0.7 and 1.2s, respectively. Therefore, the anisotropy induced by
olivine CPOs in the Tanzanian peridotites can explain the SKS delay times measured in the
region. Within the main Ethiopian rift, SKS studies also report polarization directions
subparallel to the rift trend and variable delay times (0.5-1.7s: Gashawbeza et al., 2004, 1-3 s:
Kendall et al., 2005). However, SKS splitting delay times as high as those reported by
Kendall et al. (2005) in the Afars, cannot be explained by the anisotropies recorded in
Tanzanian xenoliths, in agreement with the interpretation that they reflect the presence of
oriented melt pockets (Ayele et al., 2004; Bastow et al., 2010; Hammond, 2014; Kendall et
al., 2005; Sicilia et al., 2008).

6. Conclusions

Xenoliths sampling the lithospheric mantle beneath the North Tanzanian Divergence
in the East African Rift display a high variability in microstructures and olivine CPO
depending on their location. Beneath the rift-axis and Olmani, within the volcanic transverse
belt, the occurrence of mylonitic to porphyroclastic microstructures suggests recent
deformation by dislocation creep. Variable microstructures and grain sizes in these rocks
suggest lateral and/or vertical variation of the deformation conditions within the mantle, as
well as variable degrees of annealing, that may be related to variable interaction with fluids or
melts, or to different time spans between deformation and xenolith extraction. The presence
of mylonites point to strain localization, but there is no evidence of dominant grain boundary
sliding in any of the studied rocks: the ubiquitous dislocation-related intracrystalline
deformation features in olivine and orthopyroxene and the strong axial-[100] olivine CPO
point to dislocation creep with dominant activation of the [100](010) slip system. The

mylonites also record evidence for marked changes in temperature, probably due to transient
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heating events. Highly stretched orthopyroxene crystals in mylonites from rift axis localities
suggest that the deformation initiated under high stress and probably low/moderate
temperature conditions, but the evidence of synkinematic olivine crystallization at the
expenses of orthopyroxene observed in both mylonitic and porphyroclastic peridotites from
rift axis localities and Olmani indicate that deformation continued in the presence of melt,
under near-solidus conditions. Finally, ubiquitous exsolutions in orthopyroxene in the
mylonites suggest significant cooling between this melt-assisted deformation and the
xenoliths extraction. Late, postkinematic metasomatism by hydrous melts is evidenced by the
occurrence of veins crosscutting the microstructure, as well as the presence of interstitial
clinopyroxene and phlogopite in rift axis peridotites.

In the volcanic transverse belt, the coarse-granular microstructures and well-defined
CPOs that characterize the Lashaine and part of the Olmani peridotites likely result from an
older deformation event. The well-defined axial-[010] to orthorhombic CPO patterns in these
peridotites may be associated with the formation of the Mozambique Belt or with an even
older event. Finally, the variability of microstructures and CPOs in Olmani peridotites, which
are either Lashaine-like or rift-axis-like, may indicate a heterogeneous deformation within the
volcanic transverse belt, probably related to localized deformation associated to the
development of the Pangani Graben through transtensional reactivation of the Aswa shear
zone (Fig. 1).

Tanzanian xenoliths are variably hydrated (OH contents in olivine vary between 2 and
18 ppm H20 wt., Paterson calibration), but olivine OH concentrations do not vary
systematically neither between in- and off-axis samples, nor as a function of the
microstructure or CPO patterns. Occurrence of OH in olivines with high Mg# implies
hydration by metasomatism after partial melting. However, the lack of spatial correlation
between OH contents in olivine and the veins containing hydrous phases, implies that the
olivine hydration is not directly due to the vein-forming metasomatism.

Maximum P wave azimuthal anisotropy (AVp) ranges between 3.3 and 18.4% and the
maximum S wave polarization anisotropy (AVs), between 2.3 and 13.2%. The change in
olivine CPO symmetry from a locality to another results in a variation in the seismic
anisotropy patterns. Comparison between olivine CPOs and polarization direction of the fast
SKS wave is consistent with a rift formed by a transtensional deformation involving

reactivation of inherited tectonic fabric.
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Chapitre 6 : Déformation et anisotropie du

manteau lithosphérique sous un rift mature

Le rift Est-Africain est 'un des principaux rifts actifs de la planéte. Il offre la possibilité
d’étudier le rifting a différents stades de maturité, de I’initiation jusqu’a 1’accrétion océanique.
Si des études ont apportées des contraintes importantes sur la déformation de surface et le
magmatisme durant le rifting, ainsi que le réle des panaches mantelliques (e.g. Biggs et al.,
2011; Corti, 2008; Ebinger et al., 1993; Stewart et Rogers, 1996), peu de choses sont connues
sur la maniére dont le manteau accommode la déformation durant le rifting. La présence de
magmas a petite échelle peut diminuer de fagon significative la viscosité du manteau (Hirth
and Kohlstedt, 2003; Kohlstedt and Zimmerman, 1996; Kohlstedt et al., 2000; Zimmerman
and Kohlstedt, 2004). Or, la partie éthiopienne du rift Est Africain a été soumise a plusieurs
épisodes magmatiques importants. La formation rapide du plateau magmatique Ethiopien il y
a 30 Ma (Ebinger, 1993; Georges et al., 1998; Hofman et al., 1997) a précédé un second
épisode volcanique et de début de 1’extension au Miocéne (Ebinger et al., 1993; Hendrie et al.
1994; Morley et al. 1992). Enfin, la région enregistre un dernier épisode volcanique Plio-
Pléistocene, se traduisant sous la forme de cones et de fissures volcaniques au coeur de la
vallée du rift (Bonini et al., 2005; Ebinger et al., 1993; Furman, 2007; Shinjo et al., 2011).

Le travail présenté dans ce chapitre repose sur 1’analyse de 25 xénolites mantelliques
(20 péridotites, 5 pyroxénites) du rift Est-Africain au Sud de Mega, en bordure Sud du plateau
¢thiopien. Cette étude est basée sur la caractérisation des microstructures et des OPRs des
xénolites éthiopiens, ainsi que le calcul de leurs propriétés sismiques. Elle vise a mieux
comprendre les relations entre déformation et percolation de fluides et magmas durant le
rifting.

Les péridotites du Sud de Mega présentent des microstructures homogenes, suggérant
que ces roches n’enregistrent probablement pas de variations spatiales ou temporelles des
conditions de déformation. Contrairement a ce qui a précédemment été rapporté par Bedini et
al. (1997), nous n’observons pas de variations significatives des microstructures en fonction

du type de métasomatisme. La variation de I’espacement entre sous-joints dans les
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porphyroclastes d’olivine, ainsi que la polygonisation variable des néoblastes d’olivine,
suggerent une déformation suivie par un recuit variable. Les OPRs de 1’olivine de type
orthorhombique indiquent une déformation par fluage-dislocation avec activation du systéme
de glissement [100] (010). La présence de clinopyroxéne et d’orthopyroxéne suggére une
cristallisation secondaire, probablement associée a 1’épisode métasomatique identifié par
Bedini et al. (1997). Les OPRs mesurées dans I|’orthopyroxéne et parfois dans le
clinopyroxeéne, ainsi que la cohérence généralement observée entre les OPRs de ’olivine et de
I’orthopyroxéne, indiquent un épisode métasomatique pré- a syn-cinématique.

L’anisotropie azimutale maximale des ondes P varie entre 3.1 et 12.3%, tandis que
I’anisotropie de polarisation maximale des ondes S est comprise entre 2.9 et 8.3%. De telles
anisotropies ne peuvent expliquer a elles seules les déphasages des ondes SKS mesurées au
niveau du rift Ethiopien et du rift Kenyan. Les microstructures et les relations entre magmas
et percolation dans les péridotites éthiopiennes sont différentes de celles observées dans les
xénolites de la Divergence Nord-Tanzanienne ou du Nord Kenya. La comparaison de ces
données indique que, bien que la percolation de magmas dans le manteau lithosphérique

durant le rifting soit commune, son timing par rapport a la déformation varie.
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1. Introduction

The East African rift is great natural laboratory, which allows studying continental
rifting at variable degree of maturity, from its initiation to oceanic accretion. Over the past
years, studies have brought important constraints on surface deformation and magmatism
during rifting, as well as on the role of mantle plumes (e.g. Biggs et al., 2011; Corti, 2008;
Ebinger et al., 1993; Stewart et Rogers, 1996). Despite this, little is known about how the
lithospheric mantle accommodate rifting deformation through time. Many studies point out
the major role of magmas during rifting initiation and formation. Buck (2006), for instance,
proposed that dyke intrusions might help initiating the deformation within the strong
continental lithosphere. This hypothesis is supported by seismic anisotropy studies, which
suggest the presence of oriented melt pockets in the crust and the mantle within the rift axis in
Ethiopia and in Afar (Bastow et al., 2010; Hammond et al., 2014). At a larger scale, body-
wave tomography images a broad and deep low velocity anomaly beneath the Ethiopian
Plateau and the eastern branch of the rift system in Kenya and Tanzania, that have been
proposed to be linked to the African Superplume (Nyblade, 2011). The presence of magma at
a smaller scale may significantly decrease mantle viscosity (Hirth and Kohlstedt, 2003;
Kohlstedt and Zimmerman, 1996; Kohlstedt et al., 2000; Zimmerman and Kohlstedt, 2004).
Reaction with melts or fluids may as well reduce mantle strength through crystallization of
weaker phases, grain size reduction, and phase mixing (e.g., Dijkstra et al. 2002; Soustelle et
al. 2010).

In Ethiopia, the rapid formation of the magmatic Plateau during a plume-related peak
volcanism at 30 Ma (Ebinger, 1993; Georges et al., 1998; Hofman et al., 1997) preceded
continental extension initiation and a later volcanic episode in the Miocene (Ebinger et al.,
1993; Hendrie et al. 1994; Morley et al. 1992). The Ethiopian branch of the East African Rift,
the main Ethiopian rift, is therefore an ideal location to study the way the lithospheric mantle
accommodated the rifting deformation in a mature rift and the role of magmatism in this
process.

In the present study, we explore the relation between deformation and melt percolation
in a suite of mantle xenoliths from the southern end of the main Ethiopian rift (South of
Mega, Sidamo region). Based on their crystallographic preferred orientations and
mineralogical compositions, we also estimate their seismic anisotropy and compare it to

seismic anisotropy data performed in the area.

2. Geological background
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2.1 Geological setting

The East African rift is one of the most active rifts on Earth. It extends over more than
4000 km, from the Afar triple junction to the Gulf of Mozambique, and splits into two
branches around the Tanzanian craton. The Eastern branch and the main Ethiopian rift of the
East African rift overlap in the Turkana Depression, a 300 km wide system of extensional
basins (Shinjo et al., 2011), where the earliest traces of volcanic activity (45 Ma) in the East
African rift system were found (Ebinger et al., 1993, Georges et al., 1998). Extension in the
main Ethiopian rift started in South Ethiopia at ~25-20 Ma (Ebinger et al., 1993; Hoffman et
al., 1997; Kieffer et al., 2004; Woldegabriel et al., 1991), through the thick Ethiopian plateau,
which formed from a peak volcanic activity at 31-30 Ma. The region also records two later,
lower volumes, volcanic episodes: one during the Miocene (19-11 Ma) dominated by alkaline
basalts and trachytes, and another during the Plio-Pleistocene, occurring as fissural lavas and
cinder cones within the rift axis (Bonini et al., 2005; Ebinger et al., 1993; Furman, 2007,
Shinjo et al., 2011).

Seismic studies have investigated the structure of the Ethiopian rift. Joint inversion of
Rayleigh wave group velocities and receiver functions indicate lithospheric thicknesses of 80-
90 km beneath the Ethiopian Plateau (Dugda et al, 2007). In the lithospheric mantle,
maximum S-waves velocities of 4.3 km/s and 4.1-4.2 km/s are measured beneath the
Ethiopian Plateau and the main Ethiopian rift, respectively (Dugda et al, 2007). Based on 1D
conductive thermal model, Dugda et al. (2007) suggested that a plume model could explain
this structure, provided that the lithosphere was thinned by ~30-50 km, above a plume during
the flood basalt volcanism at 30 Ma, and the warm material stayed beneath the lithosphere
since then. Beneath the Ethiopian Plateau, body-wave tomographies also image a 500 km
wide and 400 km thick anomaly at ~100-300 km depth, interpreted as the upper mantle
continuation of the African Superplume (Bastow et al., 2008, Benoit et al., 2006). Within the
main Ethiopian rift, SKS studies report coherent rift-parallel polarization of the fast S-wave
(Gashawbeza et al., 2004; Kendall et al., 2005), but variable delay times (0.5-1.7s:
Gashawbeza et al., 2004, 1-3 s: Kendall et al., 2005). Variations in splitting parameters and
increasing amount of splitting above regions of recent volcanism support the idea of an
anisotropic signal dominated by oriented melt pockets (Ayele et al., 2004; Kendall et al.,
2005). However, beneath the Ethiopian plateau, the measured anisotropy may be related to a
pre-existing fabric frozen in the lithosphere (Gashawbeza et al., 2004; Hammond et al., 2014).

Surface waves and SKS studies report the presence of a ~100 km thick anisotropic upper
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layer (Bastow et al., 2010; Hammond et al., 2010; Sicilia et al., 2008), possibly caused by a
fossil fabric (Sicilia et al., 2008), which locally contains oriented melt pockets (Bastow et al.,
2010; Hammond, 2014; Sicilia et al., 2008). A more recent SKS study shows the existence of
two anisotropic layers (Hammond et al., 2014): an upper layer with variable polarization
directions in the Ethiopian plateau and the main Ethiopian rift, and lower anisotropic layer
with a consistent NE-SW orientation that could be attributed to flow from the African
Superplume.

In the Sidamo region (South Mega, SE Ethiopia), on the southern border of the
Ethiopian plateau and the southern end of the Ethiopian rift, lava flows and pyroclastic rocks
with basanitic to nephelinitic compositions erupted in the late Pleistocene, carrying mantle
xenoliths (Morten et al., 1992; Bedini et al., 1997). The present study focuses on twenty-five

mantle xenoliths from this region (Fig. 1).
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Fig. 1: Digital topographic map (http://www.geomapapp.org, topography data from Ryan et al., 2009) showing

the East African rift and the xenolith localities studied here. Location of the Precambrien rocks, spatter cones,

and faults near Mega were reported as in Morten et al. (1992).

2.2 Sample set: geochemical background

The geochemical composition of the studied mantle xenoliths has been previously
studied in detail (Bedini, 1994; Bedini et al., 1997; Bedini et al., 1999; Lorand et al., 2003).
Bedini et al. (1997) showed that beneath south Mega, the lithospheric mantle was infiltrated
by asthenospheric magmas linked to a mantle plume. During their upward migration, these

magmas reacted with the surrounding peridotite, which progressively modified their
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composition, generating different types of metasomatism along the percolated column and
through time (Bedini et al., 1997). Bedini et al. (1997) indeed identified two geochemical
groups among the peridotites from south Mega: (1) The less recrystallized samples (or
“deformed”), strongly enriched in LILE, with negative anomalies of the HFSE and sometimes
apatite-bearing, (2) The more recrystallized samples (or “granular”), depleted or slightly
enriched in LILE and devoided of significant HFSE anomaly. The geochemical characteristics
of “deformed” peridotites were interpreted as the result of interaction with small fractions of
LILE-enriched melts saturated in Ti-oxides, while “granular” peridotites are believed to have
re-equilibrated with high fractions of basaltic melts (Bedini et al., 1997). In deformed
peridotites, PGE abundances and sulphides modal compositions suggest interaction with
volatile-rich small melt fractions (Lorand et al., 2003), while in granular peridotites, re-
equilibration with OIB-like melts in high porosity zones at the bottom of the lithosphere is
likely.

Because our observations and interpretations on sample microstructures are
significantly different than that of Bedini et al. (1997), we will refer in the following to
“deformed” peridotites as “metasomatism 17 (M1) peridotites and to granular peridotites as

“metasomatism 2" (M2) peridotites.

3. Methods
3.1 Electron-backscattered diffraction (EBSD)

The crystallographic preferred orientations (CPO) of olivine, pyroxenes, garnet and
spinel were measured at the SEM-EBSD facility at Geosciences Montpellier by indexation of
electron back-scattered diffraction (EBSD) patterns produced by interaction of an incident
electron beam with a carefully polished thin section tilted at 70° to the electron beam.
Measurements were performed in a JEOL JSM 5600 scanning electron microscope using an
acceleration voltage of 17 kV and a working distance of 23 mm. Maps covering almost
entirely each thin section were obtained using steps between 100 and 30 um, depending on
grain size. Indexation rates ranged between 70 and 90% depending of the mineral.
Orthopyroxene and clinopyroxene were seldom misindexed for one another. Careful post-
acquisition data treatment by comparing EBSD maps and microscopic observations was
performed to reduce inaccurate mineral determination and misindexation due to olivine
pseudosymmetry. Grain sizes and modal compositions were also obtained from EBSD maps.

Crystal-preferred orientation data is displayed in pole figures, presented as lower

hemisphere stereographic projections. To avoid over-representation of large grains, data were
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reduced to one average crystallographic orientation per grain. When the foliation and
lineation could be identified, the orientation of the main crystallographic directions: [100],
[010] and [001] for olivine and pyroxenes, was plotted relatively to the principal axes of the
deformation ellipsoid X, Y, and Z. Because the foliation and lineation could not be identified
in coarse-grained samples, thin sections were cut in random orientations. To allow
comparison between different samples, we rotated the CPO of randomly oriented samples into
a common orientation, in which the maximum concentration of olivine [100] and [010] axes
are parallel to the E-W and the N-S directions of the pole figure, respectively.

To better describe the olivine CPO symmetry, we calculated the dimensionless BA
index (Mainprice et al., 2014) defined as:

"'lI -
ki = l[z—( POLO }_[ G100
2 GOLO+POL0,) L G100+ PLOD

(1)

Where P and G are indexes used to characterize the shape of the distribution (P for Point and
G for Girdle; Vollmer, 1990) of the olivine principal axes ([100], [010] and [001]); these
indexes were calculated from the eigenvalues of the normalized orientation matrix as P=A1-A3
and G=2(A2-A3), calculated using the MTEX texture analysis Matlab toolbox (Hielscher and
Schaeben, 2008; Mainprice et al., 2011). The BA index allows a more precise classification of
the olivine CPO symmetry into 3 types: axial-[010] (BA index<0.35), orthorhombic
(0.35<BA index<0.65), and axial-[100] (BA index>0.65).

The strength of the fabric was quantified using the dimensionless J-index, which is the
volume-averaged integral of squared orientation densities defined by:

I= flg)’dg )
where f(g) is the orientation distribution function (ODF) and dg = do;dode, singn’. ¢, ¢, and
¢, are the Euler angles, that define the rotations allowing for coincidence between the
crystallographic and external reference frames. Natural peridotites classically show J-indexes
between 2 and 20, with a peak at 810 (Ben Ismail and Mainprice, 1998; Tommasi et al.,
2000). The J-index for each sample was calculated based on the mean orientation of each

grain using the MTEX texture analysis Matlab toolbox.
3.2 Seismic properties

Seismic properties were calculated using the CPO of all major phases and their

respective modal content estimated from EBSD maps (Mainprice, 1990). For olivine,
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Table 1:

. s Metasomatism a ol Opx b o L o o . Max Max Max Max
Sample s;;h;;ﬂ Rock Abz:ﬂaeg Texture type from Temperature’ Mg#  Mg# Reference for Modal compositions® (%) Olivine Olivine  Olivine Density AVp AVspol AVS, AVS,
name type samples Bezjllrgge?t)al. (°C) (%) (%) mg# and T data opx cpx gt sp CPO type ian_ex in%ﬁx (g.cm™) (%) (%) (%) (%)
ET32 ET32 Lz CcP M2 1049 88.5 89.3 Bedini, 1994 46 36 16 0 2 ortho 3.8 0.39 3.3676 3.1 3.9 2.6 2.8
ET40 ET40 Lz CP M2 - - - - 62 21 15 0 2 ortho 3.1 0.71 3.3752 4.3 3.7 1.8 2.9
ET41 ET41 Lz X CP M1 - - - - 78 14 7 0 1 ortho 3.9 0.42 3.3635 7.0 6.4 3.5 3.7
ET46 ET46 Lz X CcpP M1 1009 90.9 91.8 Bedini, 1994 83 11 5 0 1 ortho 5.7 0.48 3.3656 10.5 6.6 3.8 5.8
ET48 ET48A Lz CP M2 . 52 26 20 0 2 ortho 3.0 0.75 3.3714 4.7 2.9 1.8 2.6
ET48B Lz cp M2 942 89.5 89.8  Bedin, 1994 5o 9 14 0 1 ortho 51 059 3.3542 54 49 2.5 2.9
ET49 ET49 Hz X CcpP M1 954 91.2 92.0 Bedini, 1994 81 15 3 0 1 ortho 3.2 0.56 3.3642 6.8 4.9 2.4 3.5
ET53 ET53 Lz CcpP M2 969 90.2 90.9 Bedini, 1994 72 16 11 0 1 ortho 4.7 0.69 3.3614 7.8 5.3 2.2 4.9
ET54 ET54 Hz X CcpP M1 901 91.5 92.2 Bedini, 1994 84 12 4 0 0 ortho 7.8 0.62 3.3480 12.3 8.0 4.5 5.9
ET63 ET63 Lz CcpP M2 - - - - 46 24 26 0 4 ortho 3.9 0.34 3.4054 3.8 3.0 2.3 1.6
ET66 ET66A Lz Cp* M1 - - - - 69 24 6 0 1 ortho 2.7 0.58 3.3439 5.6 3.6 1.6 3.4
ET66B Hz CP* M1 - - - - 76 21 3 0 0 ortho 2.0 0.43 3.3695 4.9 3.5 1.6 2.4
ET69 ET69 Lz X CcpP M1 863 90.7 91.3 Bedini, 1994 50 32 16 0 2 axial-[010] to ortho 4.9 0.45 3.3695 5.2 4.5 2.4 3.0
ET70 ET70A Lz CcpP M2 - - - - 61 14 23 0 2 ortho 4.0 0.56 3.3584 5.5 4.4 2.3 3.0
ET70B Lz CcpP M2 - - - - 53 30 15 0 2 ortho 4.9 0.51 3.3708 3.3 3.3 2.7 2.1
ET73 ET73 Lz CcpP M2 - - - - 61 19 17 0 3 axial-[010] 5.5 0.49 3.3930 5.8 4.3 2.4 3.4
ET74 ET74A Lz CcP M2 . 61 14 23 0 2 ortho 3.1 0.43 3.3764 6.5 4.2 2.2 3.1
ET74B Lz cp M2 916 909 916  Bedini 1994 o, g 19 0 1 ortho 5.0 0.53 3.3592 8.6 5.4 2.1 4.2
ET76 ET76 Lz CcP M2 933 89.5 90.3 Bedini, 1994 57 30 10 0 3 ortho 3.5 0.79 3.3895 5.2 4.0 1.6 3.4
ET82 ET82 Lz CcpP M2 - - - - 62 20 17 0 1 axial-[010] 3.0 0.41 3.3578 4.1 3.7 2.4 2.7
ET83 ET83A Hz X CcpP M1 - - - - 84 13 2 0 1 axial-[010] to ortho 5.7 0.58 3.3654 11.4 7.4 4.0 6.1
ET83B Hz X CcP M1 - - - - 72 25 2 0 1 axial-[010] to ortho 5.0 0.45 3.3595 7.3 5.7 2.4 3.6
ET84 ET84A Hz X CP* M1 . 86 11 3 0 0 axial-[100] to ortho 4.2 0.56 3.3488 7.4 5.4 2.1 4.3
ET84B Hz X CP* M1 830 92.1 92.7 Bedini, 1994 76 22 1 0 1 axial-[100] to ortho 4.8 0.68 3.3613 8.8 6.9 3.2 5.4
ET85 ET85A Lz CcpP M1 - - - - 85 10 5 0 0 ortho 6.4 0.49 3.3487 10.6 7.7 4.8 4.4
ET85B Lz CcP M1 - - - - 66 13 17 0 4 ortho 9.5 0.69 3.4133 6.4 5.7 3.6 3.6
ET-VB1 ET-VB1 Hz CP* - - - - - 79 17 3 0 1 ortho 7.2 0.39 3.3632 12.2 8.3 5.8 5.3
ET55 ET55A Wb CcP - - - - - 0 36 64 0 0 - - - 3.3194 6.9 4.2 4.2 3.6
ET55B Wb CcpP - - - - - 0 14 86 0 0 - - - 3.3241 - - 10.6 12.3
ET64B ET64B Wb G - - - - - 0 44 54 0 2 - - - 3.3530 4.8 3.4 2.4 1.8
ET68 ETE8 Cpx Ccp - - - - - 0 0 90 10 0 - - - 3.3753 12.8 9.8 8.5 8.5
ET77 ET77 Wb CcP - - - - - 0 42 58 0 0 - - - 3.3182 6.5 4.9 4.0 3.5
ET81 ET81 Wb G - - - - - 0 36 53 10 1 - - - 3.3854 5.7 4.4 2.3 3.8

2 Brey and Koéhler (1990) thermometry;
> Modal compositions determined from EBSD maps;
* Samples bearing automorphic olivines;
Texture: CP= Coarse-porphyroclastic; G= Granular;

Metasomatism type from Bedini et al. (1997):M1= Deformed ; M2= Granular;

CPO types: ortho= orthorhombic, axial-[100], axial-[010], axial-[100] to orthorhombic, and axial-[010] to orthorhombic crystal-preferred orientations, see main text for

details.

AVp: Vp azimuthal anisotropy; AVs: Vs azimuthal anisotropy; AVs,: Fast Vs azimuthal anisotropy; AVs,: Slow Vs azimuthal anisotropy; maximum

values



orthopyroxene, clinopyroxene, garnet and spinel single-crystal elastic constant tensors at
ambient conditions were used (Abramson et al., 1997; Chai et al., 1997a; Chai et al., 1997b;
Collins and Brown, 1998; Hearmon, 1984). A Voigt-Reuss-Hill averaging was applied in all
calculations. The seismic anisotropy parameters and the elastic constants of all samples are

presented in Table 1 and online Supplementary Material 1, respectively.

3.3 Thermometry

The samples equilibrium temperature was calculated using the mineral compositions
measured by Bedini (1994). The two pyroxenes Fe-Mg exchange geothermometer from Brey
and Kohler (1990; uncertainty of +50°C) was chosen. Since post-exsolution pyroxene
compositions were used in the calculation, the equilibration temperatures are lower than the
temperatures that would be obtained for “primary” pyroxene compositions. Primary
equilibration temperatures were estimated by Bedini et al. (1997) for one peridotite of each
group, by taking into account the volume of exsolutions in the orthopyroxene; they are of
1130°C (£10) and of 1210°C (£20) for a deformed and a granular peridotite, respectively.
However, the data on the exsolutions volume fraction and composition is not available for the

other samples.

4. Results
4.1 Modal compositions and equilibrium temperatures

Because most of the xenoliths from Mega were entirely used during previous
geochemical analysis (Bedini, 1994; Bedini et al., 1997; Bedini et al., 1999), we were able to
obtain the thin sections of 25 xenoliths out of the originally larger sample set of Bedini
(1994). In the present sample set, M1 peridotites are mainly harzburgites, while M2
peridotites are mainly lherzolites (Fig. 2 and Table 1). However, it has to be emphasized that
the two groups included both harzburgites and lherzolites in the larger xenolith suite analysed
by Bedini et al. (1997). In both M1 and M2 peridotites, orthopyroxene contents vary mainly
between 10 and 35%. In M2 lherzolites, clinopyroxene content is highly variable, ranging
between 10 and 26% (Table 1). In these rocks, the olivine content varies between 46 and
72%. In addition to these peridotites, we have also analyzed four websterites (three spinel-
bearing and one garnet-bearing) and one garnet clinopyroxenite (Fig.2 and Table 1).
The M1 peridotites studied here display high olivine Mg# (Mg#: atomic Mg/(Fe+tMg)),
ranging between 90.7 and 92.1% (Table 1). M2 peridotites tend to display lower olivine Mg#,
varying between 88.5 and 90.9%. Equilibrium temperatures range between 830 and 1049°C
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(Table 1). There is no systematic correlation between temperature and the geochemical group

or the microstructure.

@® Metasomatism M1
® Metasomatism M2
A Websterites and

80 clinopyroxenites 20
+ Bedini et al. (1999) M1
+ Bedini et al. (1999) M2

\ AN A N /
Opx 20 40 60 80 Cpx

Fig. 2: Olivine:Orthopyroxene:Clinopyroxene modal ratios in the studied xenoliths as a function of the
metasomatism type of Bedini et al. (1997) (M1= Deformed; M2= Granular), and rock type. Garnet and spinel
were not considered for the construction of the ternary diagram; modal compositions derived from the EBSD
maps were recalculated for a total of 100% of Olivine+Orthopyroxene+Clinopyroxene. Modal compositions in

twelve samples from Mega reported by Bedini et al. (1999) are plotted for comparison.

4.2 Microstructures

The microstructural analysis of the peridotites from Mega reveals that there is no
marked change in microstructures between M1 and M2 peridotites as previously reported by
Bedini et al. (1997). Ethiopian peridotites have dominantly coarse-porphyroclastic
microstructures (Fig. 3). They present plurimillimetric olivine porphyroclasts with well-
defined subgrain boundaries. Smaller olivine neoblasts (~0.4- 3 mm) usually show fewer
intracrystalline deformation features and tend to have more polygonal shapes, sometimes
forming triple junctions. The subgrain boundary spacing and the frequency of triple junctions
vary from a sample to another. For example, in sample ET48 (Fig. 3a), the subgrain
boundaries in olivine porphyroclasts are closely-spaced and triple junctions are rare, whereas
in sample ET53 (Fig. 3b), neoblasts commonly have polygonal boundaries, as well as some

porphyroclasts.
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[l Olivine

[l Orthopyroxene

[ Clinopyroxene
[ spinel

Fig. 3: Photomicrographs in plane-polarised light (a, b, d, e, f, g) and EBSD map (c) of: (a) coarse-
porphyroclastic lherzolite ET48A, with large olivine porphyroclasts showing well- defined subgrain boundaries.
Orthopyroxene porphyroclasts display kink bands and exsolutions. Olivine neoblasts free of internal deformation
features are also present; (b) Coarse-porphyroclastic lherzolite ET53, showing olivine porphyroclasts and
neoblasts that tends to have polygonal grain boundaries; (¢) EBSD maps of the coarse-porphyroclastic lherzolite
ET74B, where large orthopyroxene and clinopyroxene porphyroclasts are visible, as well as smaller, interstitial
orthopyroxene and clinopyroxene grains; (d) Coarse- pophyroclastic lherzolite ET66A, where euhedral olivine

tablets (arrows) can be found among the olivine neoblasts; () Granular websterite ET64 with plurimillimetric
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orthopyroxene and clinopyroxene crystals with common polygonal grain boundaries; (f) Coarse-porphyroclastic
websterite ET77, with large orthopyroxene and clinopyroxene crystals with well-defined undulose extinctions
and exsolutions, as well as smaller pyroxene neoblasts devoid of intracrystalline deformation features; (g)

Coarse-porphyroclastic websterite ET81, with interstitial garnet crystal partially kelyphitized.

In three samples (ET-VB1, ET66, and ET84), tabular olivines with polygonal boundaries and
devoid of any intracrystalline deformation features can be observed (Fig. 3d). In five samples,
olivine interpenetrating boundaries are present. Orthopyroxene porphyroclasts are
plurimillimetric and anhedral (Fig. 3a-b). They often display intracrystalline deformation
features, such as well-defined kink bands and undulose extinctions. In seventeen samples,
they contain exsolutions. Large orthopyroxene crystals (~0.4-lcm) often contain olivine
inclusions and interpenetrating olivine-orthopyroxene boundaries are common (Fig. 3a).
Smaller orthopyroxene grains (0.7-3mm) are also present (Fig. 3¢). They commonly display
interstitial shapes and rarely contain subgrain boundaries. In most samples, isolated interstitial
clinopyroxene grains (0.3-3mm) can be observed (Fig. 3c). Twelve samples show
plurimillimetric and anhedral clinopyroxene porphyroclasts with rare subgrain boundaries.
These grains often contain olivine inclusions. When present, spinel occurs as dark, irregularly
shaped, millimetric to plurimillimetric grains. In sample ETS85, plurimillimetric are
concentrated in a smaller area and surrounded by very small olivine and clinopyroxene grains.

Websterites and clinopyroxenites microstructures range from granular (ET64, ET81)
(Fig. 3e) to coarse-porphyroclastic (ET55, ET68, ET77; Fig. 3f). In the granular websterites,
the plurimillimetric clinopyroxene and orthopyroxene crystals often display polygonal
boundaries and exsolutions. In the porphyroclastic websterites, millimetric to centimetric
anhedral porphyroclasts of clinopyroxene with exsolutions can be observed. They sometime
exhibit undulose extinctions as well as kink bands. The millimetric neoblasts tend to display
polygonal boundaries and are devoid of intracrystalline deformation features. In ET68 and
ET81, garnet crystals are partially kelyphitized and millimetric to plurimillimetric (Fig. 3g).
In ETS81, it is present as small interstitial grains, while in ET68, it is enclosed both interstitial

and enclosed within clinopyroxene.

4.3 Crystallographic preferred orientations
Peridotites from Ethiopia exhibit variable olivine CPO intensity, characterized by J-
indexes ranging between 2.0 and 9.5, and dominantly orthorhombic patterns (Fig.4 and Table

1). There is no correlation between the olivine CPO symmetry and strength. There is also no
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systematic variation in the olivine CPO among the two geochemical groups defined by Bedini

et al. (1997)
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Fig. 4: Olivine CPO intensity (J-index) vs. symmetry (BA index) for all samples as a function of the

metasomatism type.

The dominant olivine CPO patterns are characterized by point concentrations of the
three crystallographic axis, with [100] usually showing the strongest concentration (Fig. 5). In
two samples (ET73 and ET82), axial-[010] CPOs are observed. These patterns are
characterized by a point concentration of [010] axes, and a girdle distribution of [100] and
[001] normal to it. Sample ET83 shows an olivine CPO pattern intermediate between
orthorhombic and axial-[010]. It is characterized by a point concentration of [010] and
incomplete girdles of [100] and [001] axes. Finally, in sample ET84, a pattern intermediate
between orthorhombic and axial-[100] is observed, with a point concentration of [100] axes
and incomplete girdles of [010] and [001] axes.

Orthopyroxene CPO patterns are more dispersed than the olivine ones. They exhibit
weak point concentrations of the three crystallographic axes. In most samples, orthopyroxene
[100] and [001] maximum concentrations are parallel to olivine the [010] and [100] maximum
concentrations, respectively. Clinopyroxene CPOs are still more dispersed than
orthopyroxene CPOs. When a clinopyroxene CPO can be defined, it is correlated to the
olivine and orthopyroxene CPOs, with clinopyroxene [001] being parallel to orthopyroxene

[001] and olivine [100].
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PERIDOTITES: Metasomatism 1
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Fig. 5: Olivine, orthopyroxene, and clinopyroxene crystal preferred orientations (CPO) for all samples.
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PERIDOTITES: Metasomatism 2
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WEBSTERITES AND PYROXENITES
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All pyroxenites show orthopyroxene and clinopyroxene CPO with a weak
orthorhombic pattern. Only two samples (ET77 and ET81) have coherent orthopyroxene and
clinopyroxene CPOs. In the thwo other websterites (ET55 and ET64), they are not correlated.

4.4 Seismic properties

All peridotites share a common seismic anisotropy pattern (Fig. 6). The P-waves
propagation is the fastest close to the olivine [100] maximum and the slowest close to [010]
maximum. S-waves azimuthal anisotropy is the highest close to the olivine [001] and the
slowest for directions close to maximum concentration of olivine [100] axes. The slowest
propagation of the S1-wave occurs for directions close to the olivine [010] maximum, while
the fastest S1 propagation is in the plane containing the olivine [100] and [010] maxima, close
to Y or at 45° to it. The slowest propagation directions of the slow S-wave (S,) are in the
plane containing the olivine [010] and [001] maxima. The fastest velocities of S2-waves are
observed for directions close to the maximum concentration of olivine [100] axes. The
highest Vp/Vs; ratio is also parallel to the olivine [100] maximum and the lowest Vp/Vsl is
observed for waves propagating normal to this direction.

Seismic anisotropy intensities for individual samples are highly variable (Fig. 7 and
Table 1). Maximum P-waves anisotropies are comprised between 3.1 and 12.3%, while
maximum S-waves polarization anisotropies range between 2.9 and 8.3 %. Both anisotropies
show a positive correlation with olivine content (Fig. 7). Because pyroxenes and garnet are
known to dilute the rock bulk anisotropy (Mainprice et al., 2000; Mainprice and Silver, 1993),
the samples with higher olivine contents are generally more anisotropic.

Websterites and clinopyroxenites also show highly variable anisotropies. Maximum P-
waves anisotropies range between 4.8 and 12.8%, while maximum S-waves polarization
anisotropies are comprised between 4.2 and 9.8 %. In clinopyroxenite ET68 and websterite
ETS55, P-wave and VS, velocities are the fastest and Vp/Vs; ratios the highest parallel to the
maximum concentration of clinopyroxene [001] axis and minimum at high angle to this
direction, in a plane containing the [010] maximum. The S-waves polarization anisotropy
pattern is more complex. S-waves polarization anisotropy tend to be maximum for directions
close to the clinopyroxene [100] maximum concentration. In the other samples, P-wave and
VS, velocities are fastest and Vp/Vs; ratios the highest parallel to the maximum concentration
of orthopyroxene [001] axis and minimum at high angle to this direction, in a plane
containing the orthopyroxene [100] maximum. S-waves polarization anisotropy maximum

varies significantly from a sample to another.
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Fig. 7: Dependence of the maximum P- and S-waves anisotropy (AVp, AVs) on the olivine content.

5. Discussion
5.1 Deformation history of the mantle peridotites

All peridotites from south of Mega exhibit coarse-porphyroclastic microstructures,
with evidence for plastic deformation by dislocation creep, followed by some static
recrystallization. The homogeneity in microstructures and grain size suggest that these rocks
record no major temporal or spatial variations of deformation conditions. However, the slight
variations in subgrain boundaries spacing in olivine porphyroclasts and in grain boundary
polygonization variable annealing degrees. The preservation of well-defined intracrystalline
deformation features in olivine porphyroclasts suggests, however, that the time span between
deformation and xenolith extraction was short enough to prevent complete annealing of the
deformation microstructures. Common exsolutions in orthopyroxenes suggest post-kinematic
cooling. Temperatures in the two samples devoid of exsolutions are high (959°C and 1009°C
in ET53 and ET46, respectively). There is no clear correlation between temperature and
microstructures or the geochemical group.

The well-defined olivine CPOs indicate that dislocation creep was the main
deformation process. Most samples have orthorhombic olivine CPO patterns, coherent with

deformation by pure or simple shear with dominant activation of (010)[100] slip system under
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high temperature, low pressure and anhydrous conditions (e.g. Nicolas and Poirier, 1976;
Tommasi et al., 1999, 2000). Orthopyroxene CPOs indicate deformation with dominant
activation of the (100)[001] slip system. They are always correlated to the olivine CPO,
implying that they record the same deformation event.

Textural evidence for metasomatism in these rocks encompasses: (1) small interstitial
orthopyroxene grains, (2) small interstitial clinopyroxene grains, (3) the anhedral shapes of
some larger pyroxenes, (4) common olivine inclusions in orthopyroxenes, (5) interpenetrating
olivine and orthopyroxene grain boundaries. Observations (1), (3), and (4) suggest secondary
crystallization of orthopyroxene, while observation (2) indicates secondary crystallization of
clinopyroxene. Observation (5) may result from olivine crystallization at the expenses of
orthopyroxene as a result of interaction with Si-undersaturated melts or from orthopyroxene
crystallization at the expenses of olivine in response to reactions with Si-rich fluids or melts.
Interstitial orthopyroxenes and clinopyroxenes sometimes display intracrystalline deformation
features. Moreover, pyroxenes CPOs are usually coherent with the olivine one, suggesting
that the metasomatic event(s) responsible for their crystallization was pre- to syn-kinematic.
Based on geochemical analyses, Bedini et al. (1997) identified two distinct types of
metasomatism among those rocks (see section 2.2 for more details). The geochemical
characteristics of M1 peridotites were interpreted as the result of interaction with small
fractions of LILE-enriched melts saturated in Ti-oxides, whereas M2 peridotites are believed
to have re-equilibrated with high fractions of basaltic melts. Using numerical simulation of
reactive porous flow at the transition between the lithospheric and the convective mantle, they
demonstrated that the processes responsible for the two metasomatisms could be
contemporary and linked to thermo-mechanical erosion of the lower lithosphere above a
mantle plume. Despite the fact that they equilibrated with different melt fractions, we do not
observe any significant variation of the peridotites’ microstructures, contrary to what Bedini
et al. (1997) pointed out, suggesting pre- or syn-kinematic rather than post-kinematic
metasomatism. In their simulation, a series of distinct reactions occurs in a single melt
percolation column. Melt-peridotite reactions at the top of the percolation column allow
crystallization of clinopyroxene from the consumption orthopyroxene, whereas the two
reactions at the bottom crystallize orthopyroxene at the expenses of olivine or olivine at the
expense of orthopyroxene. While crystallization of orthopyroxene at the expense of olivine
might be suggested by observation (4), we found no evidence for clinopyroxene
crystallization at the expense of orthopyroxene in these rocks. The pyroxenites from southern

Mega were interpreted by Bedini (1994) as magmatic conduits formed during the same
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metasomatic event that originated in the two types of metasomatism identified in peridotites.

The fact that some of these pyroxenites exhibit intracrystalline deformation features as well as

pyroxene CPOs reinforces the idea that deformation and metasomatism were at least

simultaneous.

5.2 Anisotropy in the lithospheric mantle beneath the Ethiopian rift

Our results show that the lithospheric mantle beneath the southern part of the main
Ethiopian rift is anisotropic. Calculated maximum seismic anisotropies range between 3.1 and
12.3% for P-waves, and between 2.9 and 8.3 % for S-waves. Estimates for crustal and
lithospheric thickness beneath the Ethiopian rift from shear velocity models range between
25-35 km, and 70-80 km, respectively (Dugda et al., 2007). Upper mantle S-wave velocities
measured in the region average 4.1-4.2 km/s (Dugda et al., 2007). Along the Main Ethiopian
Rift, fast polarization directions slightly oblique to parallel to the rift axis are measured by
SKS studies (Kendall et al., 2005). Such orientations are expected for a narrow rift formed as
a result of transtension and would result in a near vertical foliation and a near horizontal
lineation (Vauchez et al., 2000). In such a case, SKS-waves will then sample the maximum S-
wave polarization anisotropy (Z structural direction), leading to delay times ranging between
0.3-0.9s for a 45 km-thick mantle. Higher SKS delay times of 1-3s were measured in the
Main Ethiopian Rift, north of the area sampled by the present study (Kendall et al., 2005). In
Northern Kenya, south of the study area, slightly lower SKS delay times of 0.8-2.4s have
been measured (Gao et al., 1997). Therefore, the anisotropy calculated for the Ethiopian
peridotites cannot explain alone the SKS delay times measured within the rift in neighboring
regions. This result may indicate that the anisotropic signal is indeed dominated by oriented

melt pockets (Ayele et al., 2004; Kendall et al., 2005).

5.3 Consequences for the deformation of the lithospheric mantle beneath a continental rift
The microstructures and the relations between magma percolation and deformation we
observe in the xenoliths from Mega are different from those observed in other xenolith
localities along the East African rift, in the North Tanzanian Divergence and the Masarbit
volcanic field in Northern Kenya.

The apparent homogeneity of the microstructures and CPOs of the xenoliths from South
Mega suggests that they were acquired during a single deformation event that occurred during

the metasomatic event that led to the refertilisation of these rocks, probably the one
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interpreted in geochemical studies as the result of interaction with a plume head (Bedini et al.,
1997). In Ethiopia, the rapid formation of the magmatic Plateau during a plume-related peak
volcanism at 30 Ma (Ebinger, 1993; Georges et al., 1998; Hofman et al., 1997) was followed
in the Miocene by continental extension initiation and a volcanic episode also interpreted as
plume-related (Ebinger et al., 1993; Hendrie et al. 1994; Morley et al. 1992). Therefore, we
expect the deformation recorded by the xenoliths from South Mega to be rift-related. The
relatively weak annealing of these samples and the high equilibrium temperatures of samples
devoid of exsolutions in orthopyroxene suggest that they were deformed not long before
extraction. Common exsolutions in orthopyroxenes suggest the region underwent a later
cooling.

Previous studies have described the microstructures and CPOs in mantle xenoliths from other
localities of the East African rift. In the Masarbit volcanic field in Northern Kenya (in the
Anza Graben), the porphyroclastic to ultramylonitic microstructures suggest intense
deformation and strain localisation. Based on thermobarometry and geochemistry
measurements and textural analysis, Kaeser et al. (2006) suggested that these deformation was
linked to the exhumation of subcontinental mantle lithosphere during the early stages of
continental rifting. Deformation and decompression was then followed by a heating and melt
infiltration event (Kaeser et al., 2006). In mylonites, olivine CPOs are coherent with
deformation with activation of [001](010) slip system (Kaczmarek and Reddy, 2013). In the
North Tanzanian Divergence, the microstructure of rift axis peridotites mainly ranges from
mylonitic to porphyroclastic and shows evidence for melt-assisted deformation (Baptiste et
al., submitted). Olivine CPOs range from axial-[100] to orthorhombic (Fig. 4; Baptiste et al.,
submitted). The microstructures of the xenoliths from Southern Mega are more homogeneous
then these localities. Mylonites or fine-grained porphyroclastic structures, indicating
deformation under high stress conditions are not observed. All these observations form
various xenolith localities of the East African rift suggest that, although melt infiltration
within the lithospheric mantle seems to be a common process along the East African Rift, its
timing relative to the beginning of the deformation and the resulting microstructures vary

from a region to another.

Conclusion
The peridotites from South Mega in the East African rift display homogeneous
microstructures, suggesting that they probably do no record any spatial nor temporal

variations of deformations conditions. We do not observe any significant change in
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microstructures with the geochemical group, despite what was previously reported by Bedini
et al. (1997). Slight variations in subgrain boundary spacing in olivine porphyroclasts and in
polygonization among olivine neoblast however suggest that the deformation was followed by
variable annealing. Exsolutions in pyroxenes indicate later cooling. The orthorhombic olivine
CPOs indicate deformation by dislocation creep with dominant activation of the [100] (010)
slip system. Evidence for interstitial orthopyroxene and clinopyroxene suggest secondary
crystallisation, probably associated to a single metasomatic event identified by Bedini et al.
(1997). The CPOs observed in orthopyroxene and sometimes in clinopyroxene, as well as the
coherence between olivine and orthopyroxene CPOs in most pyroxenes indicate that
metasomatism was pre- to syn-kinematic. Pyroxenites display granular to porphyroclastic
microstructures and weaker CPO patterns, suggesting pre- to syn-kinematic metasomatism.
Calculated maximum seismic anisotropies range between 3.1 and 12.3% for P-waves, and
between 2.9 and 8.3 % for S-waves. These anisotropies cannot explain alone the SKS delay
times measured in the main Ethiopian rift or in the Kenya rift. Variations in microstructures
and relations between magma percolation and deformation in Ethiopian peridotites are
different to what is observed in other xenoliths localities from the East African rift. This
indicates that, although melt infiltration within the lithospheric mantle during rifting is
commonly observed, its timing relative to deformation and the resulting microstructures

varies.
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7.1. Discussion

Ce travail apporte des informations sur les caractéristiques du manteau subcontinental
sous le craton du Kaapvaal et sous le rift Est-Africain. Il apporte également des contraintes
supplémentaires sur le role de 1’hydratation, de la percolation de fluides et de magmas, de
I’anisotropie mécanique et des hétérogénéités rhéologiques sur le comportement
géodynamique du manteau subcontinental. Les paramétres seront donc traités successivement
dans la discussion suivante aprés avoir donné un récapitulatif des différentes caractéristiques

des péridotites du craton du Kaapvaal et du rift Est-Africain.

7.1.1. Récapitulatif des caractéristiques du manteau subcontinental
sous le Kaapvaal et le rift Est-Africain
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Figure 7.1: Variation de la force de la fabrique de 1’olivine (J-index) en fonction de sa symétrie (BA index) dans

les échantillons du craton du Kaapvaal, de la Divergence Nord-Tanzanienne et du SE de I’Ethiopie.

La comparaison entre les péridotites du craton du Kaapvaal et ceux du rift Est-Africain
révele une variation des microstructures et des OPRs de 1’olivine ainsi que des teneurs en
hydrogéne dans I’olivine du manteau subcontinental (Tableau 3 et Figures 7.1 et 7.2). Les
¢chantillons étudiés dans ces trois localités sont majoritairement des harzburgites.

Les péridotites du Kaapvaal montrent principalement des textures granulaires a gros
grains fortement recuites, suggérant un épisode de déformation suivi par une longue période

de quiescence. Les OPRs de I’olivine sont majoritairement orthorhombiques, mais des
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axiales-[100] et des axiales-[010] ont été aussi mesurées (Tableau 3, Figure 7.1). Les
péridotites cratoniques montrent également une plus large gamme de J-index de 1’olivine que
dans les rifts. Les teneurs en hydrogene dans I’olivine tendent également a étre plus
importantes que dans les échantillons de la Divergence Nord Tanzanienne, probablement du
fait d’une plus grande solubilité de 1’hydrogéne dans I’olivine a plus grande profondeur

(Figure 7.2).
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Figure 7.2 : Teneur en hydrogeéne dans I’olivine en fonction de la profondeur d’équilibre dans les xénolites du
craton du Kaapvaal (triangles rouges : Baptiste et al., 2012 ; triangles blancs, Peslier et al., 2010) et dans les
xénolites tanzaniens (représenté par un champ vert couvrant la profondeur d’équilibre du spinelle). Pour
comparaison, les teneurs en hydrogéne dans l’olivine de péridotites d’autres contextes et des mégacrystes
d’olivine dans les kimberlites sont également représentés (Bell et al., 2004 ; Demouchy et al., 2006 ; Denis et al.,
2013, Base de données de Peslier, 2010). La ligne en pointillés représente la solubilité I’hydrogéne dans 1’olivine

de Férot et Bolfan-Casanova (2012) pour un géotherme océanique.
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Tableau 3: Récapitulatif des caractéristiques des péridotites du craton du Kaapvaal et du Rift Est-Africain

CRATON DU KAAPVAAL RIFT EST AFRICAIN
Péridotites a gros grains Mylonites TANZANIE ETHIOPIE
(76%) (24%) Axe du rift (51%) Lashaine (13%) Olmani (36%)
Type de roche - 84% Harzburgites a - 50% Harzburgites a - 74% Harzburgites a - 71% Harzburgites a - 82% Harzburgites a - 75% Harzburgites a
spinelle et/ou a grenat grenat spinelle spinelle ou grenat spinelle spinelle
- 16% Lherzolites a - 50% Lherzolites a - 19% Dunites a spinelle - 29% Lherzolites a - 18% Dunites a spinelle - 25% Lherzolites a
spinelle et/ou grenat grenat spinelle spinelle
- 7% Lherzolites a
spinelle
Microstructures - 81% Granulaires a gros - 42% Mosaiques - 81% Porphyroclastiques - Granulaires a gros - 24% Porphyroclastiques - Porphyroclastiques a
grains grains a gros grains gros grains.
- 42% Mosaiques - 7% Mylonites
- 19% Porphyroclastiques  fluidales - 18% Porphyroclastiques
4 gros grains - 12% Granulaires a gros
- 17% Mylonites grains - 59% Granulaires a gros
grains
OPR de - 60% Orthorhombique - 67% Orthorhombique - 56% Axial-[100] - 43% Axial-[010] - 47% Intermédiaire Axial- - 75% Orthorhombique
P’olivine [100]/ Ortho
- 22% Axial-[010] - 33% Bimodale - 26% Orthorhombique - 29% Orthorhombique - 10% Intermédiaire
- 35% Axial-[100] Axial-[010]/ Ortho
- 19% Axial-[100] - 18 % Intermédiaire - 29% Intermédiaire
Axial-[100]/Ortho Axial-[010]/ Ortho - 12% Orthorhombique - 10% Axial-[010]
- 5% Intermédiaire Axial-
[100])/ Ortho
J-index de 1,5-13,0 1,8-4,6 2,1-6,7 2,1-6,0 1,8-9,0 2,0-9,5
I’olivine
Teneurs en H 3-50 - 2-12 12 3-5 -

(ppm wt. H,0)




I1 existe aussi des variations des caractéristiques de la déformation le long du rift Est-
Africain. Dans 1’axe du rift, les échantillons ont majoritairement des textures
porphyroclastiques et plus rarement mylonitiques, suggérant une localisation de la
déformation. Les OPRs de I’olivine de type axial-[100] y sont majoritaires. A Lashaine, les
¢chantillons montrent des textures granulaires a gros grains et des OPRs de I’olivine
orthorhombique a axiales-[010]. Enfin, Olmani présente des textures et des OPRs
intermédiaires. En Ethiopie, les péridotites montrent principalement des textures
porphyroclastiques a gros grains et les OPRs de 1’olivine de type orthorhombique dominent.
Les gammes de J-index de I’olivine calculés dans les péridotites de Tanzanie et d’Ethiopie

sont toutefois semblables.

7.1.2. Role de I’état d’hydratation

Le role de I’état d’hydratation a dans un premier temps pu étre exploré au travers de
I’étude des xénolites du craton du Kaapvaal (Baptiste et al., 2012). Cette étude nous révele
des teneurs en hydrogéne dans 1’olivine trés variables (3-50 wt. ppm HO, calibration de
Paterson (1982)). Les teneurs maximales ont toutefois tendance a augmenter jusqu’a 150 km
de profondeur, atteignant alors jusqu’a 50 wt. ppm H,O. A contrario, les échantillons les plus
profonds sont presque secs (<10 wt. ppm H,O ; Baptiste et al., 2012). Ces résultats confirment
les variations des teneurs en hydrogéne dans I’olivine précédemment mesurées dans des
péridotites du Kaapvaal par Peslier et al. (2010), mais différent de ceux obtenus dans les
xenolites du craton Sibérien, ou les valeurs maximales sont observées dans les échantillons de
la base de la racine (Doucet et al., 2014). Les résultats expérimentaux sur la diffusion de
I’hydrogene d’un liquide kimberlitique a la forstérite indiquent que la présence de CO, dans
les kimberlites pourrait diminuer la fugacité en eau, au point de ne pouvoir hydrater 1’olivine
lors du transport des xénolites vers la surface (Baptiste et al., en prep pour Am. Min.). Ces
résultats suggeérent donc que les fortes teneurs en hydrogéne dans 1’olivine mesurées dans les
péridotites du craton du Kaapvaal ont bien été acquises durant un épisode métasomatique en
profondeur (>3 GPa). Ces teneurs en hydrogeéne seraient donc représentatives de la
composition du manteau subcratonique au moment de I’extraction des xénolites, du
Jurassique supérieur au Crétacé. Pourtant, cet état d’hydratation n’a pas a ce jour entrainé la
remobilisation du craton, comme le montre les études sismiques qui détectent une racine
atteignant au moins 200 km (Chevrot et Zhao, 2007 ; Fishwick, 2010 ; James et al., 2001 ; Li
et Burke, 2006 ; Priestley, 1999 ; Priestley et al., 2006).

Il est donc nécessaire de s’interroger sur le volume affecté par de telles teneurs en
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hydrogeéne dans l’olivine. Les récents modeles de conductivité de Fullea et al. (2011)
indiquent qu’une variation verticale d’une composition hydratée a une composition anhydre
est nécessaire afin d’expliquer les réponses magnétotelluriques mesurées au niveau du craton
du Kaapvaal par Evans et al. (2011). La cohérence entre la variation requise par les modeles
de Fullea et al. (2011) et la variation des teneurs en hydrogéne dans 1’olivine des péridotites
du Kaapvaal pourrait indiquer qu’elles sont bien représentatives de 1’ensemble de la racine
cratonique. Il est aussi possible que les études magnétotelluriques aient moyenné une
distribution hétérogéne des teneurs en hydrogéne a échelle kilométrique. Si c’est en effet le
cas, cela implique qu’il existe des domaines riches en hydrogéne connectés au sein de la
racine mantellique du craton du Kaapvaal, et que ces domaines occupent un volume
significatif. L’existence de tels domaines est cohérente avec I’hypothése de Griffin et al.
(2009), qui, en comparant les données de tomographie régionales et globales et la position des
diatrémes kimberlitiques, proposérent que les xénolites du Kaapvaal n’échantillonneraient que
les marges de blocs lithosphériques, aux vitesses sismiques plus faibles. En se basant sur
I’hypothése que les variations des vitesses sismiques sont le reflet d’une variation de
composition, Griffin et al. (2009) suggérérent ainsi que les kimberlites échantillonneraient
préférentiellement un matériel métasomatisé.

Que ces teneurs en hydrogene ¢€levées dans 1’olivine soient présentes dans 1’ensemble
de la racine ou dans des domaines distincts, elles devraient avoir entrainé une déstabilisation
du craton du Kaapvaal depuis 1’extraction des xénolites au Jurassique et au Crétacé. En effet,
des récents modeles numériques (Liao et al., 2013) suggerent que la présence d’une couche
peu résistante (liée au métasomatisme et/ou a I’hydratation) au ceeur de la racine cratonique
favoriserait la déformation dans le manteau et la crolte qui se trouve au-dessus, et ainsi la
déstabilisation du craton. Des mod¢les numériques suggerent que la stabilit¢ des cratons
pourrait étre favorisée par la présence de matériel peu résistant autour du craton, telles que des
chaines collisionnelles Néoprotérozoiques ou plus récentes (Lenardic et al., 2003). Cette
hypothese n’explique toutefois pas comment une racine hydratée ou partiellement hydratée a
pu échapper a une remobilisation liée a la convection mantellique. Ainsi, pour expliquer la
longévité du craton du Kaapvaal malgré son état d’hydratation, Peslier et al. (2010) ont
suggéré que la présence d’une couche séche, et donc plus résistante a la base de la racine,
pourrait avoir permis sa préservation. Cependant, des modeles numériques sont nécessaires
afin de tester la plausibilit¢ de cette hypothése et tous les cratons ne présentent pas des
péridotites de racine profonde pauvre en hydrogeéne (Doucet et al., 2014). Enfin, I’impact de

I’eau sur la résistance du manteau pourrait avoir été surestimé, comme le suggere des
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expériences récentes de détermination du coefficient de diffusion du Si dans la forstérite par
Fei et al. (2013).

Les analyses par spectroscopie infra-rouge sur les xénolites mantelliques de la
Divergence Nord Tanzanienne (Rift Est Africain) révelent des teneurs en hydrogéne dans
I’olivine aussi variables, mais comprises entre 2 et 12 wt. ppm H,O. Le timing de
I’incorporation d’hydrogeéne dans les xénolites de la Divergence Nord Tanzanienne reste
difficile a contraindre (Baptiste et al., soumis a Tectonophysics). L’absence de profils de
diffusion dans I’olivine suggére que ces concentrations ont été acquises avant I’extraction des
xénolites. De plus, 1’absence de variation systématique des teneurs en hydrogéne dans
I’olivine a I’approche des veines riches en minéraux hydratés indiquent que le métasomatique
tardif a I’origine de leur formation n’est pas responsable de I’hydratation mesurée. Il est
impossible de déterminer la chronologie relative entre la déformation liée au rifting et
I’acquisition de ces teneurs en hydrogeéne a partir de nos données. Si le manteau Tanzanien
¢tait en effet hydraté avant le début de la déformation associée au rifting, 1’importante
interaction avec des magmas pendant la déformation (Baptiste et al., soumis a
Tectonophysics) pourrait en avoir modifié la composition, puisque les taux de diffusion de
I’hydrogéne dans I’olivine sont trés rapides a haute température (T> 1000 °C, Demouchy et
Mackwell, 2006 ; Demouchy et al., 2006). Les teneurs en hydrogéne mesurées pourraient
donc ne pas étre représentatives de 1’état d’hydratation précédant le rifting. Si, a contrario, ces
teneurs ont été acquises durant un épisode métasomatique syn-déformation, 1’absence de
corrélation entre teneurs en hydrogene et microstructures pourrait indiquer qu’il ne représente
pas un mécanisme déterminant lors de la localisation de la déformation dans les péridotites
tanzaniennes.

Dans les xénolites du craton du Kaapvaal comme dans les xénolites de la Divergence
Nord Tanzanienne, il n’existe pas de corrélation claire entre microstructures et teneurs en
hydrogéne dans I’olivine. Si dans ces localités, les mylonites montrent les plus faibles teneurs
en eau, le faible nombre de mesures (2 échantillons) empéche d’affirmer qu’il s’agit d’un trait
systématique.

Enfin, les données expérimentales de Jung et al. (2006) prédisent une transition du
systéme de glissement [100](010) a [100](001) de I’olivine pour des teneurs en hydrogéne
supérieures a ~15 wt. ppm H,O. Pourtant, méme dans les échantillons porphyroclastiques a
gros grains du Kaapvaal pour lesquels la foliation est identifiable, un tel changement de plan

de glissement n’est pas observé malgré des teneurs en hydrogéne supérieures a cette valeur.
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7.1.3. Role de la percolation de fluides et magmas

Les études réalisées sur des xénolites du rift Est-Africain (Tanzanie et Ethiopie) dans le
cadre de cette thése indiquent que le manteau subcontinental sous un craton ou sous un rift est
soumis de maniére fréquente a de la percolation réactive de fluides ou de magmas qui
modifient sa composition minéralogique mais aussi parfois ses microstructures et
probablement son comportement mécanique.

Les xénolites mantelliques du craton du Kaapvaal enregistrent de multiples épisodes
métasomatiques. De ces épisodes résulte une forte hétérogénéité de compositions a petite
¢chelle qui ne peut étre détectée par les études sismologiques (Baptiste et Tommasi, 2014).
Les teneurs élevées en orthopyroxéne ont ainsi été attribuées a un métasomatisme lié a des
fluides ou magmas riches en Si (Bell et al., 2005 ; Kelemen et al., 1998 ; Wasch et al., 2009)
pré- a syn-cinématique (Baptiste et al., 2012). Un enrichissement en clinopyroxéne et
phlogopite post-cinématique (Baptiste et al., 2012) a été relié a un métasomatisme par des
fluides ou magmas riches en K (Bell et al., 2005 ; Grégoire et al., 2003 ; Griffin et al., 2003).
Que ces hétérogénéités de composition soient présentes uniquement en bordure de blocs
(Griffin et al., 2009) ou représentatives de 1’ensemble du manteau cratonique, elles devraient
avoir généré des contrastes de viscosité au sein de la racine. En effet, une refertilisation locale
et progressive de la racine a partir de sa base est un des processus proposés comme pouvant
amener a I’érosion thermomécanique du manteau cratonique (Foley et al., 2008 ; Lee et al.,
2011). Toutefois, le craton du Kaapvaal est resté stable malgré cela depuis le Jurassique-
Crétacé.

Que ce soit en Tanzanie ou au SE de I’Ethiopie, la percolation de magmas dans le
manteau lithosphérique semble étre un processus indissociable du rifting. L’analyse des
microstructures des xénolites de la Divergence Tanzanienne suggere en effet que la
déformation a été accompagnée de réactions magma-roche sous des conditions proches du
solidus. Ces réactions ont eu pour effet de modifier la composition, mais aussi les
microstructures des péridotites mylonitiques et porphyroclastiques (Baptiste et al., soumis a
Tectonophysics). En effet, elle entraine une dunification des harzburgites en cristallisant de
I’olivine a la place de I’orthopyroxéne, mais également une fragmentation plus efficace des
porphyroclastes d’orthopyroxéne durant la déformation.

D’autre part, ’hétérogénéité de microstructures et des OPRs de 1’olivine suggére que
la déformation a été acquise durant plusieurs épisodes tectoniques, probablement séparés par

des périodes d’accalmie, permettant le recuit de ces roches. L’analyse des microstructures des
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xénolites tanzaniens indique également des variations locales et transitoires de température.
Ces variations sont certainement associées a la percolation réactive et épisodique de magmas,
qui pourrait étre a I’origine du caractere lui-méme hétérogene et épisodique de la déformation.
Outre I’effet des variations de température associées a I’injection de magmas, une
déformation en présence de magmas tend aussi a créer une anisotropie de viscosité au sein de
la roche, en ségrégant le magma en bandes distinctes (Holtzman et al., 2003a, b).

Enfin, les xénolites tanzaniens enregistrent un épisode métasomatique plus tardif, a
I’origine de la cristallisation de minéraux hydratés (amphibole, phlogopite) sous forme de
veines recoupant la microstructure, ou sous forme d’amas plus diffus. Or, cet ajout de phases
moins résistantes ne se traduit pas par une variation des microstructures de déformation des
péridotites, suggérant que la percolation de magmas/fluides hydratés n’est pas toujours
accompagnée d’une localisation de la déformation.

Au SE de I’Ethiopie, les données géochimiques de Bedini et al. (1997) sur les
xénolites éthiopiens révelent deux métasomatismes, interprétés comme le résultat d’un unique
¢épisode de percolation magmatique, li¢ a des interactions entre un panache et la base de la
lithosphere. Cet épisode a entrainé une modification de la composition modale de ces
¢chantillons, permettant par exemple de cristalliser du clinopyroxéne a partir de
I’orthopyroxéne, ou de I’orthopyroxéne a partir de 1’olivine, selon la position au sein de la
colonne de percolation. Ces réactions se traduisent par la présence de cristaux interstitiels
d’orthopyroxeéne et de clinopyroxeéne dans les xénolites éthiopiens. La présence de sous-joints
dans ces cristaux et d’OPRs dans les pyroxénes suggerent un métasomatisme pré- a syn-
déformation (Baptiste et al., in prep). Les microstructures suggerent €galement une
déformation a haute température puis un refroidissement a 1’origine de la formation
d’exsolutions dans les pyroxeénes. Ces observations suggérent tout comme en Tanzanie une
percolation transitoire de magmas. L’homogénéité apparente des microstructures et des OPRs
de la majorité des xénolites éthiopiens semble indiquer qu’ils sont le résultat d’un épisode de
déformation commun.

Que ce soit sous le craton du Kaapvaal ou le rift Est-Africain, ’injection de
magmas/fluides responsables de la cristallisation de phases hydratées n’est pas accompagnée
par une modification des microstructures et semble se faire de maniére statique. Les magmas
impliqués dans la déformation au cceur du rift Est-Africain ont une composition différente : en
Tanzanie, il s’agit de magmas sous-saturés en Si entrainant une dunitisation progressive des

harzburgites, alors qu’en Ethiopie, ils correspondent a des magmas de types OIB (Ocean
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Island Basalt) entrainant une dunitisation de la roche a la base de la colonne de percolation et

une refertilisation a son sommet (Bedini et al., 1997).

7.1.4. Role des hétérogénéités rhéologiques et de I’anisotropie

mécanique

La présence d’hétérogénéités rhéologiques de grande échelle a été mise en avant comme
un mécanisme pouvant favoriser la localisation de la déformation et controler la localisation
d’un rift (Vauchez et al. 1997). Du fait de leur épaisseur, leur composition, mais aussi leur
géotherme, les cratons peuvent induire une concentration de contraintes a leurs frontiéres
(Tommasi et Vauchez, 1997 ; Tommasi et al., 1995). Le rift Est-Africain se scinde ainsi en
deux branches de part et d’autre du craton Tanzanien. Au niveau de la Divergence Nord
Tanzanienne, le rift Est-Africain s’interrompt pour se diviser en deux branches, a I’Est, le
bassin d’Eyasi, et a I’Ouest, le graben de Pangani. L’¢tude des xénolites mantelliques
tanzaniens révele que sous Lashaine, au sein de la chaine volcanique transverse, le manteau
lithosphérique présente des microstructures et des OPRs différentes de celles des localités
situées dans I’axe du rift. Nous (Baptiste et al., submitted to Tectonophysics) suggérons
qu’elles pourraient étre liées a la formation de la chalne Mozambique ou a un domaine
cratonique préservé dans la chaine Mozambique, compte-tenu des similitudes entre les
xénolites de Lashaine et les xénolites cratoniques du Labait et du Kaapvaal. En effet, les deux
localités de la chalne volcanique transverse ¢tudiées se situent au niveau d’un domaine
interprété comme un reste de craton repris lors de 1’orogénése Néoprotérozoique (Mansur et
al., 2014 ; Moller et al., 1998). La présence d’un tel domaine pourrait expliquer le fait que la
branche est du REA se scinde en deux rifts au niveau de la Divergence Nord Tanzanienne
(Graben de Pangani a I’Est et Basin d’Eyasi a 1’Ouest, voir Chapitre 5 Figure 1).

Des modéles numériques suggerent que le démarrage de rift contr6lé par la réactivation
d’OPRs fossilisées dans d’anciens orogénes débute en transtension et est ensuite suivie par
une déformation en extension normale (Tommasi et al., 2009). Or, les OPRs de I’olivine de
type axial-[100] majoritairement mesurées dans les péridotites de Tanzanie sont cohérentes
avec une déformation en transtension. Ces résultats sont cohérents avec les directions de
polarisation rapides paralleles a obliques a 1’axe du rift mesurées par les ondes SKS en
Tanzanie, et devraient produire des OPRs de type axial-[100] (Vauchez et al., 2000) telles que
celles mesurées dans les péridotites de I’axe du rift. L’analyse des OPRs de Lashaine suggere
la présence d’OPRs fossilisées avant le début du rifting, qui pourraient avoir généré une

anisotropie mécanique au sein du manteau lithosphérique. Dans les xénolites d’Ethiopie, les
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OPRs de D’olivine de type orthorhombique sont majoritaires. Ces OPRs symmétriques
pourraient suggérer une déformation en extension normale dans cette partie du rift Est-
Africain plus mature.

Le calcul des propriétés sismiques des xénolites du craton du Kaapvaal apporte des
contraintes supplémentaires sur la structure de la racine et des éléments de discussion sur la
maniére dont elle s’est formée. A partir du calcul de propriétés moyennes dans des sections de
20km, nous avons pu ¢évaluer 1’anisotropie qui devrait étre mesurée par les ondes SKS,
Rayleigh et Love (Baptiste et Tommasi, 2014). Une foliation et une linéation plongeante dans
I’ensemble de la racine peuvent expliquer les faibles déphasages et les directions de
polarisation cohérentes des ondes SKS sur I’ensemble du craton, ainsi que les faibles
anisotropies azimutales des ondes de surface avec Sy plus rapide que Sy. Des foliations et
linéations plongeantes a 45° au cceur de la lithosphére cratonique pourrait s’étre développées
si la racine a été formée par imbrication de panneaux plongeants. Dans un tel cas, des
directions de polarisation perpendiculaires aux principales sutures devraient étre mesurées par
les ondes SKS, qui montrent au contraire des directions paralleles (Silver et al., 2001). Les
faibles déphasages mesurés par les ondes SKS au niveau du craton du Kaapvaal pourrait
¢galement étre produits par des variations verticales d’anisotropie. Un contraste d’impédance
suffisant pour expliquer la discontinuité sismique a ~150km mesurée par les fonctions
récepteurs des ondes S (Hansen et al., 2009 ; Savage et Silver, 2008 ; Wittlinger et Farra,
2007) peut étre généré par un changement d’anisotropie. Une variation verticale d’anisotropie
sismique avec une direction d’écoulement horizontale dominante dans le manteau
lithosphérique du Kaapvaal pourrait avoir été produite si la racine s’est formée par 1’injection
épisodique de petits diapirs (de Smet, 1998, 1999). Toutefois, un tel modele ne pourrait
expliquer les directions de polarisation de I’onde rapide cohérentes sous I’ensemble de la

racine mesurée par les ondes SKS (Silver et al., 2001).
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7.2. Conclusion et Perspectives

L’¢étude des xénolites mantelliques du craton du Kaapvaal et du rift Est Africain révele
que le manteau lithosphérique subcontinental évolue par une succession d'épisodes de
déformation, ou le mécanisme de fluage par dislocation domine, et de percolation réactive de
fluides et/ou de magmas. Il existe toutefois des différences notables dans les microstructures
et les OPRs de I’olivine dans le manteau lithosphérique entre le craton et le rift, mais
¢galement le long du rift lui-méme. De méme, les teneurs en hydrogéne mesurées dans
I’olivine varient significativement d’un contexte a un autre.

L’étude des péridotites du craton du Kaapvaal révele une racine aux compositions
hétérogenes. En effet, les multiples épisodes métasomatiques subis par le craton entrainent
des variations de compositions modales a une échelle probablement trop petite pour étre
détectée par les études sismologiques. Les teneurs en hydrogene dans 1’olivine sont également
variables, mais tendent a augmenter jusqu’a 150 km, atteignant alors jusqu’a 50 ppm wt. H,O
(calibration de Paterson, 1982). Les échantillons les plus profonds sont quant a eux presque
secs (<5 ppm wt. H,O). Nos expériences sur la diffusion de 1’hydrogéne d’un liquide
kimberlitique riche en volatiles vers de la forstérite montrent que la présence de CO, dans les
kimberlites pourrait diminuer la fugacit¢ en eau, au point d’inhiber complétement
I’hydratation de I’olivine. Ces résultats expérimentaux suggerent que les teneurs en hydrogéne
dans 1’olivine des péridotites du craton du Kaapvaal ont été acquises durant un épisode
métasomatique dans le manteau lithosphérique et non pendant leur extraction par les
kimberlites. Les données magnétotelluriques du Kaapvaal sont mieux expliquées par des
modeles comprenant une variation verticale des teneurs en hydrogene dans 1’olivine similaire
a celle mesurée. Ces résultats peuvent étre expliqués si les teneurs en hydrogéne mesurées
sont représentatives de I’ensemble de la racine ou encore de domaines interconnectés riches
en hydrogeéne. L’acquisition de ces compositions n’a toutefois pas été suivie d’une
remobilisation de la racine cratonique. En effet, les textures granulaires a gros grains tres
recuites, ainsi que des OPRs dans I’olivine et les pyroxeénes bien développées dans les
péridotites cratoniques ne témoignent que d’un épisode de déformation ancien, suivi par une
longue période de quiescence. Ces résultats suggerent que 1’incorporation d’hydrogéne dans
le manteau pourrait ne pas avoir un effet sur sa viscosité aussi important que précédemment
envisagé, comme semblent I’indiquer des expériences récentes de détermination du
coefficient de diffusion du Si dans la forstérite par Fei et al. (2013) a 8 GPa et 1600-1800 K.

Ces conditions expérimentales n’étant pas représentatives des conditions lithosphériques, il
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serait intéressant de tester la reproductibilit¢ de ce résultat a plus basse pression et
température. De plus, les analyses par IRTF sur des péridotites du craton de Sibérie révelent
des teneurs en hydrogene dans 1’olivine importantes, augmentant de maniere progressive
jusqu’a 6 GPa contrairement a ce que nous avons mesuré dans les péridotites du craton du
Kaapvaal (Doucet et al., 2014). Il serait donc nécessaire d’étendre le type d’étude réalisé dans
le Kaapvaal a d’autres cratons, afin de s’affranchir de particularités locales et de tirer des
enseignements généraux sur les processus responsables de leur stabilité. Enfin, le calcul des
propriétés sismiques des péridotites du Kaapvaal révele que les anisotropies générées par les
OPRs de ces échantillons sont suffisantes pour expliquer les anisotropies mesurées par les
ondes SKS ainsi que par les ondes de surface.

L’étude des péridotites de la Divergence Nord-Tanzanienne a révélé une forte
hétérogénéité latérale et temporelle de la déformation au sein du rift. Il existe en effet des
variations significatives de microstructures et d’OPR de l’olivine entre les péridotites
provenant de localités dans I’axe du rift et celles de la chaine volcanique transverse (Lashaine
et Olmani). A Lashaine, les microstructures granulaires a gros grains et les OPRs de type
orthorhombique et axial-[010] peuvent étre expliquées par une déformation en transpression
liée a la formation de la chaine Mozambique, ou par la présence d’une relique d’un domaine
cratonique a l'intérieur de la chaine Mozambique. Dans 1’axe du rift, les microstructures
porphyroclastiques et mylonitiques suggérent une déformation plus récente, accompagnée de
réactions magma-roche sous des conditions proches du solidus, suivie d’un recuit variable.
L’ hétérogénéité des microstructures des échantillons du rift suggére de multiples épisodes de
déformation localisée, probablement liés a 1’injection percolation épisodique de magmas,
espacés de périodes d’accalmie.

A contrario, les péridotites du Sud-Est de I’Ethiopie présentent des microstructures
porphyroclastiques a gros grains moins recristallisées et plus homogénes qu’en Tanzanie. Les
microstructures et les OPRs principalement de type orthorhombique sont cohérentes avec une
déformation syn- a post-métasomatisme. Il serait donc intéressant de vérifier si la déformation
dans le manteau lithosphérique sous la partie éthiopienne du Rift Est-Africain est homogéne
latéralement et temporellement en échantillonnant d’autres localités. Si c’est effectivement le
cas, cette homogénéité¢ pourrait étre liée a une percolation de magmas plus homogene a
I’aplomb d’un panache. En effet, une distribution homogene de magmas dans un volume
important tend a promouvoir une déformation homogene (e.g. Vauchez et al., 2007). De

méme, cela pourrait alors suggérer que [’homogénéité est une caractéristique de la
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déformation sous un rift mature, tandis que la déformation en début de rifting se fait de
maniere plus hétérogeéne, du fait d’une percolation de magmas plus localisée.

Enfin, les OPRs de I’olivine de type axial-[100] majoritaires dans les péridotites de
I’axe du rift peuvent étre produites par une déformation en transtension. Ces résultats sont
cohérents avec les directions de polarisation de 1'onde S rapide paralléles a obliques a 1’axe du
rift mesurées par les ondes SKS en Tanzanie, et devraient produire des OPRs de type axial-
[100] (Vauchez et al., 2000), telles que celles mesurées dans les échantillons étudiés.
Contrairement a ce qui est obtenu en Tanzanie, les anisotropies de polarisation des ondes S
calculées pour les péridotites éthiopiennes sont insuffisantes pour expliquer a elles seules les
déphasages des ondes SKS dans cette partie du rift. Cela pourrait ainsi suggérer que les
anisotropies estimées en utilisant les ondes SKS dans le rift éthiopien sont effectivement liées
a la présence de poches de magmas orientées sous le rift (Ayele et al., 2004; Kendall et al.,

2005).
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Résumé :

Les travaux réalisés durant cette theése apportent de nouvelles contraintes sur les
relations entre déformation, hydratation et percolation de fluides et/ou de magmas dans le
manteau subcontinental sous un craton et sous un rift, et leurs implications sur son
comportement rhéologique. Il repose sur 1’analyse des microstructures, des OPRs et des
teneurs en hydrogeéne de xénolites mantelliques du craton du Kaapvaal, et sur deux séries de
xénolites provenant de différentes localités le long du rift Est-Africain (Divergence Nord
Tanzanienne et SE de I’Ethiopie).

Les microstructures granulaires a gros grains et les OPRs bien définies des péridotites
du craton du Kaapvaal sont cohérentes avec un épisode de déformation suivi d’une longue
période de quiescence. Les OPRs de [D’olivine sont majoritairement a symétrie
orthorhombique, mais des symmétries axiale-[100] et axiale-[010] sont aussi mesurées. Les
péridotites cratoniques enregistrent de multiples épisodes métasomatiques, ayant entrainé une
hétérogénéité de compositions a petite échelle ne pouvant étre détectée par les études
sismiques. Les teneurs en hydrogéne mesurées dans 1’olivine sont variables, mais ont
tendance a augmenter jusqu’a 150 km de profondeur, atteignant alors jusqu’a 50 ppm wt.
H,0. En dessous de cette profondeur, les échantillons montrent des teneurs en hydrogene tres
faibles. Les expériences réalisées en piston-cylindre sur la diffusion de I’hydrogéne issue d’un
liquide kimberlitique vers de la forstérite suggerent que la fugacité en eau pourrait fortement
étre diminuée par la présence de CO,, empéchant I’hydratation de I’olivine durant extraction
des xénolites par les kimberlites. Ces résultats expérimentaux suggerent que les teneurs en
hydrogéne dans I’olivine des péridotites du craton du Kaapvaal ont été acquises durant un
épisode métasomatique en profondeur et non pendant leur extraction par les kimberlites. Ces
teneurs n’ont toutefois pas a ce jour entrainé de remobilisation de la racine cratonique. Enfin,
le calcul des propriétés sismiques des péridotites cratoniques révele que les anisotropies
générées par les OPRs de ces échantillons sont suffisantes pour expliquer les anisotropies
mesurées par les ondes SKS et les ondes de surface.

Les xénolites de la Divergence Nord-Tanzanienne, montrent des variations
significatives de microstructures et d’OPR de I’olivine entre les péridotites des localités dans
I’axe du rift et celles de la chaine volcanique transverse (Lashaine et Olmani). A Lashaine, les
microstructures granulaires a gros grains et les OPRs de type orthorhombique et axial-[010]
peuvent étre expliquée par une déformation en transpression liée a la formation de la chaine
Mozambique ou par la présence d’une relique d’un domaine cratonique a l'intérieur de la
chaine Mozambique. Dans 1’axe du rift, les microstructures porphyroclastiques a mylonitiques
suggerent une déformation plus récente, accompagnée de réactions magma-roche sous des
conditions proches du solidus, suivie d’un recuit variable. L hétérogénéité des microstructures
enregistrées par les échantillons du rift suggeére de multiples épisodes de déformation
localisée, probablement liés a I’injection percolation épisodique de magmas, espacés de
périodes d’accalmie. Les OPRs de I’olivine de type axial-[100] et I’orientation des directions
de polarisation des ondes SKS suggere que le rift s’est formé en régime de transtension

Les péridotites du Sud-Est de [D’Ethiopie présentent des microstructures
porphyroclastiques a gros grains moins recristallisées qu’en Tanzanie. Les microstructures et
les OPRs principalement de type orthorhombique suggérent une déformation syn- a post-
métasomatisme. Les anisotropies de polarisation des ondes S calculées pour ces échantillons
sont insuffisantes pour expliquer a elles seules les déphasages des ondes SKS dans cette partie
du rift.

MOTS CLES : Péridotite, déformation, OPR, teneurs en hydrogéne, craton, rift, propriétés
sismiques, percolation réactive.
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