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To see a World in a Grain of Sand
And a Heaven in a Wild Flower

Hold Infinity in the palm of your hand
And Eternity in an hour

William Blake, Auguries of innocence.
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COMPORTEMENT DE L’HYDROGENE LORS DES PROCESSUS

MANTELLIQUES
Carole M.M. DENIS

Géosciences Montpellier, Université Montpellier, Place E. Bataillon, 34095 Montpellier.

Ces travaux de theése apportent de nouvelles contraintes sur la concentration et le
comportement de I’H dans le manteau lithosphérique. Ils reposent sur I’étude pétro-géochimique
de trois séries de xénolites de péridotites a spinelle, associant les concentrations en ¢lément
majeurs et en traces y compris I’H dans les minéraux dits anhydres (les NAMs, ici, olivine,
pyroxenes) et hydratés (amphibole).

Les effets de la remontée des xénolites dans du magma hote sur les concentrations en H des
NAMs ont été étudiés sur une série de xénolites de péridotite du champ volcanique d’Eifel
(Allemagne). Une variation intracristalline de concentration en H a été identifiée dans 1’olivine et
non dans les pyroxénes coexistant. Ces profils de concentration en H peuvent étre utilisés pour
estimer des vitesses de remontées des magmas. Dans le cas des volcans étudiés, ces vitesses sont
estimées entre 3.5 et 12 m.s™. Ces résultats suggérent que les pyroxénes sont de meilleurs proxy
que I’olivine pour quantifier la concentration mantellique de 1I’H.

Les xénolites de Ray Pic (Massif Central, France) ont permis de discuter de 1’effet de la
fusion partielle et du métasomatisme a grande échelle sur les concentrations en H des NAMs. Les
concentrations en H des minéraux ne suggerent pas de lien clair avec le métasomatisme subit,
qu’il soit modal (amphibole) ou cryptique (métasomatisme par de faibles fractions de liquides
enrichis en volatils et éléments incompatibles). Cependant, en comparant les concentrations en H
avec un marqueur de la fusion partielle (Yb du cpx), I’H semble avoir un comportement similaire
a une MREE (e.g., Sm ; D(cpx/liquide) ~0.29).

L’interaction peridotite-basalte hote a été étudiée et montre, dans le cas des olivines, des
variations chimiques couplées entre éléments majeurs et les concentrations en H en fonction de
leur proximité au filon. Plus I’olivine se rééquilibre avec le liquide moins elle contient d’H. Bien
que partiellement rééquilibrés avec la lave hote, les pyroxénes ne montrent pas le méme
comportement. Enfin, des xénolites composites (filons et veines traversant/jouxtant une
péridotite) ont permis I’étude a I’échelle millimétrique a pluri-centimétrique du comportement de
I’H lors du métasomatisme d’éponte. Chaque échantillon présente des concentrations en H
homogenes pour chacune des phases minérales. Cependant plus les filons contiennent
d’amphibole moins il y a d’H dans les NAMs. D’autre part, une nouvelle fois, la corrélation
positive entre les concentrations en H des NAMs et le Sm(cpx) en tant que marqueur de
métasomatisme suggere que I’H se comporte comme une MREE.

En conclusion, les minéraux des spl-harzburgites contiennent en moyenne un peu plus d’H
que ceux des spl-lherzolites. Les concentrations en H des olivines sont sensibles a la
dévolatilisation lors de la remontée dans le systéme magmatique et le rééquilibrage avec le
magma. Au contraire, les concentrations en H des pyroxénes, spécialement I’opx, sont trés
homogenes suggérant que les concentrations mantelliques sont préservées. La présence
d’amphibole n’implique pas un enrichissement en H des NAMs coexistant. Le comportement de
I’H lors de la fusion partielle et du métasomatisme reste complexe ; nos données suggerent que
I’H suit les MREE tel que le Sm.

Mots clefs : péridotites, métasomatisme, fusion, pyroxénites, hydrogéne, minéraux anhydres.



HYDROGEN BEHAVIOUR DURING MANTLE PROCESSES.
Carole M.M. DENIS

Géosciences Montpellier, Université Montpellier, Place E. Bataillon, 34095 Montpellier, France.

This thesis provides new constrains on H concentrations and H behaviour in the lithospheric
mantle and is based on a petro-geochemical study on three spinel-peridotite xenoliths series with
major and traces elements analyses, including H in nominally anhydrous minerals (NAMs, olivine
and pyroxenes) as well as hydrous minerals (amphibole).

Ascent effects through a magmatic system on H concentration of NAMs are studied for a
xenoliths series from the Eifel volcanic field (Germany). Intracrystalline variations in H
concentration are observed in olivine but not in the coexisting pyroxenes. Such H concentration
profiles are used to calculate the rate of magma ascent. For the studied volcanoes, the calculated
rate of magma ascent is between 3.5 and 12 m.s”. Such H concentration variations imply a
devolatilisation affecting only olivine, whereas the pyroxenes are homogeneous and then can be
used as a reliable proxy for mantle H concentrations.

Ray Pic xenoliths (French Massif Central) belong to a mantle plume setting, implying the
possibility to assess the effect of partial melting and large-scale metasomatism on H concentration
of NAMs. The H concentrations determined do not suggest a strong link with the suffered
metasomatism whether modal (occurrence of OH-bearing amphibole has no significant effect of
H concentration of NAMs), nor cryptic (metasomatism by volatile rich melt/fluid has limited
effect on the water content of NAMs). However, using H concentrations and a marker of the
partial melting (Yb in cpx), H seems to behave as a MREE (e.g., Sm, D(cpx/melt) ~ 0.29).

The interaction between a harzburgite and the host basalts has been studied in detail that,
for olivines, chemical variations in major element as a function of olivine proximity to the vein, is
coupled to H concentration of NAMs. More the olivines is close to equilibrium with the basalt,
more H concentrations are low. However, for the pyroxenes such correlation is not observed.

Finally, three composite xenoliths (veins cross cutting a peridotite) have been studied to
investigate at the mm- to cm-scale the effect of wall-rock metasomatism on the water content of
NAMs to in the influence of small-scale metasomatism (pluri-centimetric). Each sample display
homogeneous H concentration within each NAMs. However, H concentration is inversely
correlated to modal content in amphiboles in the veins. Furthermore, H in NAMs correlate with
Sm(cpx), which is a marker of metasomatism suggests again, that H behaves as a MREE.

To conclude, H concentrations in olivines are sensitive to degassing during magma ascent
toward the surface and reequilibriate with magma. To the contrary, H concentration in pyroxenes,
especially opx, are very homogeneous. Thus pyroxenes are more reliable indicator to assess water
content of the mantle. The occurrence of amphibole does not imply that NAMs are enriched in
water relative to amphibole free mineralogy. The behaviour of H during partial melting and
metasomatism is complex. However, our data suggest that H broadly follows MREE.

Key words: peridotites; metasomatism; melting; pyroxenites; hydrogen; nominally
anhydrous minerals.
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Chapitre I : Introduction

Ce chapitre constitue un état de [’art sur deux processus permettant le transport de
matiere dans le manteau terrestre, a savoir la fusion et le métasomatisme. Cet état de [’art

preésente plus particulierement le cas de I’hydrogene (H) dans le manteau terrestre.



12 L'eau dans la Terre profonde

I.1 Les enjeux et la problématique de 1’eau dans la terre profonde.

L’eau liquide moléculaire H,O, ou sous forme de glace, domine la surface de la Terre.
Elle influe sur les processus superficiels d’érosion, de transport et de dépdts. Elle est une clef
du climat et de la présence de vie sur Terre. L’exosphere (atmosphere et océans) s’est créée
par dégazage de la terre primitive via le volcanisme. Cependant les laves actuelles contiennent
toujours de 1’eau (de I’ordre de 0,1 a 0,5 wt. % H,O dite mantellique dans les basaltes de rides
océaniques (MORB) ou de points chaud (OIB), Sobolev et Chaussidon, 1996). D’autre part,
I’é¢tude de xénolites mantelliques a montré que des especes chimiques dérivées de 1’eau
étaient présentes sous différentes formes moins volumineuses que 1’eau moléculaire dans la
Terre profonde (Figure 1.1). Des questions se posent toujours : combien y a-t-il d’eau dans le
manteau ? Sous quelle forme ? Dans quels réservoirs ? Quels sont les échanges entre la
surface et la terre profonde ? Quels sont les vecteurs de ces échanges ? La Terre est-elle en
train de se déshydrater : le dégazage 1i¢ au volcanisme compense-t-il les apports en zone de
subduction ? Combien d’eau est conservée dans le manteau apres la déshydratation de la
plaque subduite (Figure I.1) ?

La détermination du cycle profond de I’eau est un enjeu actuel puisque la présence d’H
dans la structure cristalline des minéraux, méme en tres faible quantité de 1’ordre de quelques
ppm (part per million), affecte de manicre drastique de nombreuses propriétés physico-
chimiques de ces minéraux et donc de la roche mantellique. En effet, la présence d’H accroit
les cinétiques de transport dans les minéraux, et donc accélére 1’homogénéisation chimique
dans le manteau (Bolfan-Casanova, 2005). Par exemple, la présence d’H dans le réseau
cristallin joue sur la diffusion ionique. L’étude de I’interdiffusion Fe-Mg en milieu hydraté est
un ordre de grandeur plus rapide qu’en milieu anhydre, (Wang ef al., 2004, Demouchy et al.,
2007). L’H dans un systeme va affecter les changements de phases qui vont alors s’effectuer a
des profondeurs différentes, plus faibles (olivine-wadsleyite, e.g., Wood, 1995) ou plus
¢levées (bridgmanite-ferropericlase, Litasov et Ohtani, 2007). Les discontinuités a 410 km et
650 km se retrouvent déplacées en contexte de subduction par exemple. La présence d’H
abaisse la température de fusion (Aubaud et al. 2004 ; Hirth et Kohlstedt, 1996 ; Gaetani et
Grove, 1998). Elle controle la vitesse de propagation des ondes sismiques (Jacobsen et Smyth,
2006) et augmente la conductivité électrique (Karato, 1990, Yoshino et al., 2006 ; Poe, 2010).
Enfin, la présence d’H pourrait affecter la rhéologie des minéraux, et permettre la diminution
de la résistance a la déformation (Smyth ef al, 2005a, 2006 ; Smyth et Jacobsen, 2006 ;
Mackwell et al., 1985 ; Mei et Kohlstedt, 2000a, 2000b ; Demouchy et al., 2013 ; Fei et al.,
2013). Les concentrations, et plus spécifiquement le comportement de I’H dans la lithosphere
lors de processus tels que la fusion et le métasomatisme, sont donc des parametres a ne pas
¢luder dans les modéles de dynamique terrestre globale.
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1.2 Le Manteau Terrestre

Le manteau terrestre représente 80 % du volume de la terre, mais seule la partie
superieure est directement échantillonnée sous forme de xénolites de péridotites lors de la
remontée de magma (> 300 km, Haggerty et Sautter 1990 ; Sautter ez al.,, 1991). Néanmoins,
les échantillons du manteau se présentent sous plusieurs formes, soit sous forme de massifs,
soit sous forme de xénolites et/ou de xénocristaux, ou encore en inclusions conservées au
ceeur des minéraux de ces xénolites ou de diamants. Ces derniers représentent un
¢chantillonnage particulier permettant d’accéder a de plus grandes profondeurs (e.g., Pearson
et al, 2014 ; Novella et al, 2015). Des massifs de roches mantelliques ont ét¢ mis a
I’affleurement dans des zones orogéniques tels que les massifs pyrénéens (e.g., Lherz), ou aux
fonds des océans (péridotites abyssales), ou comme lambeaux de lithosphere océanique
obductés sur les marges continentales (ophiolites d’Oman) et repris lors de phases
orogéniques (e.g., ophiolites Alpines: Chamrousse). Ces massifs, de taille métrique a
plurikilométrique, permettent notamment 1’observation de relations structurales entre les
différents lithotypes et unités les constituants. Cependant, ces échantillons sont habituellement
fortement serpentinisés. Les xénolites en enclaves dans les basaltes alcalins sont généralement
peu ou pas serpentinisés mais de taille centi- a pluridéci-métrique. Ils ont aussi 1’avantage
d’avoir ét¢ remontés a la surface trés rapidement lors d’éruptions volcaniques, ce qui n’est pas
le cas des massifs orogéniques (mise en place au cours de plusieurs Ma, Bodinier et Godard,
2014). La rapidité de leur remontée ne permet pas un rééquilibrage minéralogique, ni
chimique complet, (Pearson ef al., 2003) mais les données structurales sont alors perdues
(e.g,. orientation de la linéation, des veines). Néanmoins, ces ¢chantillons sont donc ce qui est
le plus proche d’un échantillonnage in situ. Les travaux d’expérimentation, a hautes pressions
et hautes températures, ou les modélisations numériques permettent d’aborder les domaines
les plus profonds (> 10 GPa).

L’ensemble des propriétés physico-chimiques de [’assemblage minéralogique du
manteau (e.g., densité, température de fusion, propriétés plastiques) controle les transferts de
matiere et d’énergie entre la terre profonde et I’exosphére (océans et atmosphere) (Figure 1.1)
Une compréhension globale des rouages de cette machinerie terrestre permettrait le
développement de modéeles cherchant a évaluer les aléas liés a la tectonique des plaques et a
I’exosphére (e.g., le climat), mais aussi d’appréhender la géologie extraterrestre. Nous
sommes encore loin de cet objectif. Les modéles existants de dynamique terrestre restent

encore tres simplifiés.
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Figure [.1 — (a) Schéma présentant les échanges de mati¢res entre les différentes couches
constitutives de la Terre, (b) les minéraux majeurs, et les phases porteuses de I’H dans le
manteau terrestre. L’encadré rouge délimite le manteau lithosphérique, provenance des
xénolites de péridotite €tudiés. Abréviations : Lithos.: lithosphere; asthénos. :
asthénosphére ; z.: zone; Disc.: discontinuité ; M. sup.: manteau supérieur ; M. inf.:
manteau inférieur ; N. : noyau ; plg : plagioclase ; spl : spinelle ; cpx : clinopyroxéne ; opx :
orthopyroxéne ; px : pyroxene; Wad.: wadsleyite ; Ring. : ringwoodite. Modifi¢ d’apres
Dasgupta (2013).

L’¢étude d’échantillons naturels permet de faire un lien entre les modéeles globaux, les

données expérimentales et la complexité du manteau naturel.

Les Massifs orogéniques, ophiolites et les xénolites de peridotites présentent deux
grands types de lithologie : les péridotites (ol > 40 %) et les pyroxénites. Généralement, les
péridotites dominent par rapport aux pyroxénites. Ces derni€res représentent toutefois une
lithologie importante car elles ont des propriétés physiques et pétrologiques bien différentes
de celles des péridotites. On notera que les pyroxénites forment un pourcentage significatif
des ¢échantillons des massifs orogéniques alors qu’elles sont plus rares parmi les xénolites
(Bodinier et Godard, 2014).

Dans les péridotites lithosphériques, on retrouve des minéraux silicatés : 1’olivine, les
pyroxeénes (clinopyroxene et orthopyroxéne), associés a une phase alumineuse dont la nature
varie en fonction de la profondeur (le plagioclase jusqu’a ~ 30 km de profondeur, puis le
spinelle (spl) jusqu’a ~ 70 km et enfin le grenat) en diverses proportions. Dans les plateformes
continentales d’ages Protérozoiques a Phanérozoiques les péridotites échantillonnant la
lithosphere subcontinentale les plus courantes sont équilibrées dans le facies a spl. Les
péridotites échantillonnant la partie mantellique de la lithosphere cratonique d’age Archéenne
sont, elles, équilibrées dans le facies a grenat et a spinelle. La diversité des roches
mantelliques accessibles est liée aux processus qu’elles ont subis avant et pendant leur
extraction (péridotites, pyroxénites). Les enrichissements ou appauvrissements en certains

\

¢léments chimiques consécutifs a ces processus ont changé non seulement la composition
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chimique de la roche mais peuvent aussi affecter sa texture (taille de grain, microstructure,
fabrique) et sa composition modale. Les processus majeurs du manteau mis en cause en
profondeur sont la fusion partielle de la roche (passage au-dela du point de fusion de certain
minéraux) et le métasomatisme (modification de la composition de I’encaissant due a la
percolation d’un liquide au travers de la roche). Ces processus dépendent de parametres
intrinseéques comme la composition chimique de la roche, les phases minérales présentes, la
porosité réactive (et possible perméabilité). Des parametres extrinséques influencent aussi ces
processus, comme la pression (P), la température (T), la présence de fluides et leur
composition, I’état d’oxydation (fugacité en O,, fO,), la présence de volatils (e.g., en H,O
(fH,0), en CO;, (fCO,)), et les diffusivités ioniques. Cependant I’action conjuguée de chacun
de ces paramétres n’est pas encore €tablie pour des systémes naturels.

1.3 L’H dans le manteau

I.3.1 Réservoirs minéralogiques : Phases nominalement hydratées et anhydres de la

péridotite a spinelle.

Dans le manteau lithosphérique, on retrouve 1’H, €lément incompatible et léger, sous
forme H,O, H,, CHy, OH', H" dans les fluides percolants. L’H est aussi présent dans les
phases cristallines hydratées / hydroxylées, ou un groupement hydroxyle, OH, fait partie
intégrante de la structure cristalline, comme par exemple la pargasite :
NaCay(Mg,Fe*)4Al(SisAl)O(OH), (Figure 1.2). D’autre part, les minéraux dit anhydres
(nominally anhydrous minerals, NAMs du manteau) comme 1’olivine, les pyroxénes et le
grenat peuvent aussi contenir une faible quantité d’H dans leur réseau cristallin, avec des
protons décorant des défauts ponctuels (e.g., lacunes cationiques). Par convention, cet H est
souvent exprim¢ avec des unités en poids d’oxydes (ppm wt. H,O), donc d’eau. Ainsi on peut
parler de concentration en eau bien qu’il s’agisse de simples protons fixés dans le réseau
cristallin.

Cette particularité fait du manteau un réservoir d’eau non négligeable de la Terre
(~ 2700 = 1350 ppm wt. H,O soit 10£5 fois la masse des océans, Marty, 2012).
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Amphibole (pargasite)
o (Na K)Ca,(Mg Fez)AI(Si,Al,0,,)(OH),

Siniy—
- O
O \O_

Tétraédre (siteT)

Y A

dessus dessous

/

Olivine (Mg Fe),S10, Pyroxeénes (Ca Mg Fe),51,0,

Figure 1.2 — Exemples de structure cristalline d’un minéral hydraté (I’amphibole) et de NAMs
(olivine et pyroxénes). D’apres Pr Dutchs, Jackson et al., 2013, Deer et al., 1997 et Klein and
Hurlbut, 1999.

1.3.2 Incorporation, solubilité et concentration mesurée de I’H dans les NAMs

Dans les péridotites a spinelle, I’H est incorporé dans les défauts ponctuels de 1’olivine
et des pyroxénes. Par contre, le spinelle mantellique (chromite) ne contient pas d’H dans sa
structure (e.g., Bromiley et al, 2010) (Figure 1.2). La structure cristalline des NAMs, ne
permet pas 1’incorporation d’un groupement OH™ indépendant et I’H y est incorporé sous
forme de proton H™ formant une liaison de van der Waals avec un atome d’oxygéne de la
structure cristalline (par partage d’¢électrons). L’H peut se placer dans un site tétraédrique T
(Figure 1.3) ou dans les sites métalliques (M1, M2). Pour permettre I’incorporation d’H des
substitutions sont nécessaires afin de respecter les régles de Goldschmidt (Goldschmidt, 1937;
Ringwood, 1955).
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(Si0,)" (O4H,) "

Figure 1.3 — Structure d’un tétraédre SiO,, ainsi
que d’un tétraédre ou un site vacant de silicium a
permis I’incorporation de 4 H.

Les réactions d’incorporation de I’H dans le réseau cristallin dépendent de la position du
H". Ces réactions sont écrites selon la notation de Kroger et Vink, 1956 qui permet de décrire
les atomes en présence, leurs emplacements dans la structure (site atomique indiqué en indice)
et la charge électrique résultante du site (e, X, ' comme exposant indiquant un excés de

charge, une charge nulle et une charge manquante, respectivement, Annexe 1).

(i) Par réaction d’oxydo-réduction, I’H peut se mettre en position interstitielle :
Feire + Ha(gaz) — Fejy + Hj (L1)
(ii) L’H peut s’associer a un site métallique vacant (M1, M2, Figure 1.2) :
2(H]) + Vye = 2Hye + V7 tel que {2(0H)g — Vyet™ (1.2)
La création de ce site vacant peut, par exemple, étre liée a la précipitation de MgO, telle que :
. 12} X
2(H;0)(s) + 2 (Mgjig) S 2Mg0(s) + 2(2H)Fy, avec {2(0H)y — Vyze} (1.3)

(iii) Des atomes d’H peuvent créer un défaut dit de type « hydrogrenat » impliquant 4 atomes
d’H intégrant un site tétravalent :

2Hy(g) + Vgi" — Hg; tel que {4(OH)g — Vgi"'}* (1.4)
H + Al - (AIHD)Y avec {(OH)y — AlL} (L5)

Cependant, ces défauts peuvent exister sans €tre occupés par un ou plusieurs atomes d’H. Par
conséquent, il faut distinguer la concentration d’H, soit la quantité d’H présent, et la solubilité
en H, soit la quantit¢ maximale d’H que le minéral peut contenir dans les différents sites

atomiques afin d’arriver a saturation.

2.1 L’olivine

L’olivine (ol) est le minéral le plus abondant du manteau lithosphérique (40 a 80 % en
volume). L’incorporation et la solubilité de I’H dans I’olivine ont été intensément étudiées
afin de mieux contraindre la capacité de stockage en eau du manteau. La loi de solubilité de
I’H dans I’olivine réalisée par Férot et Bolfan-Casanova (2012) montre qu’a 150 km de
profondeur la solubilit¢ est 2,4 fois plus importante qu’a 50 km (ca. 30 ppm wt. H,O).
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Cependant les analyses sur échantillons naturels restent globalement a 20 ppm wt. H,O en
dessous de cette courbe (Demouchy et al, 2015, Figure 5.A). Cette différence de
concentration pourrait impliquer soit que la valeur de solubilité, c’est a dire la saturation des
sites atomiques de stockage, n’est pas atteinte, soit une perte non négligeable de I’H contenu
dans 1’olivine pendant sa remontée a la surface dans le magma. Ce dernier cas est possible
mais pas omniprésent ; des profils de déshydration par diffusion ionique n’ont été observés
que pour trois localités (Patagonie, Demouchy et al., 2006, Mexico, Peslier et Luhr, 2006 et
Hawali, Peslier et al., 2015).

2.2 L’orthopyroxene

Dans 1’orthopyroxéne (opx), minéral le plus abondant aprés 1’olivine dans les
péridotites du manteau sommital, les mécanismes d’échange et de stockage impliquant I’H et
les cations trivalents comme I’Al’", le Fe’™, le Cr’” jouent un rdle important (Stalder, 2004 ;
Stalder ef al., 2005). Les études expérimentales montrent que 1’augmentation d’1 wt. % Al O3
dans une enstatite a 1,5 GPa et 1100 °C fait passer la solubilité de I’'H de 199 a 1100 ppm wt.
H,O (Rauch et Keppler, 2002). De plus, Mierdel et al. (2007) ont montré que le long d’un
géotherme lithosphérique, ’enstatite dopée en Al (mais sans fer) peut incorporer beaucoup
d’H dans sa structure (> 300 ppm wt. H,O), mais qu’avec I’augmentation de la température et
de la pression (la profondeur), la solubilit¢ de H diminue drastiquement. Les auteurs
suggerent que ce comportement est dii au changement de partage de I’ Al entre I’enstatite et la
phase alumineuse (spinelle puis grenat) et de ’'H associé. En comparaison, les concentrations
en H dans I’orthopyroxene du manteau sommital varient de 20 a 450 ppm wt. H,O (e.g.,
Ingrin et sckogby, 2000 ; Demouchy et Bolfan-Casanova, soumis).

2.3 Le clinopyroxene

Le clinopyroxeéne (cpx) de type diopside (CaMgSirO¢) est le minéral qui contient
généralement le plus d’H dans la péridotite a spinelle. Comme pour I’opx, la présence
d’aluminium tétraédrique Al**, augmente I’incorporation d’H sous forme de défauts associés
(i.e., AP+H & Si*" et A" +H —2Mg”"; Rauch et Keppler, 2002 ; Mierdel et al., 2007), de
méme que la présence de Ca (Gavrilenko, 2008). Etant donné I’importance des cations
trivalents comme I’AI’" dans les réactions d’incorporation de I’'H; la présence en grand
nombre dans le cpx d’éléments en traces trivalents sensibles au métasomatisme comme les
terres rares (REE') peut jouer un role déterminant dans la solubilité de I’H dans le cpx. En
effet, les réactions d’incorporation des REE dans la structure cristalline peuvent créer des
défauts associés hydratés (Van Orman et al., 2001):

REE,0; + 2CaOp, + Mgy; S 2REEy, + Viy; + MgO(s) + 2Ca0(s) (1.6)

' De ’anglais « Rare Earth Elements » qui sont les lanthanides de La a Lu.
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REE,O0; + 3Ca0}, S 2REEjy, + Vii, + 3Ca0(s) (L7)

Les concentrations en H des clinopyroxenes des échantillons naturels de péridotites a
spinelle vont de 5 a 1000 ppm wt. H,O (Ingrin et al. 1989; Ingrin et Skogby, 2000 ; Skogby et
Rossman, 1989; Skogby et al., 1990 ; Skogby, 1994 ; Chen et al., 2006; Demouchy et Bolfan-
Casanova, soumis). Le diopside étant le NAMs le plus fusible de cette péridotite, il est un
acteur principal du cycle profond de I’eau, tant en terme de stockage que de recyclage (Bell et
al., 2004 ; Bolfan-Casanova, 2005).

1.4 Mobilisation de la matiére dans le manteau : la Fusion

1.4.1 La fusion : la théorie

Pour induire la fusion d’une roche, il faut que la température de fusion d’au moins un de
ses minéraux constitutifs soit dépassée. Cela se fait soit par augmentation de la température,
soit par décompression adiabatique, soit par ajout d’un fluide libre dans le systéme (plus ou
moins riche en é¢léments incompatibles (comme les volatils), ou un mélange des trois
possibilités (McKenzie, 2000) (Figure 1.4).
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Figure 1.4 — Température du systéme péridotitique (°C) en fonction de la profondeur (km) et de la
pression (GPa). La fusion est possible lorsque le géotherme recoupe le solidus, & partir des étoiles
bleues pour le solidus hydraté, et a partie de 1’étoile rouge pour le solidus sec. (1) augmentation de la
température. (2) décompression adiabatique. (3) évolution du solidus sec vers un solidus hydraté par
I’apport de fluides. (Modifi¢ d’aprés Caron et al, 1989).

Cette température de fusion est la température du solidus pour une pression donnée. Elle
est fonction de I’assemblage minéralogique et de la composition chimique de chacune des
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phases cristallines de la roche ainsi que des conditions (pression et température, présence de
volatils) du milieu dans lequel se trouve cette roche. Dans le cas de la fusion des péridotites,
un liquide est produit et un solide est résiduel : la fusion est donc partielle. Lors de la fusion
de la péridotite, ce sont les minéraux les plus riches en éléments volatils (i.e. H, C, CI, F, S)
qui vont fondre les premiers, puis la phase alumineuse (spl, ou grenat) et le cpx, suivit de
I’opx et enfin I’olivine qui est le minéral le moins fusible. Ainsi par différents degrés de
fusion partielle, on peut passer d’une lherzolite a une harzburgite, voire a une dunite (P
<2 GPa ; Walter et al., 1995). Dans le cas de la fusion d’'un manteau anhydre a 2 GPa, la
température de fusion du cpx, de I’opx et de I’olivine est respectivement de 1240 °C, 1295 °C
et 1410 °C (Kushiro, 1969).

Différentes réactions sont mises en jeu lors de la fusion du manteau.

(i) En I’absence de fluide libre et de minéraux hydratés, les phases contenant le plus
d’Al fondent, créant un liquide et un solide résiduel magnésien (Kinzler et Grove, 1992;
Baker et Stolper, 1994) tel que :

Cpx + Opx + Gt 2 Liquide + Ol (L8)

(i) A 1,2 GPa, dans le champ de stabilité du spinelle, Kinzler et Grove (1992) montrent
¢galement que :

Cpx + Opx 2 Liquide + Ol (1.9)

(iii) Dans le champ de stabilité¢ de ’amphibole, donc en présence de I’eau dans la structure
cristallographique, I’amphibole fond avec les autres phases alumineuses :

Am + Opx + Sp/Gt 2 Liquide + Ol (1.10)

(iv) A plus haute pression ou température (pour une pargasite, P> 3GPa, T> 1050°C),
I’amphibole se déstabilise selon les réactions suivantes (Holloway, 1973 ; Kinzler et Grove,
1992 ; La Tourette et al., 1995) augmentant la concentration en H dans la phase liquide:

Am 2 Cpx + Ol + spl + liquide (L.11)
Am + Ol 2 Cpx + Opx + Gt + H,O (1.12)

1.4.2 Les traceurs géochimiques de la fusion

Le rééquilibrage chimique se fait entre le liquide présent et le solide qui affecte chacun
des minéraux de I’encaissant. En effet, le degré d’incompatibilité des éléments dans un
minéral par rapport au fluide n’est pas le méme. Par exemple, le Cr est moins incompatible
que 1’Al dans le spinelle, en conséquence le cr# (100%(Cr/Cr+Al)) du spinelle augmente. De
la méme facon le pourcentage de forstérite de 1’olivine augmente ainsi que le mg# de 1’opx.
Au contraire la concentration en Al,O3 de I’opx diminue (Dick ez al., 1984). Les ¢léments en
traces comme le Ti se retrouvent concentrés dans le liquide. Une roche qui a subi de la fusion

présente des olivines moins titaniféres que les olivines d’une roche fertile.
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Les ¢léments les plus affectés sont les éléments les plus incompatibles comme les REE.
Les spectres de REE de cpx de roche, ayant subie de la fusion se retrouvent appauvris en
terres rares légéres (LREE?, qui sont les plus incompatibles). Ces spectres sont marqués par
une diminution du rapport La/Sm par rapport a celui du manteau primitif. Si le degré de
fusion est important, les concentrations en REE lourdes (HREE’) diminuent. Cependant, les
observations pétrographiques, minéralogiques et géochimiques ne suivent pas toujours un
simple modele de fusion partielle connu, (Menzies, 1987). Pour cela, il faut intégrer aux

modeles un autre processus : le métasomatisme.
1.4.3 La fusion : les modeles

Deux modeles extrémes décrivent numériquement la fusion partielle : (1) la fusion a
I’équilibre (batch melting) en systéme fermé et (2) la fusion fractionnée (fractional melting)
en systéme ouvert.

L’¢quation reliant la concentration d’un ¢lément dans le solide (Cs) et le taux de fusion
(F) pour une fusion a I’équilibre non modale (Shaw, 1970) c’est-a-dire ou les proportions
relatives des minéraux évoluent avec la fusion est :

_ (Do—PF)cg
Cs = (1-F)(Dg+F(1-P)

(L.13)

La fusion fractionnée fait intervenir comme la fusion a 1’équilibre, ¢y la concentration
initiale de I’élément, et D le coefficient de partage de 1’¢lément entre le solide et le fluide.
Néanmoins elle prend en compte P un paramétre reliant la proportion de fusion des phases
minérales (pi) et les coefficients de partage (Di'm) entre le minéral 1 et le fluide (m) telle que :

P =Y pDi™™ (I1.14)
On obtient alors I’équation reliant la composition du solide Cs au taux de fusion F selon
I’équation de fusion fractionnée (Shaw, 1970) telle que :

1
Cs = 2 x(1 - g—‘:ﬁ) (L15)

Dans le premier cas (Equation (I.13)), le liquide n’est pas extrait, il se rééquilibre en
permanence avec le solide résiduel (Gast, 1968 ; Shaw, 1970). Dans le second cas (Equation
(I.15)), chaque liquide produit est extrait du systéme, seul le dernier liquide produit est en
¢quilibre avec le solide résiduel (Allégre et Minster, 1978 ; Shaw, 1970). Des mod¢les plus
réalistes de fusion continue (Langmuir et al., 1977 ; Shaw, 2000) concilient les deux, en
permettant 1’extraction d’une partie du liquide tout au long de la fusion mais jamais dans sa
totalité. Cette quantité de liquide extrait et de liquide coincé dépend de la viscosité du liquide,
du type de source et du champ de contraintes.

? De ’anglais, « Light rare Earth elements »
* De ’anglais « Heavy rare Earth elements »
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Pour de trés faible taux de fusion (<1 %), les mod¢eles de fusion a I’équilibre et de
fusion fractionnée qu’ils soient exprimés sous forme modale ou non modale donnent des
résultats trés proches (Figure 1.5). Norman (1998) simplifie ces modeles en ne considérant
que la fusion du cpx. Les équations de la fusion a 1’équilibre (équation (I1.16)) et de la fusion
fractionnée (équation (I.17)) permettent de calculer la concentration de I’élément considéré
dans le résidu solide (Ccpx). Elles ne font intervenir que la proportion de cpx (Xcpx), la
concentration initiale de cet €lément (Cy), le coefficient de partage de cet élément entre le cpx
et le liquide silicaté (Dcpx) et le degré de fusion partielle (F).

Ccpx = (Dcpxxco)/(DchXchxx(l —-F)+F) (I.16)
Cepx= (Co/Xepx)X (1 — F)[1/DepxXeps]-1 L17)
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Figure I.5 — Comparaison des modeles de fusion a I’équilibre, fusion fractionné du modele de
Norman (1998). i.e., concentrations des €léments calculées en fonction d’un marqueur de la
fusion I’Yby (N pour normalisée aux valeurs des chondrites d’aprés Sun et McDonough,
1995). Kd®/™! Yb et Sm d’aprés Johnson ef al., 1998 ; Kd™'™" La et Ce d’aprés Adam et
Green, 2006 ; Kd™™" H minmum et maximum de la gamme d’aprés Tenner et al., 2009;
Novella et al., 2014 ; Rosenthal et al., 2015. Pour comparaison, les données de Peslier et
Luhr., 2006 sur échantillons naturels sont représentés.
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I.5 Transport de matiere dans le manteau : extraction des liquides de fusion

et métasomatisme.

La fusion débute aux joints de grains, un faible pourcentage de porosité se crée alors. Le
liquide ayant une densité plus faible que le solide environnant, le liquide va migrer contre la
gravité. Il va mouiller la roche et circuler dans le manteau. L’interaction entre ce fluide et la
roche se traduit par un échange d’¢léments chimiques. Ce processus par lequel la composition
d’un minéral, d’une roche ou d’une portion de roche est altérée de fagon généralisée est le
métasomatisme. L’ importance des interactions entre le fluide et la roche est liée a la quantité
de fluide, au type de fluide en présence, et au mécanisme de circulation. Chacun de ces
parametres peut etre défini entre deux types extrémes. (Tableau I.1).

Tableau 1.1 — Caractéristiques des pdles entre lesquels évoluent les liquides magmatiques.

Volume de liquide faible Volume de liquide élevé
ou faible rapport magma/roche ou rapport magma/roche élevé
Liquide riche en volatils Liquide silicaté
(e.g., liquide carbonatg) (e.g., liquide basaltique)
Viscosité faible Viscosité élevee
Percolation au joint de grains Fracturation hydraulique (e.g., dyke)
Métasomatisme cryptique Métasomatisme modal

I.5.1 Volume de fluide mis en jeu lors du métasomatisme

Le volume de fluide produit est conditionné par le taux de fusion de la péridotite. Ce
taux dépend de la pression, de la température, de 1’assemblage minéralogique de la péridotite
ainsi que de la présence de fluide libre. Par conséquent, le taux de fusion est li¢ au contexte
géodynamique. A 1’archéen, la terre étant plus chaude, les péridotites atteignaient des
domaines de fusion a des pressions plus importantes. Les taux de fusions archéens étaient tres
¢levés (=40 %), formant des laves magnésiennes de type komatiite. Actuellement, les
géothermes sont beaucoup plus bas et ne permettent plus de tels taux de fusion ¢€levés. En
moyenne le taux de fusion est de 10 % pour les dorsales lentes, 25 % pour les dorsales rapides
(e.g., Niu et Batiza, 1997 et références associées). Ces processus permettent la mise en place
de roches magmatiques de type basalte et gabbro. Le taux de fusion partielle dans le cas
d’OIB (ocean island basalf) est variable. Lorsqu’il est faible, de ’ordre de 5 %, il en résulte
des basaltes alcalins et des basanites (Hofmann et White, 1982 et références associées). Dans
les zones de subduction, la fusion est complexe : la crolte océanique, les fluides et les
minéraux hydratés dans le coin mantellique jouent un réle majeur dans la fusion. On y
retrouve des basaltes andésitiques jusqu’a des tholéites. De trés faibles taux de fusion partielle
sont invoqués (inférieurs a 0,5 %, Dalton et Presnall, 1998; Lee et Wyllie, 1998) pour
expliquer 1’origine de laves moins courantes et beaucoup plus riches en éléments tres
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incompatibles, de type laves carbonatées (carbonatites, néphélinites pauvres en silice) (Bell,
1998 ; Woolley et Kjarsgaard, 2008 ; Fischer et al., 2009).

1.5.2 Les fluides

Dans le manteau terrestre, les fluides libres métasomatisants peuvent donc étre tres
variables : carbonatés (e.g., Dautria ef al., 1992, Yaxley et al., 1991), silicatés (e.g., Cortolti et
al., 2000), aqueux. Ces fluides sont plus ou moins riches en éléments incompatibles comme
les REE, les ¢léments lithophiles a large rayon ionique (LILE4: K, Rb, Cs, Sr, Ba), les
¢léments a fort potentiel ionique (HFSE5 : T1, Zr, Nb, Ta, Hf, Th, U), les especes volatils
(H,0, CO,, CO, CH4, H,, SO,, H,S, HCI, HBr, HI), les chlorures (NaCl, KCI, CaCl) et le S.

Ici le terme « fluide » permet de regrouper les liquides silicatés, les liquides non
silicatés, les fluides supercritiques ainsi que les fractions vapeurs dont les limites de phases et
les propriétés thermodynamiques (€équation d’état) ne sont pas bien définies voire inconnues
(e.g., Yang et al., 2014, Baptiste et al., 2015). Cependant, les auteurs ont tendance a utiliser le
terme « fluide » pour décrire une phase non-solide riche en especes volatils dissoutes (e.g.,
H,0-CO,), et le terme « liquide » (magma / melt) pour un liquide silicaté riche en solides
dissous (e.g,. silicates).

I.5.3 Les modes de migration : échelles du métasomatisme

Deux modgeles de circulations dans la roche s’opposent :

(1) le transport par fracturation hydraulique. Lorsque la pression de fluide est trop
¢levée dans le systeme, des fractures se créent en fonction des hétérogénéités pétrologiques et
structurales de I’encaissant. Le fluide peut alors circuler de fagon plus rapide, et sur de plus
grandes distances. Ce mécanisme de transport est considéré comme le mécanisme dominant
de transfert de fluides du manteau a la crotite (Spera, 1980 ; Nicolas, 1986).

(2) la migration de fluide par percolation aux joints de grains. Deux mécanismes
induisent ce transport : les écoulements poreux réactifs (e.g., Kelemen, 1990, McKenzie,
1984 ; Thompson et Connolly, 1990) et I’infiltration poreuse liée aux tensions de surface
(Stevenson, 1986). Dans les deux cas, le mouvement est possible uniquement lorsque le
liquide formé en joint de grains crée de la porosité interconnectée dans la péridotite
encaissante. L’écoulement poreux est contr6lé par la loi de Darcy. La migration est controlée
par un gradient hydraulique, tandis que dans I’infiltration poreuse, la migration est contrdolée
par les tensions de surface. La connectivité du fluide interstitiel dépend des phases en
présence. L’assemblage minéralogique joue donc un rdle majeur dans ce cas. Toramaru et
Fuji (1986) montrent que les joints triples entre olivines sont plus favorables a la connectivité
du fluide que les autres.

* De I’anglais « large-ion lithophile elements »
> De I’anglais « High field strength elements »
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Cependant, la connectivité du fluide dépend en grande partie du type de fluide. Les
fractions vapeur (fluides de faible densit¢) comme I’H,O ou le CO, « purs » forment des
angles diedres avec les faces minérales trop grands pour permettre le développement d’un
réseau (Figure 1.6) (Watson et Brenan, 1987 ; Menzies et Dupuy, 1991). La fracturation est
donc un mécanisme plus propice a leur migration (Pili ef al., 1997) surtout lorsqu’ils se
retrouvent dissous dans des liquides silicatés (Bureau et Keppler, 1999). Au contraire, les
liquides carbonatés et silicatés forment des angles diedres inférieurs a 60°, ce qui permet
I’inter-connectivit¢ du fluide entre les grains (Figure 1.6, Menzies et Dupuy, 1991). Plus le
liquide contient d’¢léments volatils, plus sa viscosité, sa densit¢ (McKenzie, 1989) et la valeur
de ses angles diedres diminuent (Von Bargen et Waff, 1988), ainsi que sa température de
solidus. Le processus de transport mis en jeu pourra évoluer jusqu’a un processus
intermédiaire : [’écoulement chenalisé (Davies, 1999) qui est induit par le piégeage de fluides
qui se connectent créant des chenaux de 0,001 a 100 metres de large.

B Angle . Solubilité
Composition dihedral Connectivité (e.c. REE)
Magma
. N 23-36° tres
carbonatitique importante
silicaté o i
(basaltique) 30-45 Hportante
Vapeur
H,0 ~60° Intermédiaire
H,0-CO, 60-80° faible
C02 =80° SN @ Trés faible

Figure I.6 — Connectivité des fluides dans les dunites en fonction de 1’angle diedre formé avec
les faces cristallines. (d’aprés Menzies et Dupuy, 1991, Fig.3)

Le rééquilibrage, chimique et thermique, continu entre le liquide et la péridotite
encaissante controle le degré de cristallisation du fluide et donc sa distance de migration. Ce
rééquilibrage dépend des coefficients de partage fluide/roche mais aussi de la porosité, la
permeéabilité, le coefficient de diffusion ionique, la température, la pression et la vitesse de
circulation du liquide dans les conduits (Bédart, 1989 ; Vasseur et al., 1991).
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1.5.4 Les différents métasomatismes

Trois types majeurs de métasomatismes ont €té distingués :

e e métasomatisme modal (Harte, 1983 ; Dawson, 1984) qui implique la cristallisation
de nouvelles phases minérales (e.g., amphibole, micas, sulfures) aux dépens des minéraux
préexistants (Aoki, 1975; Erlank et al., 1987; Jones et al., 1982; Haggerty, 1983 ; Bodinier ef
al., 1990).

e e métasomatisme crypto-modal (« stealth metasomatism») qui implique la
cristallisation de minéraux néoformés d’une phase majeure d’une péridotite (e.g., du
clinopyroxéne secondaire dans une lherzolite). Sous ce terme se retrouve le processus de
refertilisation (e.g., Arai, 1994 ; Bodinier et Godard, 2003; Beyer ef al., 2006) au cours duquel

s’effectue la réaction suivante :
Ol + Opx + Fluidel 2 Cpx + Fluide2 (1.18)

e e métasomatisme cryptique (Dawson, 1984) qui implique des changements de
composition des minéraux préexistants sans formation de nouvelles phases. Typiquement on
observe un découplage entre ¢léments majeurs, en traces et les REE (Frey et Green, 1974 ;
Frey et Prinz, 1978 ; Nixon ef al., 1981 ; Menzies, 1983) i.e., par exemple, un enrichissement
en LREE dans les minéraux d’une harzburgite.

En contexte intra-plaque, deux types majeurs de fluides induisent du métasomatisme.
On distingue le métasomatisme silicaté mafique riche en alcalins (£ riche en Na, K, Rb, CO,;
Wulff-Pedersen et al., 1996, 1999) et le métasomatisme carbonatitique / carbonaté (e.g.,
Yaxley et al., 1991 ; Ionov et al., 1993 ; Coltorti et al., 1999).

Dans le premier cas, le fluide percolant est un liquide silicaté produisant de forts
enrichissements en éléments incompatibles par rapport aux modérément incompatibles. Ce
type de percolation peut mener a un métasomatisme de type modal. Si les conditions
intensives et la composition de la roche (présence de grenat) concordent, ce type de fluide
peut mener a la cristallisation de phlogopite (mica magnésien) (Dawson, 2001 ; Van
Achterbergh et al., 2001). Dans le cas d’un métasomatisme silicaté, la péridotite s’enrichit
progressivement en K, Na, Ca, Rb, Sr, Ba et en éléments en traces incompatibles (LREE et les
HFSE) (Menzies et al., 1987 ; Dawson, 2001 ; van Achterbergh ef al., 2001).

Dans le second cas, les fluides percolants sont carbonatitiques c¢’est-a-dire pauvre en Si et
riche en Ca, Sr, U, Th et en CO; dissous. Ils sont caractérisés par de forts enrichissements en
LREE et des appauvrissements en HFSE (£Nb). On retrouve des fractionnements
« anormaux » entre des €léments de comportement généralement associé, aboutissant a des
rapports Zr/Hf et Nb/Ta ¢€levés (Dautria et al,, 1992 ; lonov et al., 2002) par rapport aux
valeurs du manteau primitif (McDonough et Sun, 1995). Hamilton ef al. (1989) présentent des
coefficients de partages dans des conditions de péridotites a grenat permettant aux REE de
rester coincées dans les carbonates tandis que I’Hf reste concentré dans la phase silicatée.



Chapitre I : Introduction 27

Des ¢études expérimentales ont montré que les magmas carbonatitiques pourraient
provenir de faibles taux de fusion partielle (< 0,5 %) de péridotites carbonatées a partir de
~2 GPa (~70 km) (e.g., Dalton et Presnall, 1998 ; Lee et Wyllie, 1998 ; Gudfinnsson et
Presnall, 2005).

Néanmoins, ces deux agents métasomatiques ne sont pas obligatoirement inconciliables
(Menzies et Chazot, 1995). Par exemple, au cours de la cristallisation fractionnée d’un liquide
silicaté, le fluide résiduel s’enrichit en éléments les plus incompatibles (comme les alcalins
qui sont les éléments majeurs les plus incompatibles, et les ¢léments volatils). D’autre part,
les interactions fluide/roche permettent une évolution chimique du fluide percolant lors de son
trajet. Ce processus est li¢ a un fractionnement entre €éléments comme proposé dans le modele
d’effet chromatographique. Cet effet chromatographique implique la mise en place de fronts
de concentration d’¢léments avancant a différentes vitesses dans le fluide (Navon et Stolper,
1987, Vernicres et al., 1997 ; Bodinier ef al., 1990 ; Vasseur et al., 1991 ; lonov et al., 2002).
Les fluides en haut et en bas de la colonne chromatographique n’ont alors plus la méme
composition chimique et donc plus les mémes caractéristiques (e.g., viscosité, densité, fO,,
fH>0, fCO,). Le fluide le plus ¢loigné de la source de I’agent métasomatique initial s’enrichit
progressivement en €léments les plus incompatibles (Figure 1.7; Navon et Stolper, 1987). Ce
modele permet d’expliquer de trés grandes variations de rapports La/Ce, La/Nd observées sur
les échantillons d'un méme site. Les auteurs montrent 1’évolution potentielle que peut suivre
la composition chimique de la roche encaissante (Figure 1.7). La péridotite en haut de la
colonne de percolation garde une composition initiale jusqu’a ce qu’elle soit affectée par le 1
fluide au temps t = tc. Puis, comme les fronts d’éléments les plus incompatibles avancent plus
rapidement dans la colonne, leurs concentrations dans la roche augmentent avant celles des
autres. Ce processus fait naitre le début d’une forme en « U » du spectre des REE. Dans le cas
présenté en Figure 1.7, la composition du fluide métasomatisant correspond au fluide extrait
lors de 0,1 % de fusion a 1’équilibre d’un manteau chondritique avec 65 % d’ol + spl, 22 %
d’opx, 13 % de cpx. La percolation se fait, quant a elle, dans un encaissant correspondant au
résidu d’une fusion a 1’équilibre de 20 % d’un manteau chondritique similaire, alors composé
de 74 % d’ol, 22 % I’opx, et 4 % de cpx. Les valeurs de Kd des ¢léments ont été calculées par
les auteurs en utilisant les valeurs données par Frey ef al. (1978) et sont indiquées dans la
figure.

La présence de fluides permet un transport de matiére beaucoup plus rapide que la
diffusion a 1’état solide, et donc un rééquilibrage par dissolution des phases préexistantes et la
précipitation de produits. Par exemple, les veines de pyroxénites sont généralement
interprétées comme le produit de la cristallisation d’un liquide silicaté¢ en profondeur qui
métasomatise la péridotite encaissante lors de la percolation.
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Figure 1.7 — Evolution de spectres
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1.6 Problématique de these

Le manteau pourrait €tre un réservoir d’eau non négligeable de la Terre (~ 2700 + 1350
ppm wt. H,O soit 10+ 5 fois la masse des océans, Marty, 2012). Mais les échantillons
naturels du manteau lithosphérique ont des concentrations beaucoup plus faibles et assez
variables (sur roche totale : 10 a 160 ppm wt. H,O (Demouchy et Bolfan-Casanova, soumis).
En absence de minéraux hydratés (e.g., amphibole), ce sont les pyroxenes qui contrdlent le
budget de I’eau dans la roche (section 1.3.2). Or la fusion et le métasomatisme affectent
principalement les pyroxenes. Ces processus devraient donc contrdler le transport de I’H dans
le manteau comme pour les autres éléments en traces. Que ce soit lors de la fusion, ou les
¢léments les plus incompatibles rejoignent le fluide ou lors du métasomatisme, ou les
¢léments se séparent par chromatographie, le comportement des éléments est dépendant de
leur incompeatibilité et donc de leurs coefficients de partage (Figure 1.7).

La recherche des coefficients de partage de I’H en fonction de différents systémes est un
enjeu actuel. De nombreuses études expérimentales portent sur la solubilité, et le coefficient
de partage de I’H entre minéraux et /ou liquides silicatés dans diverses conditions de pression,
de température, en fonction d’un systeme chimique donné. Le Tableaul.2 présente un résumé
des travaux portant sur les coefficients de partages de ’H dans le manteau lithosphérique. Les
différents résultats obtenus sont trés variables (Kd™™" de 0.012 4 0.027) placant I'H dans le
cpx tel un LREE (Dixon ef al., 2002 ; Tenner et al., 2009, Novella et al., 2014, Aubaud et al.,
2004 ; Rosenthal et al., 2015). Les valeurs de coefficients de partage expérimentaux de I’'H
pour olivine et I’opx place aussi I’H parmi les LREE (Kd°/™" de 0.0003 a 0.0025 ; Kd*"/™!"
de 0.003 a 0.027).
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Des précédentes ¢tudes (e.g., Michael, 1995 ; Danyushevsky et al., 2000 ; Dixon ef al.,
2002 ; Bizimis et Peslier, 2015 ; Peslier et al. 2015) utilisent le ratio H,O/Ce comme traceurs
de la source mantellique et des processus magmatiques. L’utilisation de ce ratio dans ces
¢tudes a pour hypotheése que I’H est Iégérement moins compatible que le Ce (Dixon et al.,
2002). Or les données expérimentales ne permettent pas de conclure avec certitude sur le
degré d’incompatibilité¢ de I’H par rapport aux REE (Tableau 1.2) et donc sur le comportement
de I’H pendant les processus mantelliques tels que la fusion partielle et le métasomatisme.

Cette thése se focalise sur les roches ultramafiques du faciés a spinelle du manteau
sous continental, d’une part pour déterminer les concentrations en H, d’autre part pour
étudier le comportement de I’H lors des processus magmatiques et mantelliques.

Ces ¢études se basent sur une caractérisation pétro-géochimique de xénolites de
péridotites. L acquisition des données des concentrations en ¢léments majeurs, des €¢léments
en traces dont I’H est présentée dans le chapitre « Méthodes analytiques et échantillons
étudiés » (chapitre 2).

Pour répondre a la problématique de cette thése, différents processus magmatiques et
mantelliques ont été ciblés afin d’y étudier le comportement de 1I’H ainsi que les
concentrations associées d’H dans la roche.

Avant de s’intéresser aux processus mantelliques, il faut s’assurer que les
concentrations en H des NAMs des xénolites ne sont pas altérées au travers des systeémes
magmatiques superficiels. Le chapitre 3 porte sur la diffusion ionique de I’H dans des
péridotites mantelliques transportées vers la surface par des laves. L’absence de variation de
concentrations en H dans un minéral suggerera que les concentrations sont mantelliques. Par
contre, 1’existence de profils de concentration intracristalline implique un changement des
concentrations mantelliques initiales. Ce type d’observation peut permettre d’estimer les
vitesses ascensionnelles des magmas.

Une série de xénolites de péridotite (£ amphibole) du Ray Pic (Massif Central), ne
présentant pas de variations intracristallines en H, a été sélectionnée afin de s’intéresser aux
processus mantelliques. Le chapitre 4 aborde le comportement de I’H lors des processus de
fusion et de métasomatisme de grande échelle en contexte de point chaud. L’étude des
concentrations en ¢léments en traces (e.g., REE) permet de caractériser les processus subis par
la roche. La comparaison avec les concentrations en H permet de définir le degré
d’incompatibilité de I’H relativement aux REE, et donc le comportement de I’H pendant les
processus mantelliques. Cette étude permet aussi d’aborder I’influence des minéraux hydratés
sur les concentrations en H des NAMs.
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Tableau 1.2 — Travaux expérimentaux de détermination des coefficients de partage minéral /

liquide silicaté et/ou minéral/minéral dans le manteau.
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Afin de mieux cerner le comportement de I’H durant les processus métasomatiques,
dans le Chapitre 5, cinq xénolites composites (avec un filon) ont été étudiés, dans lesquels la
péridotite jouxte I’agent métasomatique principal. Le choix des échantillons vise a englober
une large gamme d’agents métasomatiques a priori facilement identifiables afin de suivre les
processus de percolation/réaction en fonction de la distance par rapport au liquide
métasomatique (i.e. veine de pyroxénite, d’amphibolite, patch basaltique). Les buts de cette
¢tude sont (1) de déterminer les concentrations en H dans les veines métasomatiques, (2) de
définir les relations entre les concentrations en H dans le filon et la péridotite adjacente ; (3)
de préciser le degré d’incompatibilité de I’H relativement aux REE.

La conclusion (Chapitre 6) fait le bilan des concentrations en H dans le faci¢s a
spinelle du manteau sous continental ainsi que les informations acquises sur €chantillons
naturels abordant le comportement de I’H lors des processus magmatiques et mantelliques. Ce
bilan soulignera I’implication de ces résultats et les perspectives a cibler afin de compléter nos
connaissances sur I’H dans le manteau lithosphérique.
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Chapitre II : Méthodes analytiques et échantillons étudiés

Ce chapitre résume la préparation des échantillons nécessaires a chaque analyse
utilisée lors de cette these ainsi que les modalités des différentes acquisitions de données qui

ont permis de caractériser les échantillons.
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I1.1 Echantillonnage

Les roches étudiées sont toutes des péridotites a spinelle, ce qui confere aux xénolites
une origine lithosphérique, entre 1-2 GPa (10 et 20 kb), soit de 30-40 a 60-70 km.

Chaque échantillon a été nettoyé des parties altérées a la scie, puis divisé. Une partie a
été transformée en fine poudre (< 100 um) dans un broyeur en agate pour les mesures des
éléments majeurs et en traces sur roche totale. Une autre partie a ét€ montée en lame épaisse
(~100pm) pour les analyses de ces éléments dans les minéraux. Pour déterminer les
concentrations en hydrogene, les minéraux doivent étre polis sur 2 sections paralleles (double
poli). Pour cela, ont été réalisés des lames épaisses (~ 500 um) et/ou des grains séparés a
double poli.

I1.2 Microsonde électronique

Les teneurs en ¢léments majeurs de chacune des phases minérales pour chacun des
¢chantillons ont ét¢ déterminées a 1’aide d’une microsonde ¢électronique CAMECA SX100 au
laboratoire Microsonde Sud (UM). Cette microsonde est équipée de 5 spectrometres a
dispersion d’onde (WDS) permettant une micro-analyse précise d’un grand nombre
d’¢léments.

Selon la phase minérale et les €éléments voulus, différents réglages ont été utilisés.
L’ensemble des conditions analytiques utilisées est reporté dans le Tableau II.1.

I1.3 Spectrométrie de masse couplée a un plasma inductif (ICP-MS)

Pour préparer la solution a analyser, 100 mg de poudre d’échantillon sont pesés a I’aide
d’une balance de précision (= 1 mg). Deux échantillons blancs et 2 standards (UB-N et JP1)
sont ¢galement préparés. Une série d’attaques-acide (HF + HNO3 + HClO4) est effectuée afin
de casser les liaisons atomiques et ainsi permettre leurs analyses quantitatives par
spectrometre de masse. Chaque attaque est suivie d’une évaporation a une température de
150 °C durant 24 h. Les solutions sont réduites a 1’état solide par évaporation, puis sont
reprises avec de I’eau milliQ et de ’HNO3 afin d’obtenir une solution limpide. Ces solutions
sont ensuite diluées a 1:2000 pour éviter la sursaturation et permettre 1’analyse avec le
spectrometre de masse, sauf JP1 qui est dilué¢ a 1:1000. Les blancs permettent de détecter
d’éventuelles traces de contamination au cours de la série d'attaques ou pendant 1'analyse. Les
standards, analysés dans les mémes conditions, renforcent la validité des analyses.
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Tableau II.1 — Conditions analytiques utilisées a la microsonde électronique CAMECA
SX100 du laboratoire de microsonde Sud (UM) sur les olivines, pyroxenes, spinelles,
amphiboles, plagioclases et verres.

Sillicate AmF-10kV
Faisceau ponctuel / défocalisé (verre) ponctuel
Tension / Intensité 20keV / 10nA 10KeV / 20nA
Clondlttlons Cristal Element Temps de Standard Cristal  Element Temps de Standard
d'analyse comptage (s) comptage (s)
Spectrometre 1 TAP Al 30 AlLO, PCl1 F 40 CaF,
Si 30 Wollastonite
Spectrometre 2 LPET Ca 30 Wollastonite LPET Cl 20 Chloroapatite
K 30 Orthose Ca 20 CaF,
Spectrometre 3 LLIF Ni 20 Nickel métal LLIF Fe 20 FCZO;‘
(hématite)
Fe 20 Fe,O, (hématite) Ti 20 TiO,
Manganese
Mn 20 métal
Spectrometre 4 PET Ti 30 TiO, PET K 20 Orthose
Cr 30 Cr.0,(oxyde de Mn 20 Rhodochrosite
chrome IIT)
Spectrometre 5 TAP Na 30 Albite TAP Al 20 ALO;
Mg 30 Forstérite Si 20 Wollastonite

TAP : phtalate de thallium CgHsO4T1; LLIF : Fluore de lithium; LPET / PET : pentaérythriol
CsH,04 ; PC1 : cristal multicouche a W-Si.

Les teneurs des éléments en traces sur roche totale sont mesurées avec le spectrometre
de masse Agilent 7700x (Laboratoire Géosciences Montpellier, plateforme AETE®) dont la
sensibilité est de I’ordre de 200 Millions de coups par ppm sur 'In. Les échantillons sont
sous forme liquide, le taux de solide dissous est de 1/8000. Les standards internes choisis sont
"5In et *Bi. La mesure par ICP-MS peut étre affectée par différentes interférences (e.g.,
¥Ba + '°0 = **Gd). Pour corriger ces erreurs, on utilise les standards externes et les valeurs
de référence Zr et Hf.

I1.4 ICP-MS par ablation LASER

Les concentrations en éléments traces des minéraux ont été analysées sur lame épaisse
ou sur minéraux séparés. Ces analyses concernaient les clinopyroxenes ainsi que, pour
certains ¢chantillons, des orthopyroxenes, des amphiboles et des olivines. Ces concentrations
ont ¢té analysées par un systeéme d'ablation laser (Plateforme GeolLas Q+ dotée d’un laser
Excimer CompEx102) couplé avec un ICP-MS (ThermoFinnigan Element XR) a Géosciences
Montpellier. Toutes les analyses sont effectuées en atmosphere He pur, en utilisant comme
standard externe le NIST 612 (50 ppm) et comme standard interne la concentration en CaO et
Si0 déterminés par la sonde ¢électronique. Le temps d'analyse est de 4 min (3 min de blanc et
1 min d'analyse). La taille du faisceau est ajustée en fonction du minéral et de sa taille, 51 pum,
77 um ou 102 pum avec une fluence de 10—12 J.cm? et une fréquence de 7 4 10 Hz. Toutes les
données ont été traitées avec le logiciel GLITTER (Griffin ef al., 2008) en vérifiant que le

volume de minéral analysé ne présente pas d’hétérogénéités.

% Analyse des Eléments en Traces dans 'Environnement
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I1.5 Diffraction des électrons rétrodiffusés (EBSD) sur un microscope
électronique a balayage (MEB)

Chaque lame a double-poli a été caractérisée par MEB (Figure I1.1). Puis, des cartes ou
des analyses ponctuelles de 1’orientation cristallographique des grains sont effectuées.

La diffraction des électrons rétrodiffusés (EBSD) dans un MEB est devenue la
technique la plus répandue pour mesurer les orientations cristallographiques des phases
cristallines dans les lames minces ou épaisses. Cette technique est basée sur la propriété
ondulatoire des électrons et leur capacité a étre diffractés par les plans cristallographiques
d’un petit volume d’échantillon (quelques nm®). Les électrons rétrodiffusés font scintiller un
¢cran de phosphore et peuvent ainsi étre détectés par une caméra CCD (Charge-Coupled
Device). Le cliché de diffraction est constitué de lignes de Kikuchi (Figure II.1b). La
géométrie de ces lignes, (intersections, espacements) permet de déterminer les parameétres de
la maille cristalline et 1’orientation cristallographique de la phase solide considérée.

L’orientation cristallographique des grains a été mesurée par EBSD soit avec le
CamScan CrystalProbe X500FE, soit avec le FEI Quanta FEG 200 a Géosciences Montpellier
(Figure II.1a). Dans le 1% cas, les conditions d’analyses sont de 15 kV, 3.5 nA avec une
distance de travail de 25 mm et sous un vide faible (3-4 Pa d’azote dans la chambre) afin
d’éviter la surcharge électrique des échantillons. Le faisceau incident d’électrons est incliné a
20° de la platine horizontale qui porte 1’échantillon. Dans le 2" cas, c’est I’échantillon qui est
penché de 70°, les conditions d’analyses étaient de 17 kV avec la distance de travail est de
24 mm. L’image est alors traitée et indexée par le logiciel CHANNELS de Oxford
Instruments HKL.

Figure II.1 — a) photo du CamScan CrystalProbe X500FE a Géosciences Montpellier ; b) a
gauche un cliché de diffraction avec les bandes de Kikuchi ; a droite I’indexation des lignes
de Kikuchi pour une olivine dans I’échantillon DW ; ¢) image en électrons rétrodiffusés d’un
grain d’olivine (500 wm d’épaisseur) dans 1’échantillon DW avec son orientation
cristallographique calculée.
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I1.6 Spectroscopie infrarouge a transformée de Fourier (IRTF)

La spectroscopie IRTF est une méthode trés sensible pour détecter la présence d’eau
dans les minéraux. Cette technique permet a la fois de fournir une information sur la
concentration en H mais également sur la position dans la structure cristalline des défauts
ponctuels. Dans cette étude, la concentration en H des NAMSs des échantillons est mesurée par
spectroscopie IRTF.

I1.6.1 Principe et Matériel

La spectroscopie IRTF est basée sur la propriété d’absorption des liaisons covalentes
dans le solide ionique. Lorsque les liaisons sont excitées par le faisceau infrarouge, elles
absorbent la radiation IR a des fréquences spécifiques pour lesquelles elles vibrent en fonction
de niveaux d’énergie (modes vibratoires). Ces fréquences sont au premier ordre fonction de la
force de la liaison ainsi que des atomes qui la forment. En conséquence, la fréquence des
vibrations peut étre associée a une liaison particuliére.

Les spectres d’absorption des minéraux sont acquis a I’aide d’un spectrométre Bruker™
IFS66v, équipé d’un détecteur MCT (Mercure Cadmium Tellure) refroidi a 1’azote liquide au
laboratoire des colloides, verres et nanomatériaux (Université de Montpellier) (Figure 11.2).
Ce spectrométre est couplé a un microscope optique HYPERION équipé d’un objectif X15 et

d’un condensateur x15. Ce dernier permet une visualisation précise de 1’échantillon lors des

acquisitions.
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Figure I1.2 — a) photo du Bruker™ IFS66v couplé au microscope Bruker™ HYPERION au

laboratoire des colloides, verres et nanomatériaux (Université de Montpellier) ; b) schéma du
T™
).
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Les mesures peuvent étre faites avec un faisceau IR polarisé ou non (Figure I1.2 et
Figure I1.3). La polarisation du rayonnement IR est produite avec un polarisateur ZnSe placé
entre la source IR et I’échantillon.

L’étude de I'H se fait dans I’IR moyen (4000-400 cm™) ou les pics d’absorption des
liaisons O-H sont visibles. Une fois le faisceau IR passé a travers 1’échantillon, le détecteur
forme un interferrogramme représentant la variation de I’intensité en fonction du temps. Cet
interferrogramme va subir une transformée de Fourier qui permet de passer cette fonction non
périodique en spectre de fréquences. Puis une suite de traitements est faite : une soustraction
au spectre de base (spectre obtenu sans échantillon) reflétant le bruit de 1’analyse, puis une
correction de ligne de base et enfin une correction a I’épaisseur (normalisation & 1 cm

d’épaisseur), aboutissant au spectre réel d’absorption d’une mesure ponctuelle dans le

minéral.
Direction de
(a) (b) —__ #propagation
Minéral %E i Vecteur _
poli en section électrique E
[100] s
"""-l-./ = [D:Négceau IR polarisé
Faisceau IR \_-)
.. 1 4 1= Faisceau IR
Non pofarise >:<T‘ %% Mon polarisé

Figure 11.3 — Schéma de principe d’une analyse en faisceau (a) non polarisé sur un minéral
non orienté ; (b) polarisé sur un minéral orienté, avec E parallele a [010].

I1.6.2 Calcul de la concentration en H

Une fois le spectre d’absorbance (Abs) obtenu, la quantification de la concentration en
H dans le minéral CH20 est basée sur la loi de Beer-Lambert, soit :

b
Oy =2 (IL.1)

20 Ixe
La CH20 est donc proportionnelle a I’absorbance Abs, 1’épaisseur de 1’échantillon

1 (cm) et au coefficient d’extinction molaire du minéral € (cm™/ (mol/L)).

Plusieurs calibrations ont été proposées pour lier I’absorbance des minéraux obtenue par
spectroscopie infrarouge a transformée de Fourier (IRTF) et la concentration en O-H du
minéral. Différents problemes surviennent lorsque 1’on veut comparer les données de la
littérature. Premicrement sur la calibration : laquelle a été utilisée ? Deuxiémement sur la
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méthode : les analyses ont-elles été faites avec un faisceau IR polarisé ou non, sur des

minéraux cristallographiquement orientés ou non ?

Pour [’olivine, trois calibrations sont couramment utilisées, la calibration de Bell et al.,
2003 (équation (2)), celle de Withers et al., 2012 (équation (3)) et celle de Paterson, 1982
(équation (4)).

Bell et al., 2003 Ch,0(ppm wt. H,0) = 0.188XAbsy¢ (IL.2)

Withers et al., 2012 Ch,0 (ppm wt. H,0) = 0.119XAbso¢ (IL.3)
_Xi [(v2 KW)

Paterson, 1982 Ch,0 = 2L [ —— dy (11.4)

1508 “VU1 3780—v

Absi: : absorbance totale (cm'l),

yi . facteur de densité en fonction de la proportion de forsterite

& : facteur d’orientation, § = 1/3 pour des analyses IR non polarisé (sur cristaux non orientés),
& =1 pour des analyses IR polarisé (sur cristaux orientés).

v : la longueur d’onde (cm™)

) K(v) dv : ’intégral du coefficient d’absorption (= Abs) en fonction de la longueur d’onde v

V-V, : longueur d’onde délimitant le champ d’intégration du spectre d’absorption.

Pour les pyroxenes, deux calibrations sont utilisées : celle de Paterson, 1982 (équation
(I1.4)) et celle de Bell et al., 1995 (équation (I1.5)).

Bell et al. (1995) Chy0 = % x [? K(u)dv (IL5)

Avec I le coefficient d’absorption spécifique intégral, 7.09 £0.32, et 14.84 +0.59 pour le
cpx et ’opx respectivement (1/ (ppm.cm?)).

Comme pour ’olivine, la calibration de Paterson (1982) permet de prendre en compte
les variations de composition des pyroxenes. En comparaison, la calibration de Bell ef al.
(1995) a été basée sur I’analyse par manométrie d’un unique mégacristal de clinopyroxene et
un unique cristal d’orthopyroxene mantellique. Ce cristal de clinopyroxéne est une augite
choisie pour sa taille indispensable aux analyses postérieures. Il a une composition tres
¢loignée de celle d’une composition de diopside mantellique (13.26 wt% CaO contre 20 wt.%
CaO pour un diopside moyen du manteau). Ces différences de compositions (e.g., riche en
FeO, pauvre en Al,O3) jouent sur la solubilit¢ de I’H dans le clinopyroxene, c’est pourquoi la
calibration de Bell ef al., 1995 n’est pas adaptée au diopside mantellique, qui est le
clinopyroxéne le plus courant du manteau lithosphérique.
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I1.7 Autres méthodes analytiques

Les analyses des concentrations en H,O des amphiboles ont été réalisées par H. Behrens
au laboratoire de minéralogie a Hanovre (Allemagne) suivant la méthode de titrage de Karl
Fisher décrite dans Behrens ef al., 1996.

Les analyses des concentrations en €éléments majeurs en roche totale ont été réalisées
par le service analytique de I’Instituto Andaluz de Ciencias de la Tierra (IACT, Grenade,
Espagne) par spectrométrie de fluorescence X avec un spectrométre Bruker S4 Pioneer. Les
conditions d’analyses pour le tube a rayon-X en Rh étaient de 160 kVet159 mA. L’intensité des
rayons-X des échantillons a été comparée a 9 standards. Lors de ces analyses, 1’état d’oxydation
du fer a été ignoré. La perte au feu est calculée par le déficit de masse d’un gramme de poudre qui
a été chauffé pendant une heure a 900°C. La perte au feu correspond a la perte massique des
¢léments volatils (OH, S, Cl, F).

Les concentrations en roche totale de Soufre et de Carbone ont été déterminées par
analyseur ¢lémentaire (service analytique, IACT, Espagne) suivant la méthode décrite dans
Altetal., 2012.

La recherche de micro-phases carbonées/carbonatées, par microscope a
cathodoluminescence au laboratoire Géosciences Montpellier, (Université de Montpellier) n’a
pas donné de résultats exploitables.

Une étude approfondie de ces phases par cartographie Raman (réalisée par O. Beyssac,
IMPMC, Paris) a montré que ces phases étaient secondaires et donc inutile pour 1’étude des

processus mantelliques.
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Chapitre III : Diffusion ionique de I’H et vitesses de remontée

magmatique

Ce chapitre détaille la diffusion ionique de I’H dans des péridotites mantelliques

transportées vers la surface par des laves.
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II1.1 Introduction

Afin de quantifier ’'H dans le manteau et d’identifier son comportement dans les
processus mantelliques, il faut s’assurer que les concentrations en H des NAMs des xénolites
ne sont pas altérées dans les systemes magmatiques.

Les laves basaltiques contiennent une quantité¢ importante d’eau, de 0.12 wt.% pour les
MORB jusqu’a 8wt.% pour les basaltes de zone de subduction (e.g., Sobolev et Chaussidon,
1996 ;Wallace et Anderson, 1998 ; Métrich et Wallace, 2008).

Mais le dégazage du magma lors de la remontée/décompression peut affecter la
distribution de I’H dans les NAMs des xénolites de péridotite (e.g., Demouchy et al., 2006 ;
Peslier et Luhr, 2006). Ces changements de conditions d’équilibre entrainent des variations
des concentrations en H des NAMs du xénolite par diffusion ionique (e.g., Pitzer et Sterner,
1994; Férot et Bolfan-Casanova, 2012).

L’H est un ¢lément trés incompatible dans les NAMs (Dixon et al., 2002 ; Koga et al.,
2003 ; Aubaud et al., 2004 ; Rosenthal et al., 2015). De plus, la diffusion de I’H dans 1’olivine
et les pyroxénes a ¢été¢ quantifiée par des études expérimentales a HP (0.2-1.5 GPa) et HT
(800-1300 °C) donnant des coefficients de diffusion rapide de I’ordre de 107'% a 107"* m2s
(Mackwell et Kohlstedt, 1990 ; Kohlstedt et Mackwell, 1999 ; Stalder et Skogby, 2003,
Demouchy et Mackwell, 2006 ; Padron-Navarta et al., 2014 ; Ingrin et Blanchard, 2006).

Par contre, seulement quelques études récentes sur échantillons montrent des
concentrations en H dans des olivines de xénolite qui varient en fonction de la taille de grains
(Demouchy et al., 2006 ; Peslier et al., 2006). Ces observations sont interprétées comme un
changement des concentrations mantelliques initiales par diffusion ionique de I’H. En
combinant la diffusion de I’H avec la profondeur estimée de la source des péridotites, on peut
estimer la vitesse ascensionnelle minimum du magma hote. Plusieurs études estiment que les
vitesses d’ascension des xénolites dans les basaltes alcalins sont comprises entre 0.1 et
10m.s™ (e.g., Spera, 1984 ; Demouchy et al., 2006 ; Peslier et Lhur, 2006). Cette étude vise a
essayer d’estimer les vitesses de remontée des magmas de volcans du champ volcanique
d’Eifel (Allemagne) et de tester les capacités de préservation des concentrations mantelliques
d’H des NAMs.

II1.2 Denis et al. (2013) Evidence of dehydration in peridotites from Eifel
Volcanic Field and estimates of the rate of magma ascent
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Weiher, and Meerfelder Maar of the Eifel Volcanic Field (West Germany). The hydrogen concentrations
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spectroscopy give water contents for olivine, enstatite and diopside of ~6 ppm wt. H,0, ~200 ppm wt. H,0

Keywords: . S .. N

Hy):jmgen and ~285 ppm wt. H,0, respectively. The hydrogen concentration in individual olivine grains is strongly het-
Olivine erogeneous whereas that in pyroxenes is homogeneous. Profiles measured across crystallographically orient-
Pyroxene ed single-crystals of olivine using polarized infrared radiation reveal hydrogen depleted rims that are

Eifel interpreted to be due to partial dehydration by ionic diffusion during the ascent of the xenolith to the surface.
Ascent rate Using experimentally obtained diffusion coefficients for hydrogen in olivine at high temperature and high
lonic diffusion pressure, we estimate that the duration of the dehydration for the spinel-bearing xenoliths is limited to a
few hours yielding rates of magma ascent from 3 ms~! to 12 ms™~'. Our study suggests that the water con-
tents of the upper mantle based solely on measurements of mantle-derived olivine, when concentration is
not homogeneous, underestimate the true water content of the equilibrated uppermost mantle and that py-

roxenes are a better proxy to constrain uppermost mantle water contents.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

‘Water’ occurs within two different forms in the deep Earth: as
hydrous minerals such as serpentine, amphibole, and lawsonite in
subduction zones, and as hydrogen trapped in atomic defects and
bonded to silicate oxygen in nominally anhydrous minerals (NAMs).
These NAMs, which may contain hundreds of parts per million hydro-
gen atoms, can be found in both the crust (e.g., quartz, Aines and
Rossman, 1984; Rossman, 1988) and also in the Earth's mantle
(e.g. olivine, pyroxenes and garnet, Beran and Putnis, 1983; Bell and
Rossman, 1992). The NAMs represent an important deep reservoir
and as such, are an important component of the deep water cycle.
In order to understand this reservoir, hydrogen solubility (Bell and
Rossman, 1992), also known as water storage capacity (Hirschmann
et al., 2005) must be quantified. In addition, the hydrogen content
of natural samples must be defined to better constrain both the na-
ture of interactions between the atmosphere/hydrosphere and the
mantle and the rates and mechanisms of degassing magma, whether
past or present, during its passage through the mantle and crust.

Studies of basaltic lavas have shown that silicate melts (e.g. quenched
glasses) may contain a significant amount of water; of the order of a few

* Corresponding author. Tel.: +33 467144942; fax: + 33 467 14 36 42.
E-mail address: caroledenis@gm.univ-montp2.fr (C.M.M. Denis).

0377-0273/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jvolgeores.2013.04.010

ppm wt. H,0 (Michael, 1988; Jambon and Zimmermann, 1990) in vari-
ous forms (H,0, Hp, OH ™). Crustal minerals such as quartz and feldspar
may contain up to 1400 ppm wt. H,O (Griggs and Blacic, 1965; Aines
and Rossman, 1984; Johnson and Rossman, 2003) and mantle-derived
minerals such as olivine, orthopyroxene, garnet and clinopyroxene may
contain as much as several hundred ppm of water by weight (e.g., Miller
et al,, 1987; Rossman and Smyth, 1990; Bell and Rossman, 1992; Ingrin
and Skogby, 2000; Peslier et al., 2002; Demouchy et al., 2006; Li et al.,
2008). Several authors have suggested that Earth's mantle may contain
hydrogen concentrations equivalent to 3 to 11 times the ocean mass
(Smyth, 1987; Bolfan-Casanova, 2005; Marty, 2012).

Olivine is particularly important in understanding the water budget
of the mantle since it is the most abundant phase in the upper mantle
(60-80% in volume). Hydrogen (H) in olivine may occupy three differ-
ent atomic sites: (1) a metallic site in the octahedron, (Mg?*, Fe? ™ or
Fe3™), and/or (2) a silicon site, replacing partially Si* ™ in tetrahedron,
and/or (3) an interstitial site (Kohlstedt et al., 1996; Karato, 2006).

In addition to its importance in the deep water cycle, the presence of
H in NAMs significantly affects the physical and chemical properties of
mantle minerals and thus of mantle rocks. For instance, the presence
of H can decrease the strength and velocity of seismic waves and in-
crease major element diffusivities and electrical conductivity in NAMs
(Mackwell et al, 1985; Goldsmith, 1987; Karato, 1990; Costa and
Chakraborty, 2004; Hier-Majumder et al., 2004; Jacobsen et al., 2004;
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Demouchy et al., 2007; Demouchy et al., 2012; Yoshino et al., 2012). Ad-
dition of hydrogen to NAMs also decreases the solidus temperature of
the mantle, increasing the degree of partial melting, and thus changing
the composition of the magma produced (Kushiro, 1972; Gaetani et al.,
1993). Hydrogen incorporation in NAMs is strongly affected by pres-
sure, water and oxygen fugacity, temperature and mineral composition
(Bali et al., 2008; Férot and Bolfan-Casanova, 2012).

Despite the recent studies referred to above, the origin, concentra-
tion, and ultimate fate of hydrogen in mantle minerals is still poorly
constrained. In particular, the mechanism of mantle degassing is a
key factor in terrestrial mantle geodynamics and there is a significant
need for improvement in our understanding of how magmatic sys-
tems interact with and help to drive degassing of NAMs.

During melting, hydrogen is partitioned into the melt phase from
NAMs. Mantle xenoliths in the rising magma may lose hydrogen during
chemical interactions with the undersaturated melt during decompres-
sion. Since this loss will be via diffusion, due to decreasing pressure and
thus decreasing water fugacity (from 2 GPa to room pressure, Pitzer
and Sterner, 1994; Férot and Bolfan-Casanova, 2012), hydrogen concen-
trations in minerals such as olivine and pyroxene may provide a valu-
able new indicator of deep magma ascent rates. It will extend the
current range of compositions beyond that for which ascent estimates
have been so far established e.g., Spera (1984), Hawkesworth et al.
(2000), Tepley et al. (2000), Costa and Dungan (2005), Humphreys et
al. (2008), MacKenzie and Canil (2008), and Hamada et al. (2011).
Since this H diffusion will occur regardless of whether or not there is
chemical interdiffusion of Fe and Mg between the minerals and melt
e.g. Shaw and Klugel (2002), it is a particularly valuable recorder of
the ascent of mantle xenoliths and their entraining magma.

We must also consider a complex system in which H loss by diffu-
sion may be linked to the final water vapor exsolution from a volatile-
rich melt (H,O, but also potentially CO,) transporting mantle xenoliths
toward the surface. In this case the duration of dehydration may reflect
transport only in the upper crustal section rather than the total ascent
time from the source of the mantle xenoliths. In both cases, dehydration
profiles provide a unique insight into magma transport and eruption.

Hydrogen is an incompatible element (Dixon et al., 2002; Koga et al.,
2003; Aubaud et al., 2004; Bell et al.,, 2004), which diffuses extremely
rapidly (Mackwell and Kohlstedt, 1990). The diffusivity of H in olivine
and pyroxenes, constrained by experimental studies at high pressures
and high temperatures, is of the order of 107 '° to 102 m? s~ ! at
1100 °C (Kohlstedt and Mackwell, 1999; Stalder and Skogby, 2003;
Demouchy and Mackwell, 2006) which is approximately six orders of
magnitude faster than Fe-Mg interdiffusion in olivine (Chakraborty,
1997). Such rapid diffusivities imply that H concentrations in olivine in
peridotite xenoliths will show significant variations over the hours to
days that it takes for such xenoliths to reach surface (Demouchy, 2004;
Demouchy et al., 2006) and that the observed H concentrations in man-
tle xenolith olivine are not representative of the concentration in the
mantle source. Combining information on hydrogen diffusion with the
depth to the source of xenoliths allows a calculation of the minimum as-
cent rate of magma. In cases where ascent is extremely rapid, i.e. a few
hours or days, there may not be sufficient time to develop a measurable
Fe-Mg interdiffusion profile in olivine. For such cases, the H diffusion ap-
proach allows a greater level of accuracy in quantification of ascent rates
than is currently possible using major element zonation.

This study focuses on determining the concentration and distribu-
tion of hydrogen (H) in peridotite xenoliths from the Eifel Volcanic
Field (Germany) to discuss the role of water in determining the rate
of magma ascent. In addition, the effect of H on the electrical conduc-
tivity recorded under Eifel will be discussed.

2. Geological context

The Eifel Volcanic Field is part of the Central European Volcanic
Province, which is associated with the development of Tertiary

intracontinental rifts (Wilson and Downes, 1991). Quaternary volca-
nism in the Eifel accompanied the uplift of the Rhenish Massif begin-
ning at 0.8 Ma; the last known eruption was at 11 ka (Zolitschka et
al.,, 1995). Tomography studies as well as receiver function and seis-
mic anisotropy analysis indicate abnormal seismic velocities between
50-60 km and 410 km depth which have been interpreted to result
from a narrow thermal plume in the asthenosphere below the Eifel
(Ritter et al., 2001; Keyser et al., 2002). In addition, the receiver func-
tion images show a thinning of the lithosphere placing the Moho be-
tween 25 and 28 km beneath the Eifel Volcanic Field (Budweg et al.,
2006).

Eifel volcanism comprises 250 eruptive centers spread over
600 km? (Fig. 1). The average time between eruptions is 2875 years, as-
suming monogenetic volcanism; though Shaw et al. (2010) have shown
that individual volcanic centers can have multiple events separated by
tens to hundreds of thousands of years. Two distinct areas can be de-
fined: the West and the East Eifel volcanic fields. Each domain was de-
veloped on both sides of the zone of maximum uplift. The volcanoes
of the West Eifel sit atop the highest parts of the Rhenish Massif,
while the lavas of the East Eifel were erupted in the Neuwied Basin. In
each area the early eruptions are characterized by potassic basanites
followed by more evolved and sodic lava (Mertes and Schmincke,
1985). Volcanoes are mainly cinder and tuff cones and maars with tuff
rings whose formation is partially governed by magma-water interac-
tion resulting in phreatomagmatic eruptions. The presence of gas fuma-
roles with carbon dioxide, sulfur and methane, as well as weak volcanic
earthquakes show that magmatic activity in Eifel is nowadays dormant,
but not ended (Schmincke, 2007).

The West Eifel field shows a clear trend NW-SE in both the distri-
bution of volcanoes and age of volcanism (Schmincke et al., 1983).
The volcanic activity of this field was developed initially near Ormont,
and then volcanism has migrated to the SE after a stagnant period in
the uplift of the Rhenish massif. The frequency of volcanic eruption
has decreased during the last 100,000 years (Nowell et al., 2006).

The samples analyzed in this study are peridotite xenoliths brought
up by three volcanoes in the West Eifel Volcanic Field: Meerfelder Maar,
Dreiser Weiher, and Rockeskyllerkopf (Fig. 1). Dreiser Weiher is a maar
where xenoliths are abundant in the tuff cone. The host lava is part of
the sodi-potassic olivine nephelinite and basanite suite (Mertes and
Schmincke, 1985). Meerfelder Maar is part of the largest group of
maars and cinder cones in the extreme south of the West Eifel. Perido-
tite xenoliths were collected from tephra deposits in a quarry on the
west side of Meerfelder Maar. Quartzofeldspathic xenoliths, rich in
glass and vesicles are also found among the laminated deposits of scoria,
together with clinopyroxenites (Shaw and Eyzaguirre, 2000), and
glimmerite xenoliths with large grains (>5 mm) of phlogopite and am-
phibole. Based on magmatic cumulate xenoliths (mostly dunite), the
magma reservoir of Meerfelder Maar was located at a depth of
~14 km (Shaw, 2003). Studies based on Fe-Mg interdiffusion in these
magmatic olivines have shown that they recorded at depth a magma
arrival between 1 and 3 years before the eruption. Two suites of mantle
clinopyroxenites recorded two other events of a few days (1-8)
and also only 3 h before the eruption (Shaw, 2003) based as well on
Fe-Mg interdiffusion data. The last event is interpreted as recording
the volcano eruption and it also represents the time required for xeno-
lith transport from the peridotite source to the surface, it yields a rise
rate of 42 ms™ ' (Shaw, 2003).

Several studies of the evolution of the lithospheric mantle beneath
the West Eifel used specimens from Dreiser Weiher and Meerfelder
Maar. In the xenoliths studied, two distinct episodes of metasomatism
have been identified: a Hercynian event that formed titanium-poor am-
phibole, phlogopite and clinopyroxene and a second event, dating from
the Quaternary, which formed Ti-rich amphibole veins, clinopyroxene
and phlogopite. In the case of xenoliths derived from greater depth,
the second event resulted in development of clinopyroxenite veins
(Witt-Eickschen and Kramm, 1998; Witt-Eickschen et al., 2003).
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Fig. 1. Location and distribution of Tertiary and Quaternary volcanic centers (points) in the Eifel Volcanic Field. Studied xenolith locations (triangle) and major towns (square), Lux-
embourg (L), Netherlands (NL), tertiary volcanism (V), upper and lower Rhine grabens (respectively URG and LRG).

Modified after Preusser et al. (2011).

The Rockeskyllerkopf volcanic complex first erupted around
475 ka and last erupted about 360 ka (Shaw et al., 2010). Lavas are
mainly basanites with only minor fractionation; though trace element
data suggest mixing of magmas derived from two geochemically dis-
tinct sources (Shaw and Woodland, 2012). Peridotite xenoliths range
from harzburgite and lherzolite to dunite and webhrlite, the latter
being cut by veins of clinopyroxene and phlogopite. Zinngrebe and
Foley (1995) and Shaw (2005) suggested that wehrlites at this and
other West Eifel localities formed due to interaction between previ-
ously metasomatised lherzolitic to harzburgitic mantle and a large
volume of percolating silica undersaturated alkaline magma. During
this reaction, orthopyroxene was consumed and secondary olivine,
phlogopite and clinopyroxene were precipitated. Veins formed dur-
ing periodic events of overpressure when magma was concentrated
in fractures rather than flowing along grain boundaries/intergranular
spaces (Shaw, 2005).

3. Analytical techniques

To constrain the model parameters for ionic diffusion in a crystalline
solid, we need to know the equilibrium temperature and the crystallo-
graphic orientation of compositional traverses through the grains. Equi-
librium temperature is calculated using exchange geothermometers
from Brey and Kéhler (1990) and the host magma temperature is esti-
mated using the MELTS thermodynamic model of Ghiorso and Sack
(1995). Crystallographic orientations were obtained from electron
backscatter diffraction (EBSD) after which the concentration and distri-
bution of hydrogen was quantified by Fourier transform infrared spec-
troscopy (FTIR).

3.1. Sample preparation

For this study one xenolith from Dreiser Weiher (sample DW) and
one from Rockeskyllerkopf (Ro) and four xenoliths (samples MMa,

MMb, MMc, MME) from Meerfelder Maar were selected from the au-
thors' collection. These samples were chosen as they contain fresh,
coarse-grained forsterite-rich olivine. The samples were prepared as
doubly polished thick sections (~500 pm of thickness) for FTIR. A final
polishing with colloidal silica (siton) was done to remove the surface
damaged by mechanical polishing to allow EBSD and SEM analyses
without the need for a carbon coating. Grains separated from thick sec-
tions of MMa3 and MMc2, which have a grain size greater than 1 mm,
were also mounted in epoxy plugs before polishing with siton. These
samples were removed from their glass support by washing in pure ac-
etone before FTIR analysis. Finally, after the analysis by FTIR, selected
grains from samples MMa1l, MMa2, MMb, MMc1 and MMe were em-
bedded in epoxy plugs and carbon coated for additional EPMA analyses.

3.2. Chemical compositions

Major elements in each mineral phase for each sample were deter-
mined using a Cameca SX100 electron microprobe at Microsonde Sud
facility, in Montpellier (France). The samples were analyzed with a
20 KV accelerating voltage and a 10 nA probe current in wavelength
dispersive mode. A peak and a background counting time of 20 s
was used for the analysis of Fe, Mn and Ni, and 30 s for the other el-
ements. Standards used for calibration were Forsterite (Mg), Fe;03
(Fe), Ni metal (Ni), Chromite (Cr), Al,03 (Al), Wollastonite (Si, Ca),
Albite (Na), TiO, (Ti), Orthoclase (K) and pure manganese (Mn).

3.3. Rock texture and crystallographic orientation

The texture of the samples was characterized and the crystallo-
graphic orientation of the olivine grains was determined by EBSD with
the CamScan CrystalProbe X500FE SEM in Geosciences Montpellier
(Fig. 2). The analytical conditions were 15 kV, 3.5 nA with a working
distance of 25 mm and under a low vacuum (3-4 Pa of nitrogen) to
avoid electrical overload of the samples. The incident electron beam
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Fig. 2. a). Backscattered electron image of an olivine grain (500 um thick) from sample
DW with its crystallographic orientation calculated from Kikuchi bands. b) Diffraction
pattern with Kikuchi bands. ¢) Indexed Kikuchi bands for this olivine.

was inclined at 20° to the horizontal sample holder. The electrons inter-
act with a small sample volume (few nm?) before being diffracted by
the crystallographic planes of the mineral. Backscattered electrons are
detected by a CCD camera. The diffraction pattern consists of Kikuchi
lines (Fig. 2b—c). The geometry of these lines (intersection, spacing) de-
termines the parameters of the crystal lattice and crystallographic ori-
entation. This image is then processed and indexed by the Oxford
Instruments HKL CHANNEL5 software. The EBSD analyses were used
to choose grains for subsequent polarized FTIR analysis. Such grains
should be as large as possible and should have one of the three crystal-
lographic axes normal or near normal to the section plane. Of the ap-
proximately 380 large grains examined, only 38 had the correct
orientation, of these only 20% were free of cracks and inclusions and
thus suitable for FTIR analysis.

3.4. Infrared spectroscopy

The hydrogen concentration of the samples was measured in trans-
mission mode by FTIR spectroscopy at the Laboratoire des Colloides,
Verres et Nanomatériaux (LCVN) at Université de Montpellier 2, France.
The unpolarized and polarized infrared spectra were acquired using a
Bruker Vertex 70, equipped with an MCT detector (Mercury Cadmium
Telluride) cooled with liquid nitrogen, coupled to a Bruker HYPERION
(ie., IR microscope). This allows accurate visualization of the sample
prior and during acquisitions. A Globar light source and a Ge-KBr
beam splitter were used to generate unpolarized mid-infrared radiation
(between 4000 and 400 cm™!). The polarization of the infrared beam is
produced with a KRS-5 polarizer (Thallium Bromoiodide) placed be-
tween the mid-IR source and the sample. Measurements on olivine
(ol), orthopyroxene (opx), and clinopyroxene (cpx) were performed
with a square aperture of sizes ranging from 50 to 100 um. For each
measurement 200 scans were accumulated with a resolution of
4 cm™ . The series of resulting interferograms was ratioed against the
reference spectrum, i.e. the spectrum obtained without the sample in

the beam path, which corrects for the background in the analysis,
then treated with a correction of the baseline, and a correction of the
sample thickness; all samples were normalized to a thickness of 1 cm.
The background and the baseline correction were carried out using
the OPUS software. From each spectrum, the quantification of the hy-
drogen concentration in the sample is based on the Beer-Lambert law
(Beer, 1852). To accurately compare our results with previous studies;
we used the calibration of Paterson (1982):

X k(v)
Con = 1502 ) 37800 1% 1)

This empirical equation gives the hydrogen concentration (Coy) as a
function of factor y;, which is a function of the density of the mineral
()i ol = 2695 ppm wt. Hy0; yx; opx 2812 ppm wt. H;0; ¥; cpx =
2752 ppm wt. H;0). § is the orientation factor, § = 1/3 for
non-polarized IR analyses (non-oriented samples), § = 1 if the crystal
is oriented crystallographically and if the source is polarized IR; k(v),
the absorption coefficient is a function of the wavenumber v. The H con-
centration of the samples was calculated by integrating each spectrum
between 3610 and 3150 cm™' for olivine, 3670-2800 cm™' for
orthopyroxene and 3770-3000 cm ! for clinopyroxene. This calibra-
tion allows a detection limit of about 1 ppm wt. H,O (H concentration
expressed as weight ppm of oxide) for a sample of 1 mm of thickness.
The estimated error in the resulting H concentration is 30% (see details
given in Paterson, 1982, page 26 and Rauch, 2000). The calibration from
Paterson (1982), using unpolarized and polarized IR light is likely to un-
derestimate the absolute hydrogen concentration for olivine, while the
calibration from Bell et al. (2003) using polarized IR light applicable to
oriented olivine only is likely to overestimate the absolute hydrogen
concentration (Withers et al,, 2012). We chose to use the calibration
of Paterson (1982) since it allowed us to determine hydrogen concen-
trations for the largest number of analyses and also allows comparison
between the concentrations from the different mineral phases (i.e., one
common method for all phases) as well as comparison with previous
studies. As demonstrated by Férot and Bolfan-Casanova (2012), a factor
of 3 can be used to convert the concentrations reported here to values
obtained with the method of Bell et al. (2003) (i.e., see their Fig. S1,
Férot and Bolfan-Casanova, 2012) and a factor between 1.8 and 2 can
be used to convert the concentrations reported here to values obtained
with the recent calibration of Withers et al., 2012 (i.e., see their Fig. S1,
Withers et al., 2012). However, the choice of the calibration has no con-
sequences on the durations obtained, since we use the variation of OH
concentration through one grain (i.e., the same correction applies to
all spectra).

Since the hydrogen diffusion coefficient varies as a function of crys-
tallographic orientation (Mackwell and Kohlstedt, 1990; Demouchy
and Mackwell, 2006) to model diffusion, the measurements must be
made on oriented grains and with polarized IR radiation. Average H
concentrations were obtained from averaging several spectra (1-5)
from each grain.

3.5. Hydrogen diffusion and models

The ionic diffusion coefficient depends mainly on the temperature of
the system, but also of the mechanism of diffusion. Two mechanisms of
H diffusion have been proposed for olivine (Mackwell and Kohlstedt,
1990; Demouchy and Mackwell, 2006). The first mechanism, called
“proton-polaron diffusion” is a relatively rapid redox reaction involving
a flux of polarons (marked he) countered by a proton flux (i.e., a polaron
is an electronic hole site formed in the valence band, Serway et al., 1997;
in olivine, it corresponds to the Fe?™ to Fe> change of redox state). The
second mechanism, “proton-vacancy” is a slower mechanism, which is
controlled by the mobility of metal (Mg or Fe) vacancies. The first pro-
cess dominates at low temperature (below 1000 °C) or over short
time scales and can rapidly incorporate a limited amount of H in the
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crystallographic structure; of the order of 4-5 ppm wt. H,0 at 1000 °C
and 0.2 GPa in olivine Fogg. The second process, which is dominant at
temperatures > 1000 °C or over longer time scales allows hydrogen
saturation at equilibrium (Demouchy and Mackwell, 2006).

Numerous studies have shown that the mechanism of hydrogen
incorporation by diffusion in clinopyroxene is dominated by the
“proton-polaron” mechanism (Skogby, 1994; Ingrin et al, 1995;
Carpenter-Woods et al., 2000). In orthopyroxene, the same two diffu-
sion mechanisms are also present but the diffusion rates are constrained
by the oxidation state of iron in the crystal. In orthopyroxene with low
ferric iron content (i.e., low Fe3 ™ /Fe.) hydrogen diffuses by the “pro-
ton-polaron” mechanism. Otherwise the diffusion is controlled by a
much slower “proton-vacancies” mechanism (Stalder and Skogby,
2003). Hydrogen diffusion in pyroxene is in the same range at the
same temperature as that of olivine (10~ ''-10~° m?/s) i.e., hydrogen
diffusion is very rapid in both phases (see Ingrin and Blanchard, 2006
and Farver, 2010 for a review). Most of the studies on diffusion mecha-
nisms in pyroxenes have been done by hydrogen incorporation at high
pressure. As a result, the mechanisms involved in the dehydration pro-
cesses (under high pressure and with co-existing olivine) are poorly
constrained and the role of each process cannot be quantified solely
from natural mantle minerals. We assume here, as demonstrated re-
cently by Gaetani et al., 2012, based on hydration and dehydration of
water-bearing melt inclusion in olivine, that dehydration involves the
same mechanisms as hydration.

For olivine, the diffusion coefficient is determined using the diffu-
sion equations as a function of composition (olivine Fog), grain ori-
entation, and the diffusion mechanism (Demouchy and Mackwell,
2006). The temperature dependent diffusion coefficient D is calculat-
ed from an Arrhenius relation:

D = Dge(®). 2)

Since the temperature of the system is well above 1000 °C for each
sample (see below), we use the diffusion equations determined by
Demouchy and Mackwell (2006) for the “proton-vacancy” mecha-
nism:

Dpy[100],[0101] = 3.1 x 10> [(—204,000(194 X 10*3))/RT] 3)

Dpy[001] = 3.9 x 1072 exp{(—zss,ooo(iu x 103))/RT] (4)

where Dpy is the diffusion coefficient for the PV mechanism (m? s 1),
Q is the activation energy (] mol '), R is the gas constant and T the
temperature in K. In the discussion we present a sensitivity analysis
of the effects of uncertainties in Q and T on the models of the diffusion
profiles.

Different geometries of diffusion are possible. The first is diffusion
in one dimension (1D) in a semi-finite solid surrounded by an infinite
source or reservoir (outlet). This is quite similar, but not totally equiv-
alent, to the model of isotropic diffusion in a sphere (Crank, 1975, pp.
32; Zhang, 2011, pp. 17). The main limitation of this first model is that
it considers the diffusion in other directions in the measured profile
as negligible so that the concentration plateau is taken to represent
the initial content of the diffusing species. In this case, the concentra-
tion in the solid at any point x (m) along a crystallographic axis is de-
scribed by:

Con(x) = Cyerfc (2;(&) + erfc G‘\;&) (5)

where Con(x) (H/108Si) is the concentration at time t (s) at position
(x). Con(x) is a function of the diffusion coefficient D (m? s~ '), and
L is the total grain length (m) along the given crystallographic axis.

A three dimensional model, based on the equations of Carslaw and
Jaeger (1959, equations 5 to 7, p. 184), was also used. It takes into
account diffusion in 3D within an anisotropic rectangular parallelepi-
ped (Demouchy, 2004; Demouchy et al., 2006 GSA data repository
item). This model takes into account the interactions of diffusion
along the three different crystallographic directions, as well as a com-
positional plateau, which does not represent the initial content of the
diffusing species (thus the system is no longer semi-infinite with re-
spect to diffusion). The solution of the sum of fluxes is the product
of the concentration. This model includes an approximation, as the
model requires that the grain be a perfect rectangular parallelepiped.
In the natural samples, evaluation of the width of the grain in each di-
rection is difficult since the analyzed section might not include the
center of the grain. Therefore, we used the apparent length and
width of the grain.

In each model, the diffusion time t (s) is estimated by matching
the calculated profile (1D and 3D) to the measured concentration
profile. Temperature is taken as a constant during the ascent of the
magma and the entrained xenoliths. The effect of changes in pressure
on diffusion rate and therefore on the concentration profile is consid-
ered negligible. Our model does not currently account for any depen-
dence of hydrogen diffusion on oxygen or water fugacity. Finally, in
presenting ascent velocities, we assume that the magma and xeno-
liths were transported directly to surface, which means that we pro-
vide a minimum estimate of the rate of magma ascent and not
absolute ascent rates.

4. Results
4.1. Mineralogy and petrology

The texture and the mineralogical composition of the samples are
summarized in Fig. 3 and Table 1. The sample from Rockeskyllerkopf
is a dunite with many veins containing clinopyroxene, spinel and
phlogopite. The sample from Dreiser Weiher is a coarse-grained du-
nite, which has clusters of clinopyroxene and spinel. Some subgrain
boundaries due to deformation are visible. The four samples from
Meerfelder Maar show textural and compositional diversities: sam-
ples MMa, MMc and MMe are harzburgites; MMa and MMe are
equigranular and coarse-grained whereas MMc is inequigranular.
Sample MMb is a finer grained equigranular lherzolite.

4.2. Chemical composition

Representative analyses of each phase in the sample suite are
presented in Table 2. The dunite sample from Rockeskyllerkopf con-
tains the most iron-rich olivine with Fo from 84.4 to 87.2. The dunite
from Dresier Weiher and the lherzolite from Meerfelder Maar contain
slightly more magnesian olivine that ranges from Fo 86.2-88.2
(Fig. 4). The harzburgites from Meerfelder Maar have the most mag-
nesian olivine; two (MMa and MMc) have Fo contents of 89.2-90.4,
sample MMe has the smallest range of olivine composition and is
the most magnesian at Fo 90.6-91.

Clinopyroxene is aluminian chromium diopside containing 0.9 to
1.2 wt.% Na,O with the exception of the sample from Rockeskyllerkopf,
which contains less than 0.5 wt.% NayO. This sample also has the
highest TiO, and CaO and lowest Cr,03 content of the seven analyzed
samples. Orthopyroxene, which occurs only in the samples from
Meerfelder Maar is aluminian chromian enstatite with 4 to 5 wt.% Al,O3

The spinel is chromite with cr# = 100 = [Cr = 100 / (Cr + Al)]
between 29.7 and 33.7 for MMc and MMa while cr# is >40 for Ro
and below 12 for MMb.

Microprobe traverses show that the Fo content of olivine does not
vary in the Meerfelder Maar and Dreiser Weiher samples. However,
the Rockeskyllerkopf sample shows distinct core to rim variation
(Fig. 5a), which has been interpreted by Shaw (2005) to be due to
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Fig. 3. Eifel spinel-peridotite xenoliths from Earth's upper mantle. Transmitted light microphotographs with mineral assemblage: olivine (white), diopside (bright green),
orthopyroxene (brownish green), and spinel (opaque). The scale is the same for each microphotograph.

interdiffusion with an infiltrating melt. A profile was analyzed in a
large olivine crystal in the lava matrix of MMb (Fig. 5b). It also
shows compositional zonation consistent with inter-diffusion of Fe-
Mg between olivine and the surrounding melt with Fo varying from
90 at the center of the grain to 86 at the edge. In addition, NiO also
shows zonation from 0.4 NiO wt.% at the center to 0.1 NiO wt.% at
the edge, and no significant variation in CaO was detected.

Table 1

Modal composition, texture and location of xenoliths. (Meerfelder M.: Meerfelder
Maar; Harz.: harzburgite; Lherz.: Lherzolite; ol: olivine; cpx: clinopyroxene; opx:
orthopyroxene; sp: spinel).

Location Sample ol cpx opx sp Rocktype Texture

%

Meerfelder M. MMal 60 5 33 2 Harz Coarse-grained to
Meerfelder M. MMa2 63 7 27 3 Harz equigranular
Meerfelder M. MMa3 68 10 20 2 Lherz.

Meerfelder M. MMb 49 28 21 3 Lherz Equigranular
Meerfelder M. MMc1 73 3 17 1 Harz. Equigranular to

coarse-grained
Equigranular to
coarse-grained
Equigranular to
coarse-grained

Meerfelder M. MMc2 62 5 31 2 Harz

Meerfelder M. MMe 74 4 20 2 Harz

Rockeskyllerkopf Ro >80 5 0 3 Dunite Coarse-grained
with veins
Dreiser Weiher =~ DW 97 2 0 0 Dunite Coarse-grained

4.3. Geothermometry

Equilibrium temperatures of MMa, MMb, MMc and MMe are calcu-
lated using the thermometer of Brey and Kohler (1990) based on the
partitioning of Na between opx and cpx. The temperature is 1125 °C
(£50) for MMb to 1181 °C (450) for MMc. Our DW sample does not
contain opx; the equilibrium temperature used is 1200 °C (£50) as
reported by Witt-Eickschen and Kramm (1998) for this locality and
similar xenoliths of peridotite. In the latter study, the temperature
was calculated using the geothermometer of Brey and Kohler, 1990 in
combination with a second geothermometer based on the partitioning
of Ca between olivine and cpx (Brey and Kéhler, 1990).

The temperature of the magma can be estimated using MELTS
(Ghiorso and Sack, 1995) since we know the composition of the lavas
that carried the xenoliths to surface and that they contain 10-30% clino-
pyroxene phenocrysts (e.g. Mertes and Schmincke, 1985; Shaw and
Eyzaguirre, 2000; Shaw et al, 2010; Shaw and Woodland, 2012). The
MELTS results indicate temperatures between 1250 and 1200 °C, at
0.5 GPa, for a clinopyroxene phenocryst content between 5 and 35%.
This is in general agreement with the equilibration temperatures for the
xenoliths in the lithospheric mantle. Since we do not have data on the con-
centration of water in the co-existing melt, we cannot estimate the poten-
tial decrease of the equilibrium temperature due to water in the system.

4.4. Concentration and distribution of hydrogen

Water concentrations were obtained for 56 olivine, 15 clinopyroxene
and 19 orthopyroxene grains. The olivine spectra show three groups of
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absorption bands at 3590, 3519, and 3419 cm ™! and 3633, 3525 and
3452 cm™ ! respectively (Fig. 6).

The polarized analyses on oriented olivine grains highlight the an-
isotropy of OH group distribution in the crystal structure (Fig. 7). The
G1 absorption band is very developed parallel to the [100] axis, while
the G2 band is less well developed and the G3 band is poorly devel-
oped or absent (Fig. 7). In contrast, in spectra collected on olivine par-
allel to the [010] axis, all absorption bands are very poorly developed;
both the G1 and G 3 bands are absent and the G2 band is just discern-
ible. Parallel to [001], G1 and G 3 bands are just discernable and the
G2 band is absent. Such variation in polarized spectra with orienta-
tion is typical of olivine from peridotite xenoliths.
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Fig. 7. Polarized infrared spectra of olivine representative of each crystallographic axis.
Spectra are normalized to a thickness of 1 cm.

4.4.1. Hydrogen concentration

The range and average concentrations of hydrogen in minerals in
ppm wt. H,O is reported in Table 3. The concentrations in the
Meerfelder Maar olivine range from 3.3 to 11 ppm. Olivine in the
Dreiser Weiher sample contains around 5 ppm wt. H0 and the oliv-
ine in the Rockeskyllerkopf sample contains less than 3 ppm.
Clinopyroxenes are almost homogeneous compared to olivine (with-
in the error bars), and contain between 210 and 353 ppm wt. H,0.
The orthopyroxene in the Meerfelder Maar samples also has small
variation (almost homogeneous) with concentrations between 153
and 260 ppm wt. H,0. These small variations can also may be due
to pleochroism in clinopyroxene since they were analyzed with unpo-
larized IR radiation. In addition, contrary to olivine, no significant var-
iation between center and edge in pyroxene grains was observed as
illustrated in Fig. 1S (Supplementary material).

If we consider the hydrogen content of orthopyroxene to be at equi-
librium, based on the small variation in the grains analyzed we can cal-
culate the expected hydrogen concentrations in both clinopyroxene
and olivine using the partition coefficient data of Aubaud et al. (2004).
Aubaud et al. (2004) have used SIMS on selected glasses and minerals,
which have also been measured for hydrogen with FTIR spectroscopy
and the calibrations of Ohlhorst et al. (2001) as well as by continuous
flow mass spectrometry following the methods of Eiler and Kitchen
(2001). The study by Aubaud et al. (2004) is so far the best data avail-
able for the pressure and temperature conditions of equilibrium for
the mantle specimens from Eifel.

The calculations show that for a pressure of 1-2 GPa and tempera-
ture of 1230 to 1380 °C, the equilibrium hydrogen content of
clinopyroxene is close to the FTIR analysis results (Fig. 8b); however,
the equilibrium hydrogen content in olivine is much higher at equilibri-
um (22-25 ppm wt. H,0) than actually observed (2-15 ppm wt. H,0).
This suggests that there has been significant loss of hydrogen from the
olivine grains.

The distribution of hydrogen content against the maximum appar-
ent length of each olivine grain section (Fig. 8a) shows that for the sam-
ples from Meerfelder Maar there is a weak correlation between
hydrogen content and the maximum length of each grain section. For
the samples from Rockeskyllerkopf this correlation is absent, while for
olivines from Dreiser Weiher there is only a weak negative correlation.
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Table 3

Hydrogen concentration in xenolith minerals in ppm wt. H,0. (‘Range’ gives minimum
concentration to maximum concentration; ‘Average’ gives average concentration from
(n) measurement).

Sample Olivine Clinopyroxene Orthopyroxene
Range Average Range Average Range Average
(ppm)  (ppm) (ppm) (ppm) (ppm) (ppm)

DW 3-7 5(4) 98-289 193 (2) - -

Ro 2-3 3(4) 301 301 (1) - -

MMa 5-11 8 (16) 212-259 232 (3) 157-194 181 (3)

MMb 4-11 6(7) 210-353 295 (7) 192-218 204 (9)

MMc 3-9 6 (14) 318 318 (1) 173-231 202 (6)

MMe 4-6 5(11) 321 321 (1) 153-260 203 (3)

To convert in H/10°Si, please follow: For olivine Fo90: 1 ppm wt. H,0 = 16.35 H/
10Si; for opx: 1 ppm wt. H,0 = 11.49 H/10Si; for cpx: 1 ppm wt. H,0 = 11.61 H/
10° Si.

4.4.2. Hydrogen distribution within individual olivine grains

The spectra taken at points along the [001] axis of olivine show
higher absorbance in the three bands and thus higher concentration
at the center compared to the edge of the grains (Figs. 9 and 10). In
the case of the grain from Dreiser Weiher the concentration decreases
by about 66% from core to rim. In sample MMc the decrease is almost
50%, while in MMa and MMb the decrease in concentration toward
the border is only 33%.

5. Discussion
5.1. Distribution and concentration of hydrogen

The average concentrations of H in the mantle-derived lherzolites
and harzburgites from Meerfelder Maar are ~6 ppm wt. H,O for olivine,
~226 ppm wt. H,0 for orthopyroxene and ~310 ppm wt. H,O0 for clino-
pyroxene (all values have ~30% of uncertainties). These concentrations
are in agreement with water contents reported from spinel-bearing pe-
ridotites from a variety of other locations in which concentrations of
1-13, 70-199 and 158-530 ppm wt. H,O were reported for olivine,
orthopyroxene and clinopyroxene respectively (Bell and Rossman,
1992; Demouchy, 2004; Peslier and Luhr, 2006; Chaufaud et al., 2011).
However, the water contents are lower than concentrations reported
for xenolithic garnet-bearing peridotites (Demouchy et al., 2006;
Peslier et al., 2008) and for xenoliths and xenocrysts carried to the sur-
face in volatile-rich host magmas such as kimberlite (Peslier et al.,
2008; Kamenetsky et al., 2009; Baptiste et al., 2012).

The variation in hydrogen contents at the centers of olivines as a
function of the maximal (apparent) grain size (Fig. 8a) on one hand,
and the low hydrogen concentration observed when compared to
the calculated equilibrium concentration from partitioning (assuming
that orthopyroxene is at equilibrium) on the other hand, are both
strongly suggestive of dehydration of olivine by ionic diffusion. The
decrease in hydrogen concentration along crystallographic axes
(e.g. Fig. 9) is interpreted to be due to dehydration of the olivine dur-
ing its ascent in a water-undersaturated magma. For the samples with
distinct hydrogen variation within grains we can rule out hydrogen
variation due to growth in a water poor magma as the grains are oth-
erwise compositionally homogeneous (Fig. 5).

The low water contents and zoned olivine from Rockeskyllerkopf
suggest a different petrogenesis for the veined wehrlite. There are two
possible interpretations. First, the low Fo content and the presence of
veins, the high TiO,, CaO and low Na,O in clinopyroxene and the low
cr# and mg# of spinel may be due to interaction of lithospheric mantle
with percolating melts. Witt-Eickschen and Kramm (1998) and Shaw
(2005) have suggested that there was an episode of melt infiltration in
the mantle prior to the entrainment of mantle xenoliths. This infiltration
event caused diffusive exchange and metasomatic growth of new min-
erals such as clinopyroxene. Since the melt was likely undersaturated
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expected initial H concentration in MM grains derived from partition coefficient of H,Kd ol-
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diffusion model with an initial concentration of 25 ppm H,0 wt. (360 H/10° Si), and for
various durations. The black curves are from the 1D diffusion model for an initial concentra-
tion of 12 ppm H,0 wt. (200 H/10° Si), for various durations. See Section 4.4.1 for details.

in water, this could also have been responsible for the loss of water
from olivine. Alternatively, the dunite from Rockeskyllerkopf could be
a dry magmatic cumulate.
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In contrast to the heterogeneity of olivine, the homogeneity of the
H concentrations measured in orthopyroxene from Meerfelder Maar
is interpreted as representing an equilibrium concentration for MM
xenoliths. There are four ways in which this could have occurred:
(1) the H concentration in orthopyroxene reflects mantle equilibri-
um, and thus the initial H concentration in the mantle source;
(2) the hydrogen concentration in orthopyroxene and clinopyroxene
is the result of complete reequilibration with the host magma occur-
ring during ascent (syn-transport equilibrium along an unknown
depth path); (3) the observed hydrogen contents represent complete
reequilibration with the magma during a period of stagnation in a
magma chamber (pre-eruptive equilibrium); and (4) the hydrogen

concentration in orthopyroxene and clinopyroxene is the conse-
quence of a late metasomatic event in the mantle lithosphere.

Regardless of which interpretation of the Rockeskyllerkopf dunite
we choose, the water content of the olivine is the result of direct crys-
tallization of olivine from a water-poor magma or dehydration due to
interdiffusion of mantle olivine with a water-poor magma.

The rate of hydrogen diffusion in pyroxene is very fast; published
rates are similar to those for olivine (e.g. at 1200 °C,2 x 10~ m? s~!
in orthopyroxene for the [001] axis, as reported by Carpenter (2000)
and 3x107°m?s~ ' in clinopyroxene as reported by Carpenter
Woods et al. (2000)). Thus if there was complete reequilibration of all
phases with a water-poor magma we would expect to see diffusion pro-
files in the pyroxenes as well; but to date none have been observed (on
our samples or in other studies). Therefore, one can question the rele-
vance of the experimental diffusion data from pyroxene when applied
to natural systems. Our study points toward a strong effect of composi-
tion on the H diffusion coefficient in both orthopyroxene and
clinopyroxene. Although it suggests that pyroxenes are a better proxy
for upper mantle estimation of water content than olivine.

By combining the H concentrations (Table 3) and modal mineralogy
(Table 1) for each xenolith, we obtained a bulk average lithospheric
mantle concentration of ~90 ppm wt. H,O for the Meerfelder Maar
samples; compared to 54 and 16 ppm wt. H,0 for Dreiser Weiher and
Rockeskyllerkopf respectively. When orthopyroxene is present in the
samples, as it is the case at Meerfelder Maar, it is the major reservoir
for the H in the shallow mantle. In the other two samples, clino-
pyroxene is the main reservoir for hydrogen. This contrasts the proposal
that olivine is the main hydrogen reservoir as previously made by
Mierdel et al. (2007) based on experimental data and by Chaufaud et
al. (2011) based on analyses of mantle xenoliths from Massif Central
(France).

The studied samples allow us to constrain more fully the behavior
and the distribution of hydrogen within mantle xenoliths and to ana-
lyze the behavior of H in olivine as the xenoliths are transported to
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the surface. There are two key observations; first the hydrogen con-
tent of the olivine does not vary across the xenoliths, i.e. concentra-
tions are the same in grains from the center of the xenolith or near
the edge. Second, there is no variation in the H concentration profiles
in olivine based on their position in the xenolith. These observations
suggest that during transport, hydrogen was partitioned from olivine
into intergranular space and/or along grain boundaries that opened
up during decompression. Given the magnitude of the hydrogen
loss, the partition coefficient must been significantly less than 1
gl(gB/ solid(OH)<<1) as previously suggested by Hiraga et al. (2003),

uzuki and Mishin (2005), Hiraga et al. (2007) and Demouchy
(2010) and sketched in Fig. 11.

5.2. Modeling of dehydration by diffusion

Hydrogen concentration profiles along a crystallographic axis in
olivine (Figs. 9 and 10) show that there is a distinct compositional
variation. Small edge effects or contamination were observed in
only a few grains and corrections were applied to remove these
(e.g., boundaries effect from underlying olivine and/or contamination
by hydrous material, see Fig. 6 for Ro sample). The hydrogen distribu-
tion shows that the crystals are not at equilibrium and profiles are
consistent with ionic diffusion of H. We have used two different diffu-
sion models. In the 1D model (Eq. (5)), the initial concentration
(Coni) in the grain is dictated by the concentration level of the plateau
in the profile (i.e., the maximum observed concentration is taken as
the initial concentration). We consider the magma as an infinite
sink for H (McMillan, 1994), thus the final concentration of H found
at the grain edge should be either zero (Couf = 0) or at its equilibri-
um value with the H-poor silicate liquid; also likely to be close to
zero. The first FTIR measurement in each profile was acquired
50 um from the edge of the grain. Thus we cannot quantify the mini-
mum concentration at the extreme grain limit. In the models, an as-
sumption of Couf = 0 results in very short diffusion times: 3 min
for sample MMa and 1 h and 40 min for sample MMc. These diffusion
times are much faster than expected from other estimates of xenolith
transport. If they were correct, they would give ascent rates of be-
tween 30 and 1000 km/h!

The assumption that the initial concentration in the grain is represent-
ed by the core composition is not supported by the experimentally deter-
mined partitioning of hydrogen between olivine and orthopyroxene.
The experimentally measured partition coefficient is Kd°/°P* = 0.11

Magma under- A
satured in H ¢

Fig. 11. Schematic diagram illustrating the mobility of H in a mantle xenolith
transported by magma; dashed arrow: diffusion of H along the inter-granular space/
interface to the magma, solid black arrow: diffusion of H from a crystalline solid to
the intergranular space/interface.

(Aubaud et al.,, 2004); however, our data give Kd°/°P* of 0.02 to 0.05
suggesting that the hydrogen content of the cores of the olivine grains
does not represent the equilibrium content and that the cores have
been affected by diffusive hydrogen loss. If we take the temperatures cal-
culated from the geothermometry and assume a pressure of 1.6 GPa,
based on the geotherm for the Eifel region determined by Garcia-
Castellanos et al. (2000), the partition coefficient data of Aubaud et al.
(2004) give: KD/ =011+ 001 and K/ =14+ 03 for
1-2 GPa and 1230-1380 °C. Using these values we obtain equilibrium
concentration of 280 ppm wt. H,0 in clinopyroxene which is closed to
the measured value. For olivine, we calculate an initial water content of
22-25 ppm wt. H,0; i.e. two to four times more than the analyzed max-
imum. The pressure and temperature under which Aubaud et al. (2004)
determined the partition coefficients were slightly higher than those of
the xenoliths; therefore the calculated hydrogen concentrations for
clinopyroxene and olivine might be slightly overestimated. Nevertheless,
this approach suggests that the simple 1D approach described above it
not valid and that the diffusion times calculated are much too short.

Since there has been a significant decrease in the concentration of
H in olivine from the initial concentration, we must account for this
and for the anisotropy of hydrogen diffusion in the olivine since
there will be significant differences in concentration as a function of
crystallographic orientation. To account for this anisotropy we use
the 3D model from Carslaw and Jaeger (1959). The results of this
model are reported in Table 4 and examples are shown in Fig. 12.
The diffusion durations obtained are very similar for the Meerfelder
Maar samples (~1 h for all axes, not just the [001] axis. The profiles
for the sample from Dreiser Weiher give a longer diffusion time of
3 h and 40 min. These observations lead to two conclusions: (1) the
diffusion duration from the 3D model does not exceed a few hours,
and (2) the unreasonably short durations derived from the 1D
model are no longer obtained.

A 450 °C uncertainty on temperature leads to a doubling or halv-
ing of the diffusion time (Fig. 12). The large uncertainty on the activa-
tion energy (Demouchy and Mackwell, 2006) leads to very different
diffusion times. For activation energies of minus one standard

Table 4
Hydrogen diffusion coefficients (calculated from Demouchy and Mackwell, 2006) used
in this study and results from the 3D model for each sample. See text for details.

Proton-vacancy diffusion

Sample D [100] D [010] D [001] Time (s)
m2 571 tmax tmin
DW 543x 1072 543 x 107" 830x10~'" 13,500 12,960
1200 °C
T—50°C 3.02x107"% 3.02x107'2 396x10~'" 27720 23,400
T+50°C 938x107'% 938x107'? 1.66x 10~ 1° 6480 6120
Q— 1o 157 x 107% 157 x107% 395 x 107 1° 46.8 48.6
Q+ 1o 1.07 x 1071 1.07 x 107 156 x 10~ 72,000 54,000
MMa 412x107"? 412x10"'? 586x 10~ 4320 4428
1176 °C
T—50°C 225x1072 225x107'2 273 x 10" 9000 9720
T+50°C 724x1072 724x107'% 120x107'° 2160
Q—10 137x107% 137x10" % 289x 10 '° 10.08
Q+ 1o 6.95x 107 695 x 107'® 1.06 x 107" 25,200
MMb 211x 1072 211x 1072 252x 10~ 3600
1121 °C

T—50°C 1.10x107"2 1.10x 107" 1.10x 10~ '" 8280
T+50°C 388x107'? 388x107"2 544 x10~'"  1648.8

Q—10 976x107% 976 x107% 136x 10" '° 9 8.28
Q+ 10 244x107'° 244 x107"% 411x 1072 21,600

MMc 436x107"2 436x 1072 631x10""" 4104 4176

1181 °C

T—50°C 239x107'2 239x107'2 295x10~'" 9000 8640
T+50°C 7.65x107'2 7.65x 1072 128 x107'° 1980 2088
Q—10 141x107% 141x10"% 3,09x 10" 12.6 11.88
Q+ 10 762x107'° 762x107"% 1.15x10"'" 22320
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deviation, the diffusion times are extremely short <<1 min. For acti-
vation energies of plus one standard deviation, the diffusion times
are 5 to 6 times slower than in the case of the average diffusion coef-
ficient. The olivine from Rockeskyllerkopf cannot be used as an ascent
‘recorder’ since they lack compositional variation in hydrogen.

5.3. Rates of ascent rate and implications for the understanding of
magmatic systems

With the durations obtained from the 3D diffusion model and the
estimate of the magma chamber depth (14 km, Shaw, 2005) or of the
mantle source (45-50 km), the ascent rates of host magmas were cal-
culated (Table 5). The average speed obtained for magmatic ascent
from a magma chamber at 14 km is ~3.4 m s~ !, while the values de-
termined for transport from the mantle source are ~12 m s~ . These
results are in general agreement with those obtained for Shaw (2003,
2009) who showed the Fe-Mg interdiffusion profiles in olivine a
transport rate of approximately 4 m s~ ! for the final eruptive event.
Some wehrlite xenoliths from Meerfelder Maar record xenolith -
magma contact times of up to 8 years — we would expect these oliv-
ine grains to have similar hydrogen contents to those from
Rockeskyllerkopf since they would have been immersed in water un-
dersaturated magma long enough to have lost most of their hydrogen.

Our results are well within the range of ascent rates estimated
using other methods (Table 6). Together with Fe-Mg interdiffusion,
modeling of hydrogen loss during ascent is an effective tool for exam-
ining the ascent of mantle xenolith-bearing magmas. Fe-Mg interdif-
fusion is effective in defining longer periods of diffusion (Shaw, 2003;
Costa and Dungan, 2005) whereas the faster diffusion rates for hydro-
gen make it an effective marker for studying the rapid ascent of xeno-
liths (as well as for volcanic products, see Lloyd et al., 2012).

Finally, if the H loss by diffusion in olivine is linked to events just
before the vesiculation and final water vapor exsolution from a

water-rich melt (H,0, with or without CO,), the duration of dehydra-
tion recorded by olivine only permits an estimate of the velocity of
the melt in the crustal section below the vesiculation and fragmenta-
tion front. However, since we do not know the water content of the
melt and its evolution as a function of depth, we cannot determine
the depth of the vapor exsolution and thus an ascent rate. Neverthe-
less, this very late process must have been very fast since olivines are
not fully dehydrated and interestingly, if such a process operated it
has affected only olivine and not the pyroxenes.

5.4. Implications for electrical conductivity of the mantle beneath Eifel

Karato (1990) suggested that the presence of hydrogen in mantle
silicates should increase their electrical conductivity. Our data show
that the mantle olivine below the Eifel has a non-negligible water
content, thus one would expect that there will be an effect on the
electrical conductivity of the uppermost mantle in this region. The
electrical conductivity can be calculated using the Nernst-Einstein re-
lation (Karato, 1990) and H concentrations in olivine. Since olivine is
the dominant and interconnected mineral phase (see Pommier and le
Trong, 2011 for a review and software), it will control the electrical
conductivity of the polymineralic aggregates. The equation links o
the electrical conductivity (S m~!) with D the diffusivity (m? s~ 1),
Con the concentration of H (H m~3) and T the temperature (K):
o :chqz/kT (6)
where fis a numerical (correlation) factor approximately equal to
unity, q is the electrical charge of the charge species (C), and k is
Boltzmann's constant.

The calculation yields resistivity (i.e., in Qm, thus the inverse elec-
trical conductivity) of 141, 586 and 3514 Om for H concentration of
25, 6 and 1 ppm wt. H,0, respectively. Leibecker et al. (2002)
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Table 5

Estimates of rates of magma ascent from two sources of depth (D1: mantle source, D2: magmatic chamber, which yield two different ascent rates, V1 based on D1 and V2 based on

D2). See text for details.

Proton-vacancy diffusion

Sample Time (s) Depth (km) V1 (ms~1!) V2 (ms~ 1)

tmax tmin D1 Mantle D2 Mag V1max V1min V2max V2min
DW 1200°C 13,500 12,960 52 14 3.9 4 1 11
T—-50°C 27,720 23,400 52 14 1.9 2.2 0.5 0.6
T+ 50°C 6480 6120 52 14 8 8.5 2.2 2.3
Q—1lo 46.8 48.6 52 14 1111 1070 299 288
Q+ 1o 72,000 54,000 52 14 0.7 1 0.2 0.3
MMa 1176 °C 4320 4428 50 14 11.6 113 3.2 32
T—-50°C 9000 9720 50 14 5.6 5.1 1.6 14
T+ 50°C 2160 50 14 23.1 6.5
Q- 1lo 10.08 50 14 4960 1389
Q+ 1o 25,200 50 14 2 0.6
MMb 1121 °C 3600 45 14 12.5 3.9
T—-50°C 8280 45 14 5.4 1.7
T+ 50°C 1648.8 45 14 273 8.5
Q- 1o 9 8.28 45 14 5000 5435 1556 1691
Q+ 1o 21,600 45 14 2.1 0.6
MMc 1181 °C 4104 4176 50 14 12.2 12 34 34
T—-50°C 9000 8640 50 14 5.6 5.8 1.6 1.6
T+ 50°C 1980 2088 50 14 253 24 7.1 6.7
Q- 1o 12.6 11.88 50 14 3968 4209 1111 1179
Q+ 1o 22,320 50 14 2.2 0.6

identified a layer at a depth between 22 and 90 km beneath Eifel with
a resistivity of 250 Qm, which would correspond to 14 ppm wt. H,0
in olivine. This is in reasonable agreement with our results with or
without dehydration occurring in olivine. The directional dependence
of conductivity noted by Leibecker et al. (2002) may be due to local-
ized addition of hydrogen to olivine during various metasomatic epi-
sodes. It is already known that the mineralogical, major and trace
element contents of xenolith minerals varies as a function of the de-
gree and type of metasomatism (O'Reilly and Griffin, 2013) and we
would expect similar variations for the hydrogen concentration in
NAM:s.

6. Conclusions

The concentration of H in olivine, orthopyroxene and clinopyroxene
from peridotite xenoliths from the West Eifel Volcanic Field obtained by
FTIR shows that all three phases contain small amounts of hydrogen (on
average 6, 200 and 285 ppm wt. H,0 respectively). Olivines from

Table 6
Rates of magma ascent from this study and previous studies based on various
approaches and methods.

Method V(ms—"') Source Reference
H diff. in mantle olivine ~12-3 14-52 km  This study
H diff. in mantle olivine 6+3 60-70 km  Demouchy et al. (2006)
H diff. in mantle olivine 0.2-0.5 32-40 km  Peslier and Luhr (2006)
H diff. in glass inclusion 37-64 4-8 km Humphreys et al. (2008)
Numerical model ~4 7.2 km Carey et al. (1995)
H diff. in plagioclase ~0.03 10 km Hamada et al. (2011)
Zoned magnetite crystals  >0.017 5-6 km Rutherford and
Devine (2003)

Numerical model 2.9-16.8 100 km Sparks et al. (2006)
CO, and H,0 0.05-0.35 180 MPa Liu et al. (2007)

diff in melt incl.
Numerical model ~5-8 180 MPa Papale et al. (1998)
Migration of tremor 0.03 1.7 Klein et al. (1987)

hypocenters

Dissolution rate of garnet 6
and theoretical models
of magma flow

Sparks et al. (2006)

mantle-derived peridotite from Meerfelder Maar and Dreiser Weiher
show evidence of dehydration by ionic diffusion and the measured con-
centrations do not reflect the concentrations that existed prior to en-
trainment. Olivine in the dunite xenolith from Rockeskyllerkopf, is
either dehydrated due to a longer contact time with water undersatu-
rated magma or it may represent a magmatic cumulate. Three-
dimensional diffusion models provide an estimate of the duration of H
diffusion in olivine and can be extrapolated to a rate of magma ascent
of ~12 ms ! if the source is in the mantle (at 50 km depth), but other
depths of dehydration initiation were also considered. The diffusion of
H in olivine during ascent toward the surface is suitable marker of the
rate of ascent of xenoliths and when used in conjunction with Fe-Mg in-
terdiffusion gives a unique time window into the dynamics of ascent of
xenolith-bearing magmas. The H in pyroxenes cannot be used as a
marker of magma ascent but they are a more reliable marker of the con-
centration of H of the mantle source at depth. The study also calls for
further H diffusion experiments at low pressure and high temperature
within pyroxenes in compositional systems relevant to uppermost peri-
dotitic mantle. Finally, the use of electrical conductivity as a proxy for
‘water content’ in the uppermost mantle requires the establishment of
a precise experimental resistivity calibration that takes into account
the low H content, the bulk chemistry, mineralogy and pressure/tem-
perature variation in the uppermost mantle.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jvolgeores.2013.04.010.
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Chapitre IV : Transport de I’H lors de processus mantelliques de

grande échelle : fusion partielle et métasomatisme

Ce chapitre détaille le comportement de I'H lors des processus de fusion et de
métasomatisme dans un contexte de point chaud en prenant comme sujet d’étude une série de
xenolites de péridotite du Ray Pic (Massif Central).
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IV.1 Introduction

Le chapitre précedent a permis d’observer que les concentrations en H des olivines
peuvent étre affectées par la remontée magmatique alors que les concentrations en H tres
homogenes des pyroxenes suggerent une signature mantellique intacte. Une série de xénolites
de péridotite (= amphibole) du Ray Pic (Massif Central Frangais) ne présentant pas de
variations intracristallines en H a ¢été sélectionnée afin de s’intéresser aux processus
mantelliques.

Cette série d’échantillons provient d’un contexte de point chaud, impliquant des
processus de fusion et de métasomatisme de grande échelle. Elle est donc un objet clé pour
contraindre le comportement de I’H dans le manteau. La caractérisation des processus subis
par la roche (e.g., taux de fusion, métasomatisme modal/cryptique) est basée sur les
concentrations en ¢léments en traces (e.g., REE). Le type de métasomatisme est déterminé par
I’abondance et le fractionnement des ¢léments incompatibles tels que les terres rares.

Les principales conclusions des précédentes études (Zangana ef al., 1997 ; 1999) sont
que le manteau sous le Ray Pic est hétérogéne en termes de minéralogie, de chimie des
¢léments majeurs ainsi qu’en €léments en traces. Les auteurs suggerent que ces hétérogénéités
sont dues a la surimposition d’événements métasomatiques sur un protolithe variablement
appauvri par de faibles taux de fusion partielle.

D’autre ¢lément en traces jouent un role important dans les fluides métasomatisant, tel
que I’H puisque des minéraux hydratés comme 1’amphibole peuvent précipiter (Bodinier et
al., 2004). Cependant I’H peut aussi étre incorporé dans les NAMs et se comporterait comme
un ¢lément incompatible avec un coefficient de partage proche de celui du La et du Ce (Dixon
et al., 2002) ou méme plus incompatible (e.g., Novella ef al., 2014 ; O’Leary et al., 2010). Le
comportement de I’H reste controversé durant les processus mantelliques. La comparaison
avec les concentrations en H permet de définir le degré d’incompatibilité de I’H par rapport
aux REE, donc le comportement de I’H pendant les processus mantelliques. L’ originalité de
cette étude est de s’intéresser au comportement de I’H notamment en présence de minéraux
hydratés (i.e., amphibole).

IV.2 Denis et al. (2015) Water content and hydrogen behaviour during
metasomatism in the uppermost mantle beneath Ray Pic volcano (Massif
Central, France)
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To understand the deep cycle of water, upper mantle water content and distribution between nominally anhy-
drous minerals (NAMs) and hydrous minerals (e.g., amphibole) must be constrained. We need then to under-
stand H behaviour during mantle melting and metasomatism. Major, minor and trace element compositions
including water contents were obtained on ten xenoliths of spinel-bearing peridotites from the Ray Pic locality,
in the Southern part of the Massif Central (France). The sample suite investigated here is composed of rather fer-
tile Iherzolites (89.4 < Fo < 90.8%; 11.3 < cr# in spinel < 21.1%; 0.942 < [Yb],x < 1.90 ppm; cpx: clinopyroxene),
which can be best explained by batch melting, with degree of melting between 3 and 10%. These xenoliths con-
tain up to 8% modal amphibole. Three groups are defined as a function of the amphibole modal abundance (above
or below 1%) and equilibrium temperature (above or below 1000 °C). Results show no clear positive correlation
between modal metasomatism (amphibole) and incompatible element enrichment in cpx. Trace element com-
positions in cpx show strong enrichments of the most incompatible elements (e.g., (La/Sm)py as high as 15.7;
PM: normalised to primitive mantle values), but strong negative anomalies of the high field strength elements
(e.g., (Th/Nb)py as high as ~680). Such trace element fractionations are usually ascribed to the so-called
carbonatitic metasomatism involving the percolation of small volume melts which are enriched in volatiles.
The hydrogen concentrations in cpx range from 203 to 330 ppm wt. H,0, in orthopyroxene from 66 to
160 ppm wt. H,0 and in olivine from 2 to 6 ppm wt. H,0. These values are within the common concentration
range of other spinel-bearing peridotites. Amphiboles contain 1.9 £ 0.5 wt.% of H,0.

The effect of metasomatism on water abundances in NAMs is not straightforward. Hydrous metasomatism
(i.e., leading to the crystallisation of OH-bearing amphibole) has no effect on the water content of the co-
existing NAMs. This suggests thus that the occurrence of hydrous minerals, such as amphibole, does not system-
atically imply that the coexisting NAMs are water-rich (saturated). Further, the percolation of volatile-rich small
volume melts, which is fingerprinted by the strong enrichment of the incompatible elements, has also no clear
effect on the water content of the NAMs. These data are thus difficult to reconcile with the admitted highly
incompatible behaviour of H in upper mantle minerals.
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1. Introduction

The percolation and reaction of melts and/or fluids are ubiquitous
processes within the mantle, which play a key role in the redistribution
of elements throughout the Earth's upper mantle (e.g., Bedini et al.,
1997; Bodinier et al.,, 1990; Menzies and Hawkesworth, 1987; Rudnick
et al.,, 1993). Classically, two types of metasomatism are recognised:
(1) modal metasomatism, for which new volatile-rich minerals precip-
itate, such as amphibole (am), phlogopite, apatite; and (2) cryptic meta-
somatism, for which no new phases crystallise, but primary phases, for
instance clinopyroxene (cpx), which displays trace element enrich-
ments not compatible with a simple melt depletion (e.g., Grégoire

* Corresponding author. Tel.: +33 4 67 14 39 39; fax: +334 67 14 36 42.
E-mail address: carole.denis@gm.univ-montp2.fr (C.M.M. Denis).

http://dx.doi.org/10.1016/j.lithos.2015.08.013
0024-4937/© 2015 Elsevier B.V. All rights reserved.

et al., 2000; O'Reilly et al., 1991). The term of metasomatism encom-
passes a diversity of processes involving a variety of not well-defined
melt-fluid/rock interactions. These interactions occurred with different
fluid/rock regimes in various geological environments, with percolating
and metasomatising melts of variable compositions (O'Reilly and
Griffin, 2013). Usually the percolating melt/fluid is often considered
as a volatile-rich agent. Volatile such as H,O and CO, lower the
melt/fluid density, viscosity and the crystallisation temperature
(e.g., Dasgupta and Hirschmann, 2006; Wyllie and Ryabchikov,
2000) and therefore ease the percolation of such melt/fluids within
the cold mantle lithosphere. Deciphering the imprints of the various
metasomatic processes on the mantle lithosphere is a key to better
understand their effect on the physical properties of the mantle
and thus on the geodynamic of the lithosphere, but also to constrain
the volatile transfer at larger scale, from the deep Earth to the exo-
spheres (i.e., the deep water cycle).
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One of the key tools to decipher the type of metasomatism is the
abundances and fractionation of incompatible trace elements such as
Rare Earth Elements (REE). In addition, hydrogen (H) and carbon,
two other trace elements, play a crucial role since they are both a
potential indicator of metasomatic processes, but also a major con-
stituent of metasomatic melts/fluids. Indeed, molecular water and
water-derived species (H*, OH™, H,) can be found as a major con-
stituent (i.e., H,O0 > 1 wt.%) in metasomatic hydrous minerals such
as in amphibole and/or phlogopite. The precipitation of these hy-
drous minerals is canonically ascribed to the so-called hydrous
metasomatism (e.g., Agrinier et al.,, 1993; Bodinier et al., 2004;
Mclnnes et al., 2001). Nevertheless, H can also be incorporated in
the lattice of nominally anhydrous minerals (NAMs) using atomic
point defects (zero-dimension defect in the crystal lattice, e.g., Bell
and Rossman, 1992; Ingrin and Skogby, 2000; Miller et al., 1987),
such as olivine (ol), cpx and orthopyroxene (opx). Hydrogen is con-
sidered to behave like an incompatible trace element, with partition
coefficient similar to La and Ce (Dixon et al., 2002) or even lower
(e.g., Novella et al., 2014; O'Leary et al., 2010). Hydrogen could
thus provide valuable and complementary information on metaso-
matic processes (e.g., nature of the melt/fluid, melt-fluid/rock
ratio). Hydrogen incorporation into NAMs was mainly investigated
through experimental petrology and mineralogy (e.g., Bai and
Kohlstedt, 1993; Férot and Bolfan-Casanova, 2012; Kohlstedt et al.,
1996; Mierdel et al., 2007) while data obtained on mantle xenolith
suites are only recent (e.g., Baptiste et al., 2015; Bell and Rossman,
1992; Bell et al., 2004; Bizimis and Peslier, 2015; Bonadiman et al.,
2009; Demouchy et al., 2006; Demouchy et al., 2015; Denis et al.,
2013; Doucet et al., 2014; Grant et al., 20073, 2007b; Hao et al,,
2014a, 2014b; Li et al., 2008; Li et al., 2014; Peslier and Luhr, 2006;
Peslier et al., 2002, 2015; Xia et al., 2010, 2013; Yang et al., 2008;
Yuetal., 2011). However, H behaviour remains unclear during man-
tle processes and especially during metasomatic processes. Further,
except for Yang et al. (2008) and Bonadiman et al. (2009), the distri-
bution of Hamong NAMs in a so-called hydrous mantle assemblages
such as amphibole-bearing peridotites, was not investigated.

We investigate here a suite of peridotite xenoliths from the Ray Pic
Volcano located in the French Massif Central (FMC) showing various
modal (amphibole) and cryptic metasomatic imprints. Ray Pic xenoliths
are a well-known xenolith locality from the FMC, which were previous-
ly studied by Downes and Dupuy (1987), Lenoir et al. (2000) and
Zangana et al. (1997, 1999). The main conclusions of these studies are
that the xenoliths from Ray Pic represent a heterogeneous mantle in
term of modal mineralogy, mineral chemistry, REE patterns and radio-
genic isotopes. These heterogeneities resulted from the superimposition
of metasomatic processes related to the impingement of the FMC
plume/diapir on a variably depleted protolith (Zangana et al., 1997,
1999).

To establish the relationships between mantle processes (melting
and metasomatism) and water content of the mantle minerals, we
first identify mantle processes which have affected the Ray Pic perido-
tites, using major and trace element compositions, and confront them
to water contents in NAMs measured by Fourier transform infrared
(FTIR) spectroscopy.

2. Geological setting and samples

Alkali-basaltic volcanism of the FMC began in the early Cenozoic and
ended ~0.01 Ma ago with a peak of volcanic activity at 4-6 Ma (Maury
and Varet, 1980). This volcanic activity is related to an ascending as-
thenospheric plume/diapir beneath the FMC (e.g. Granet et al., 1995).
Seismic tomography data pinpointed the mantle anomaly beneath the
Eastern Massif Central between the 45°30’ and 44°30’ parallels to the
east of the Sillon Houiller fault (Granet et al., 1995). Geochemical studies
based on mantle xenoliths have also evidenced two contrasting mantle
lithosphere domains on either side of the 45°30’ N parallel (Lenoir et al.,

2000; Fig. 1). This contrast is based on lithology, trace element compo-
sitions, Pb, Lu-Hf, Sr and Nd isotope analyses (Downes et al., 2003;
Wittig et al., 2007) and metasomatism styles (Lenoir et al., 2000;
Touron et al.,, 2008). Peridotites from the southern domain are overall
characterised by a common occurrence of secondary coarse granular
microstructure (not protogranular), and less fractionated trace element
patterns compared to northern domain peridotites. These characteris-
tics were ascribed to the impingement of the FMC plume/diapir on a rel-
atively fertile lithosphere (Lenoir et al., 2000). It is worth noting that
hydrous metasomatic minerals such as phlogopite or amphibole are
more commonly found in peridotite xenoliths from the southern FMC
(ie., in the Devés and the Velay, Fig. 1) than in the northern part. They
were attributed to the reaction between the peridotite and alkali
melts directly related to the asthenosphere plume/diapir (Lenoir et al.,
2000).

The ten samples of this study are from the Ray Pic volcano, a Quater-
nary alkali basalt volcano, in the Velay volcanic district of the southern
FMC (Fig. 1). Ray Pic volcano brought up numerous mantle xenoliths
reflecting a large range of mineralogical and geochemical composition
(Zangana et al., 1997, 1999). Variations in mineral microstructures,
whole rock (WR) major, trace and REE compositions, as well as radio-
genic isotope compositions of Ray Pic xenoliths were previously report-
ed by Zangana et al. (1997, 1999). These variations were interpreted as
the result of two major processes, which have affected the lithospheric
mantle beneath Ray Pic: a depletion likely due to partial melting and
subsequent dominant cryptic metasomatism (modal metasomatism
was uncommon, Zangana et al., 1999).

3. Sample preparation and analytical method

Concentrations in major elements for the WR were obtained by
wide-angle X-ray fluorescence (WDXRF). Mineral compositions were
determined using an electron probe micro-analyser (EPMA) for major
elements, using a laser ablation induced coupled plasma mass spec-
trometer (LA-ICP-MS) for trace elements, and using a FTIR spectrometer
for hydrogen.

3.1. Sample preparation

All samples were cut far from weathered surfaces or from the
enclosing basalt. Part of each sample was crushed with an anvil and a
hammer, then reduced to powder using an agate ring mill for WR anal-
yses. In situ major and trace element compositions of minerals were de-
termined on 150 pm thick polished sections carbon-coated for EPMA
analyses. FTIR analyses were performed on separated minerals, doubly
polished by hand (~100-1000 pm of thickness) with a polishing jig
and diamond-lapping films (grid sizes ranging from 0.2 to 30 um).

3.2. Major and trace elements

Major element contents in WR were measured by WDXRF by a se-
quential spectrometer Bruker S4 Pioneer at the analytical services of
the IACT (CSIC, Granada, Spain).

Major element contents in each mineral phase were determined at
Microsonde Sud facility, at University of Montpellier (France) using a
Cameca SX100 electron microprobe operating at 20 kV accelerating
voltage. The thin sections were analysed with a counting time on peak
and background of 20 s for the analysis of Fe, Mn and Ni, and 30 s for
the other elements. The spot size was ~ 1 pum.

Equilibrium temperature of each sample is calculated using the two
thermometers of Brey and Kohler (1990), one based on the Ca concen-
tration in opx (T°ca-in-opx), and the other based on Fe-Mg exchange be-
tween opx and cpx (Tpkn)-

Using WR and mineral compositions, the mineralogical mode of
each sample is calculated using mass balance and a least squares meth-
od (Herrmann and Berry, 2002).
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Fig. 1. Simplified geological map of the French Massif Central (FMC) modified after Lenoir et al. (2000), showing the location of the studied xenoliths from Ray Pic volcano (triangle ), major
towns (dot), and the main volcanic districts (dark grey areas). The dashed line (45°30’ parallel) represents the limit between the two lithospheric mantle domains, Northern and Southern

Massif Central defined by Lenoir et al. (2000).

In situ trace element analyses were performed on cpx and amphi-
bole by LA-ICP-MS at Géosciences Montpellier (Montpellier, France),
using a ThermoFinnigan ELEMENT XR (eXtended Range) high resolu-
tion (HR) ICP-MS system. The ICP-MS is coupled with a Geolas
(Microlas) automated platform housing a ArF 193 nm Compex 102
laser from LambdaPhysik. Measurements were conducted in a He atmo-
sphere, which enhances the sensitivity and reduces inter-element frac-
tionations. The helium gas stream and particles from the sample are
mixed with Ar before entering the plasma. Signals are measured in
time resolved acquisition mode, devoting 2 min for the blank, and
3 min for mineral analysis. The laser is fired using an energy density of
15 J/cm? at a frequency of 10 Hz and using a spot size of 77 um. Oxide
levels, measured using the UO/U ratio, are below 0.7%. The standard
BIR-1G was included during the analytical runs and our measurements
are in good agreement with working values for this international stan-
dard (Jochum et al., 2005). The concentrations are calibrated against
the standard NIST 612 glass using the values given by Pearce et al.
(1997). Data are subsequently reduced using the GLITTER software
(Griffin et al., 2008) by carefully inspecting the time-resolved analysis
to check for homogeneity in the analysed volume.

3.3. Fourier transform infrared spectroscopy

Hydroxyl bonds in the samples are detected in transmission mode
by FTIR spectroscopy at the Laboratoire Charles Coulomb (LCC) at
University of Montpellier (France). Unpolarised infrared spectra were
acquired using a Bruker IFS66v, equipped with an MCT detector (Mer-
cury Cadmium Telluride) cooled with liquid nitrogen, and coupled to a
microscope Bruker HYPERION. This allows accurate optical visualisation
of the sample prior and during acquisitions. A Globar light source and a
Ge-KBr beam splitter are used to generate unpolarised mid-infrared ra-
diation (between 4000-400 cm ™~ !). Measurements on olivine, opx, and
cpx were performed with a square aperture yielding a beam spot with
sizes ranging from 50 to 150 um. For each measurement 200 scans are
accumulated with a resolution of 4 cm™ . The series of resulting inter-
ferograms is first ratioed against the reference spectrum (background),
then treated manually with a baseline correction using the OPUS

software, and finally normalised to 1 cm of thickness. From each spec-
trum, the quantification of the hydrogen concentration is deduced
from the hydroxyl stretching absorption in the sample, based on the
Beer-Lambert law. At first, we choose to use the calibration of
Paterson (1982):

X k(v)
Con = 750¢/ 37801 IV M

This empirical and frequency-dependent equation gives the water
concentration (Coy) as a function of factor y;, which is a function of
the density of the mineral i (o = 2695 ppm wt H0; ¥opx 2812 ppm
Wt H,0; ¥epx = 2752 ppm wt H,0). § is the orientation factor and equals
1/3 for non-polarised IR analyses (on non-oriented samples, Paterson,
1982); k(v), the absorption coefficient is a function of the wavenumber
v. The H concentration of the samples is calculated by integrating each
spectrum between 3610 and 3150 cm ™! for olivine, 3670-2800 cm ™!
for opx, and 3770-3000 cm ™! for cpx. This calibration allows a detec-
tion limit of about 0.5 ppm wt. H,0 for an olivine sample of 1 mm of
thickness. Here H concentration is expressed as weight ppm of
dihydrogen oxide = H,0, also called water content by convention.
The estimated error from the empirical calibration in the resulting H
concentration is 30% (Paterson, 1982; Rauch, 2000). Average H concen-
trations are obtained from averaging at least 10 spectra from each grain
and the maximal linear absorption of unnormalised spectra did not ex-
ceed 0.3 in agreement with the recommendations of Withers (2013) for
unpolarised FTIR measurements.

Mineral-dependent FTIR calibration should always be favour to re-
duce uncertainties on the resulting water content. However, the
mineral-dependent calibration for olivine from Bell et al. (2003) is not
used here since it overestimates hydrogen concentrations (Withers
et al,, 2012). Ideally this calibration requires the use of crystallographi-
cally oriented olivine crystals and polarised IR radiation in order to
sum the integrated absorbances from the three polarised spectra corre-
sponding to the three crystallographic axis and for each analysed grain
(i.e., Absorbancea = absorbance [100; + absorbance (910} + absor-
bance (001}, €.g., Bell et al., 2003; Withers et al., 2012). We chose to use
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the calibration of Paterson (1982) since it allowed us to determine hy-
drogen concentrations for a larger number of analyses, to compare the
concentrations from the different mineral phases (i.e., one common
methods for all phases) and to avoid to cut each grains in oriented
cube, which will destroy the borders of the mineral grains (as in
Schmaddicke et al., 2013). Conversion to the most recent mineral-
dependent calibration from Withers et al. (2012) for olivine can be cal-
culated using a factor of 1.8 (Withers et al., 2012, see in their Fig. S1) and
the concentration reported in results Table. (i.e., concentration from
Paterson calibration — unpolarised x 1.8 =~ average integrated
unpolarised and normalised absorbance x 3 x 0.119).

Regarding the use of the calibration of Bell et al. (1995) for H in py-
roxene, the H concentration can be calculated using the integrated area
reported in this study. The resulting conversion factor between the cal-
ibration of Paterson and the one from Bell et al. (1995) is equal to 1.03
for opx and equals to 1.74 for cpx. The discrepancy is likely to be due
to the use in their calibration of a single kimberlitic centimetric
megacryst of clinopyroxene (augite: Ca- and Al-poor and Mg and Fe-
rich) while the orthopyroxene is from a mantle peridotite. Thus only
the orthopyroxene standard has the adequate composition compared
to our samples and the application of this calibration for clinopyroxenes
to mantle diopside is questionable. Recently, Mosenfelder and Rossman
(2013b) have also document that a frequency-dependent calibration
yields better results than the calibration of Bell et al. (1995) for
clinopyroxene.

Another frequency-dependent IR calibration could be used as pro-
posed by Libowitzky and Rossman (1997) as well as by Mosenfelder
and Rossman (2013a, b). However, one must notice that for the
wavenumbers under consideration in NAMs (3600-3000 cm™ '), the
calibration of Paterson (1982) and the one from Libowitzky and
Rossman (1997) are equivalent (see their Fig. 3 in Libowitzky and
Rossman, 1997) and yield results within the error bars.

As indicated in Férot and Bolfan-Casanova (2012, see their supple-
mentary material Figure S1), a factor of 3 can be used with confidence
to convert the hydrogen concentrations in olivine and pyroxenes re-
ported by unpolarised IR light to values equivalent to those obtained
with the polarised IR method of Bell et al. (1995, 2003; see also
Kovacs et al., 2008).

Finally, conversion factors to concentration in atomic H per 10°
atoms of Si (at. H/10® Si = at. ppm H/Si) historically used
(e.g., Kohlstedt et al., 1996) are also given in the results' table.

The water contents of amphiboles from sample 13RP03 were mea-
sured by Karl-Fischer titration (KFT) using air as transporting gas and
muscovite as standard, see Behrens et al, (1996) for details on the
method.

4. Results
4.1. Petrography and mineralogy

Peridotite xenoliths from Ray Pic are all equilibrated in the spinel
(spl) facies and range from lherzolite to harzburgite as previously
reported by Downes and Dupuy (1987) and Zangana et al. (1997,
1999). The peridotite xenoliths investigated here are ten lherzolites
with variable modal composition of olivine (ol: 51-67%), opx (19-
33%), cpx (6-13%) and spl (1-3%) and one harzburgite (13RP14; ol:
77%; opx: 18%; cpx: 3%). Six samples contain significant amount of
amphibole (am: 0.2-8%) as shown in Fig. 2. The selected peridotites
have continuous textural variation evolving from porphyroclastic to
equigranular and coarse granular microstructure as reported by
Zangana et al. (1997, 1999). True protogranular textures according
to the definition of Mercier and Nicolas (1975) are not found, and
coarse-grained xenoliths are clearly secondary microstructure due to
recrystallisation processes at subsolidus conditions. Indeed, most of
our samples show transitional microstructure between porphyroclastic
and equigranular or coarse-granular texture. Sub-grain boundaries as

Fig. 2. Thin section micrographs in plane-polarized light for Ray Pic spinel-peridotite xeno-
liths: (a) sample 13RP02 showing olivine (ol), orthopyroxene (opx), clinopyroxene (cpx),
spinel (spl) and disseminated amphibole (am), as well as the equigranular to coarse mi-
crostructure (b) sample 13RP03 showing a typical coarse granular microstructure. Note
that amphibole is associated with spl and cpx. Colour version available online.

well as undulose extinctions are common in olivine. However, some of
the crystals are free of intra-crystalline deformation features,
progressing locally to triple junctions between minerals. The grain
sizes range from 0.2 to 3 mm. Spinel defines the foliation in several sam-
ples, and occurs as holly-leaf shaped grains with curvilinear boundaries.
Amphibole-bearing samples have relatively large pale brown amphi-
boles (@ =~ 1 mm) disseminated into the aggregate (i.e., in sample
13RP02, Fig. 2b). In some samples (i.e., sample 13RP03, Fig. 2) amphi-
boles are closely associated with spl and cpx forming brown patches.
The texture and mineralogical compositions of the samples are
summarised in Table 1.

4.2. Major element compositions of minerals and geothermometry

Major element compositions of WR and minerals are given in
Table 2. Whole-rock Al,03 concentrations vary between 1.54-
3.84 wt.%, which indicates a fertile composition in agreement with the
petrographic observations. The composition of our samples is compara-
ble to those previously reported in the southern domain of the FMC
(Alard et al., 1996; Downes and Dupuy, 1987; Downes et al., 2003;
Lenoir et al., 2000; Lorand and Alard, 2001; Touron et al., 2008; Xu
et al,, 1998). They are fully within the compositional range reported
for Ray Pic xenoliths (Downes and Dupuy, 1987; Zangana et al., 1997,
1999; Fig. 3). The most fertile lherzolite is 13RP02, which also has the

Table 1
Sample list and summary of Ray Pic peridotite xenolith characteristics.

Ray Pic  Texture® Modal mineralogy (%)® Equilibration
temp. (°C)¢
sample olivine opx cpx sp am T°Ca-opx T°BKN
13RPO5  Eq 67 21 9 2 - 841 710
13RP17  Crs 67 19 11 3 - 903 859
13RPO1  Eq 65 23 9 2 <1 840 822
13RPO2  CrstoPrc 51 33 13 3 <1 925 928
13RP12  EqtoCrs 63 23 12 1 1 952 964
13RP04  CrstoPrc 57 28 11 2 2 880 903
13RP14  Crs 77 18 3 1 2 912 851
13RP0O3  EqtoCrs 65 19 6 1 8 933 877
13RP11  CrstoPrc 67 22 10 2 - 1010 1044
14RP06  Crs 62 26 9 2 - 1070 1084

¢ Eq: equigranular; Crs: coarse; Prc: porphyroclastic.
b opx: orthopyroxene; cpx: clinopyroxene; sp: spinel; am: amphibole.
¢ T°(Ca-in-opx) and T° BKN from Brey and Kéhler (1990), error + 30 °C.
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Table 2

Whole-rock and mineral major element average compositions (wt. %) determined by XRF and EPMA respectively.
Whole-rock
Group G1 G2 G3

<1% am >1% am

Sample 13RP05 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RP06
T° Ca-opx 841 903 840 925 952 880 912 933 1010 1070
SiO, 4491 44.16 45.3 46.2 45.37 45.8 4427 44.79 44.85 n.a.
TiO, 0.11 0.18 0.15 0.21 0.19 0.18 0.11 0.18 0.13 na.
Al,03 2.31 2.76 248 3.84 2.63 293 1.54 2.7 2.55 na.
Fe,05 8.64 8.86 8.82 843 8.68 8.38 8.48 8.64 8.57 n.a.
MnO 0.13 0.14 0.14 0.14 0.13 0.13 0.13 0.14 0.13 na.
MgO 41.56 40.59 40.84 37.82 39.86 39.65 4428 40.79 413 na.
Ca0 2.28 2.64 213 3.09 29 2.73 1.14 2.51 2.31 na.
Na,O 0.04 0.09 0.13 0.24 0.21 0.2 0.03 0.19 0.12 n.a.
K,0 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 n.a.
P,05 <0.02 0.02 <0.02 <0.02 0.02 <0.02 <0.02 0.02 0.03 na.
LOI 0 0.53 0 0 0 0 0 0 0 na.
Total 99.98 99.97 99.99 99.97 99.99 100 99.98 99.96 99.99 -
mg# (WR) 90.4 89.9 90.0 89.7 89.9 90.2 91.1 90.2 90.4 -
Olivine
Sample 13RPO5 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RP0O6
n 4 5 17 2 6 8 17 6 9 4
Si0, 41.49 41.30 41.45 40.98 41.18 41.07 41.34 41.36 41.34 40.81
TiO, 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Al,03 0.00 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.04
Cr,05 0.01 0.01 0.03 0.00 0.01 0.01 0.06 0.01 0.01 0.03
FeO 9.45 9.66 9.75 9.97 10.05 9.75 9.22 9.46 9.37 9.24
MnO 0.13 0.13 0.13 0.16 0.13 0.13 0.13 0.13 0.13 0.13
MgO 48.15 48.11 47.94 47.93 47.93 48.54 48.52 48.60 48.40 48.43
Ca0 0.02 0.04 0.05 0.05 0.08 0.04 0.04 0.06 0.07 0.10
Na,O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
K,0 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
NiO 0.42 0.39 0.40 0.38 0.40 0.42 0.41 0.37 0.39 0.38
Total 99.70 99.66 99.78 99.50 99.84 99.99 99.74 100.03 99.76 99.18
Fo% 90.0 89.8 89.6 89.4 89.4 89.8 90.3 90.0 90.8 90.2
Orthopyroxene = enstatite
Sample 13RP05 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RPO6
n 2 5 5 2 5 10 17 6 6 5
Sio, 56.51 56.03 56.40 55.62 55.71 55.72 56.47 56.10 55.47 54.56
TiO, 0.03 0.06 0.06 0.10 0.10 0.07 0.05 0.05 0.06 0.08
Al;04 2.81 3.63 3.33 3.94 3.93 3.58 3.07 3.51 433 443
Cr,05 0.24 0.26 0.30 0.31 0.27 0.29 0.36 0.34 0.39 0.56
FeO 6.28 6.47 6.48 6.51 6.41 6.35 5.89 6.31 6.16 6.03
MnO 0.14 0.14 0.13 0.12 0.15 0.15 0.13 0.15 0.14 0.12
MgO 33.19 32.69 32.75 3247 32.58 33.18 33.27 33.02 3232 32.00
Ca0 0.37 0.51 0.37 0.56 0.63 0.48 0.49 0.60 0.82 1.05
Na,O 0.03 0.04 0.05 0.07 0.09 0.07 0.04 0.06 0.10 0.12
K20 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.08 0.10 0.09 0.12 0.12 0.09 0.10 0.10 0.10 0.12
Total 99.68 99.95 99.96 99.82 99.98 99.98 99.88 100.25 99.89 99.08
mg# (opx) 904 90 90 89.9 90.1 90.3 91 90.3 90.3 90.3
[En] 86.6 85.5 85.5 85.2 85.5 86.6 86.9 86.2 85.2 85.5
[Fs] 113 115 121 11.1 10.7 9.5 10.7 104 10.5 9.7
[Wo] 2.1 3.0 2.4 3.6 3.8 39 25 34 42 4.7
Clinopyroxene = diopside
Sample 13RP05 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RPO3 13RP11 14RPO6
n 6 4 13 2 6 5 15 4 7 4
Si0, 53.31 52.64 52.81 52.03 52.06 52.20 53.07 53.26 52.16 51.35
TiO, 0.12 0.28 0.49 0.45 0.54 0.42 0.18 0.20 0.28 0.34
Al,04 3.49 4.74 6.08 6.09 6.20 5.63 4.18 3.90 6.13 6.22
Cr203 0.65 0.58 0.94 0.75 0.67 0.70 0.80 0.47 0.86 1.04
FeO 2.42 3.04 242 3.02 3.00 2.80 2.50 2.94 3.19 3.20
MnO 0.08 0.08 0.07 0.09 0.08 0.08 0.07 0.09 0.08 0.09
MgO 15.68 15.42 14.34 14.83 14.97 15.27 15.70 16.12 15.28 15.73
Ca0 23.19 22.20 20.98 21.06 20.73 21.07 22.18 22.20 20.14 1931
Na,O 0.82 0.93 1.81 1.39 145 1.48 1.02 0.95 144 1.44
K,0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
NiO 0.05 0.03 0.03 0.03 0.06 0.04 0.04 0.03 0.04 0.06
Total 99.80 99.95 99.96 99.73 99.75 99.68 99.75 100.14 99.60 98.78

mg# (cpx) 91.8 89.8 91.1 89.5 89.7 90.4 91.6 90.5 89.3 89.5
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Whole-rock
Group G1 G2 G3
<1%am >1%am
Sample 13RPO5 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP0O3 13RP11 14RP0O6
T° Ca-opx 841 903 840 925 952 880 912 933 1010 1070
Spinel
Sample 13RP05 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RP06
n 2 5 8 2 3 4 8 4 4 4
Si0, 0.16 0.13 0.15 0.16 0.14 0.16 0.15 0.15 0.19 0.13
TiO, 0.04 0.09 0.05 0.12 0.12 0.06 0.03 0.08 0.10 0.21
Al,03 53.66 55.05 55.26 55.92 57.28 57.00 54.73 50.67 51.75 48.07
Cr203 13.78 11.53 13.09 11.64 10.41 10.87 13.26 16.42 16.05 19.12
FeO 12.77 13.74 12.23 12.14 11.62 11.94 12.54 14.30 12.56 12.47
MnO 0.15 0.13 0.13 0.12 0.11 0.11 0.13 0.14 0.13 0.14
MgO 18.49 19.06 18.85 19.44 20.04 19.84 18.92 18.66 19.38 18.72
Ca0 0.02 0.01 0.02 0.00 0.10 0.00 0.02 0.01 0.02 0.03
Na,0 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NiO 0.35 0.40 0.37 0.41 0.39 0.41 0.38 0.36 0.34 0.35
Total 99.44 100.13 100.16 99.97 100.21 100.40 100.16 100.81 100.54 99.24
mg# (spl) 732 74.3 73.1 75.3 77.0 76.4 73.0 735 75.6 72.6
cr# (spl) 14.7 12.3 13.7 12.2 10.8 11.3 14.0 17.8 17.2 21.1
Amphibole = Pargasite
Sample 13RP0O1 13RP02 13RP12 13RP04 13RP14 13RP03
% Am 0.2 0.5 1.1 1.6 1.8 8.1
n 6 2 4 8 5 6
Si0, 42.68 43.41 43.26 43.18 43.48 43.24
TiO, 242 1.89 221 1.71 1.21 1.25
Al,03 14.54 15.21 15.25 15.31 14.78 15.04
Cry03 1.06 0.98 0.94 1.07 1.64 1.28
FeO 3.85 4.40 434 4.22 3.97 4.52
MnO 0.05 0.07 0.06 0.06 0.06 0.07
MgO 17.02 16.93 17.02 17.11 17.27 16.99
Ca0 11.28 10.68 10.55 10.78 11.03 11.24
Na,O 3.81 3.85 3.81 3.86 3.73 3.28
K,0 0.10 0.03 0.03 0.01 0.03 0.61
NiO 0.10 0.13 0.13 0.13 0.13 0.10
Total 96.91 97.60 97.61 97.44 97.32 97.62
mg# 88.6 87.1 87.3 87.7 884 86.8
F b.d. n.a. b.d. b.d. n.a. n.a.
Cl b.d. n.a. b.d. b.d. n.a. n.a.
H,0 (KFT) n.a. n.a. n.a. n.a. n.a. 19+05

n: for n measurements; T° (Ca-in-opx) from Brey and Kohler (1990), with error 4 30 °C; mg# (Mg-number) and Fo% (forsterite content) = 100.Mg/(Mg + Fe); cr#: Cr-number = 100.Cr/
(Cr + Al); Fo%, mg# and cr# are in italics, [En], [Fs], [Wo] are enstatite, Ferrosilite, Wollastonite end-members respectively; n.a.: not analysed; b.d.; below detection limit; ol: olivine; opx:

orthopyroxene; cpx: clinopyroxene; spl: spinel; am: amphibole.

lowest MgO content and the highest Al,05 and CaO content, whereas
the most refractory harzburgite is 13RP14.

The relatively high fertility of the Ray Pic peridotites is
reflected by their mineral compositions as well: forsterite
contents (Fo%) vary between 89.4 and 90.8 with an average of
89.9 + 0.4 and cr#p, [100xCr/(Cr + Al)] varies coherently be-
tween 11.3 and 21.1 (Table 2). mg#,, varies between 72.6 and
77.0 and is correlated to cr#s,. Orthopyroxene are Mg-rich
enstatite (mg# = 89.7-90.8%; Engs>_gs.9; FSo5-12.1; W05.1_47) and cpx
are Cr-diopsides (19.3 < CaO < 23.2 wt.%; 6.8 < cr#cpx < 11.1%) with
mg#.px varying between 89.3 and 91.8%. No core-rim zoning was
observed.

Amphiboles show a relatively homogeneous composition with-
in and between each sample. There is no correlation between the
microstructural occurrence of amphiboles and their composition.
All amphiboles are Ti (calcic)-pargasite (CaO = 10.9 4+ 0.3 wt.%;
TiO, = 1.8 + 0.5 wt.%) with mg#,,, between 86.8 and 88.6%.
These amphiboles show constant Na,O content ca. 3.7 4+ 0.2 wt.%.

K,0 content varies between 0.01 and 0.61 wt.%. The sum of the
common oxides (Table 2) is c.a. 97.4 + 0.2 wt.%. Halogen contents
are low, below the detection limit for F (i.e., <0.1 wt.%) and Cl con-
tents are bracketed between 0.007 and 0.080 wt.%. Karl-Fischer
titration analysis indicates H,O content c.a. 1.9 + 0.5 wt.% for
amphibole in sample 13RP03. It is remarkably similar to water
content in amphibole for similar mantle xenoliths worldwide (e.g.
Bonadiman et al., 2014; Frezzotti et al., 2010; Litasov et al., 2000;
Moine et al., 2000).

Equilibration temperatures (T) of the peridotites, calculated using
the Ca-in-opx method from Brey and Kohler (1990), range from 840
to 1070 °C, while equilibration temperatures using the Fe-Mg distribu-
tion in two-pyroxene geothermometer (Brey and Kohler, 1990) yields
values between 710 and 1084 °C. Both calculations have a typical
standard deviation of +30 °C. The occurrence and abundance of
amphiboles have no obvious effect on equilibrium temperatures. Fur-
thermore pyroxene geothermometers based on Fe-Mg, Na exchange
between cpx and opx, or for Ca in opx, are relatively consistent and no
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Fig. 3. Whole rock (WR) Al,O3 content as a function of WR CaO content in wt.% for Ray Pic
spinel-peridotite xenoliths. Hollow circle: G1 Ray Pic peridotites; grey triangle: G2 Ray Pic
peridotites; black diamonds: G3 Ray Pic peridotites (see text and Table 2 for details); black
circles are previous data from Ray Pic (Zangana et al., 1997); small black dots are data from
other Massif Central xenoliths from previous studies (Alard et al., 1996; Downes and
Dupuy, 1987; Lorand and Alard., 2001).

systematic shift or clear inconsistency is observed for amphibole bear-
ing samples.

Using amphibole modal abundances and equilibrium temperatures,
the samples can be divided into three groups: Group 1 (G1): amphibole
free/poor samples (am < 1%) with low equilibrium temperature
(T <1000 °C), Group 2 (G2): amphibole-rich peridotites (am > 1%)
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with low equilibrium temperature, Group 3 (G3): amphibole-free sam-
ples equilibrated at higher temperature (T > 1000 °C).

4.3. Trace element compositions of clinopyroxenes and coexisting
amphiboles

The heavy REE (HREE) contents in cpx display significant variations
(Table 3). For instance Yb varies from 0.94 up to 1.90 ppm and thus sug-
gest variable degrees of melting. HREE abundances in cpx is broadly
negatively correlated with fertility indexes such as Fo% and cr#sp,
(Fig. 4a, d), or positively correlated with cpx modal abundance
(Fig. 4b, ¢) or CaO content in cpx (not shown). These correlations sug-
gest that HREE abundances in cpx are primarily governed by melting
and melt extraction processes. No such correlation is observed for
light-REE (LREE). Mid-REE show an intermediate behaviour, for in-
stance Sm remains correlated to fertility indexes (e.g., cpx %, Fig. 4c)
for the low temperature groups (G1 and G2); but Sm is enriched in G3
samples relative to the G1 and G2 groups. Chondrite normalised REE
patterns in Fig. 5a, b, d are quite variable in shape for Ray Pic mantle
xenoliths as previously observed by Zangana et al. (1997). Chondrite
normalised REE patterns of G1 and G2 show a continuum from MREE-
depleted to flat MREE-HREE segments (0.85 < (Sm/Yb)y < 1.18; N
indicates CI chondrite normalised; values after McDonough and Sun,
1995). In contrast, G3 patterns show overall a MREE enrichment relative
to the HREE (2.8 < (Sm/Yb)y < 3.6). LREE abundances are extremely var-
iable, in particular for G1 and G2 peridotites, where (La)y varies from
2.7 to 103, leading to a significant variation of the La/Sm ratio (0.3 <
(La/Sm)y < 15.7). There is no straightforward relationship between
the occurrence or abundance of amphibole and REE fractionation or
concentration. Indeed, the most LREE-enriched pattern is seen for an

Table 3

LA-ICPMS trace and minor element concentrations in clinopyroxene and amphibole (ppm).
Clinopyroxene Amphibole BIR 1G
Group G1 G2 G3 G2 Standard

<1%am >1%am >1%

Sample 13RP0O5 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RP06 13RP12 13RP04 13RPO3
T° Ca-opx 841 903 840 925 952 880 912 933 1010 1070 952 880 933
n 3 3 3 3 3 3 3 3 3 3 3 3 3 11
Sc 77.8 779 67.1 67.3 63.3 87.3 77.5 60.3 59.5 63.5 421 413 57 45.4
\%4 220 n.a. 295 257 n.a. 270 n.a. 201 n.a. n.a. - - - 341
Co 17.2 n.a. 17.7 21.8 n.a. 17.2 n.a. 19 n.a. n.a. - - - 52.5
Rb n.d. <0.01 n.d. n.d. <0.0111 0.03 <0.0097 nd. <0.0118 <0.112 9.38 0.118 7.37 0.178
Sr 53.7 201 45 72.2 150 53.2 49 304 228 264 416 129 801 104
Y 15.9 16.7 10.6 16 16 215 9.96 7.88 17.4 20.2 17.8 27.6 15.4 13.8
Zr 28.1 239 20.2 28.6 324 404 119 8.84 304 22.7 385 344 135 123
Nb 0.035 0.061 0.221 0.104 0.476 0.041 0.107 0.078 0.843 1.1 14.7 19 8.28 0.512
Cs n.d. <0.0052 n.d. n.d. <0.0055  <0.009 <0.0047 nd. <0.0056 <0.0054 0.109 0.0161 0.0335 <0.01
Ba <0.005 0.2 0.15 0.03 0.3 <0.03 0.1 0.06 0.156 0.136 258 2.09 867 5.77
Hf 0.887 0.78 0.658 0.902 0.963 1.02 0.382 0.302 0.649 0.7 0.888 0.795 0.483 0.509
Ta 0.0024 0.0039 0.0152 0.0071 0.0347 0.01 0.006 0.0054 0.082 0.0792 0.296 0.0645 0.461 0.0363
Pb 0.169 0.668 0.0738 0.259 0.461 0.111 0.667 0.516 0.17 0.0809 1.18 0.412 2.03 3.63
Th 0.023 4.87 0.026 0.256 3.03 0.02 0.523 3.7 0.385 0.379 2.73 0.0181 6.64 0.0277
U 0.007 1.62 0.02 0.103 0.704 0.005 0.37 0.769 0.101 0.0811 0.665 0.006 135 0.0141
La 0.845 214 0.643 2.76 14.4 1.01 3.97 244 133 133 171 1.2 399 0.569
Ce 2.74 19.6 1.74 5.21 20.1 3.25 3.25 51.1 43.2 36 22.8 3.99 76.3 1.79
Pr 0.548 0.881 0.365 0.735 1.7 0.591 0.338 3.92 6.15 5.04 1.8 0.726 5.37 0.335
Nd 3.55 3.46 2.67 4,08 6.32 3.67 1.91 9.51 26.6 224 6.44 4.52 12.7 220
Sm 14 1.46 1.23 1.55 1.75 1.57 0.84 1 5.18 4.6 1.78 1.85 1.47 1.01
Eu 0.552 0.589 0.522 0.632 0.695 0.571 0.335 0.346 1.67 141 0.728 0.738 0.546 0.453
Gd 1.8 2.13 1.37 1.91 2.19 23 1.15 1.64 4.19 43 2.55 2.76 1.96 1.60
Tb na. 0.402 na. na. 0414 0.443 0.235 na. 0.572 0.612 0.438 0.524 0.335 0311
Dy 2.88 2.99 2.09 2.89 29 3.22 1.75 1.37 3.42 39 3.16 3.93 2.52 234
Ho n.a. 0.651 n.a. n.a. 0.602 0.709 0.385 na. 0.649 0.74 0.667 0.865 0.573 0.517
Er 1.79 1.88 1.2 1.82 1.72 1.97 1.12 0.921 1.78 2.08 1.89 25 1.7 1.52
Tm na. 0.273 na. na. 0.249 0.282 0.168 n.a. 0.234 0.292 0.257 0.338 0.261 0.225
Yb 1.74 1.9 1.2 1.73 1.69 1.89 1.1 0.942 1.59 1.85 1.67 239 1.7 1.53
Lu 0.253 0.262 0.154 0.239 0.231 0.275 0.147 0.139 0.218 0.255 0.233 0.312 0.243 0.224

Average on n measurements; T° (Ca-in-opx) from Brey and Kéhler (1990); with error £ 30 °C; n.a.: note analysed; n.d.: not detected; am: amphibole.
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Fig.4. (a) Yby in clinopyroxene (cpx) (N: normalised to CI chondrite values after McDonough and Sun (1995)) vs. forsterite content [Fo% = 100 x Mg/(Mg + Fe)]; (b) Yby in cpx vs. modal
cpx %; (€) Smy in cpx vs. modal cpx %; (d) Yby in cpx vs. Cr-number [cr# = 100 x Cr/(Cr + Al)] in spinel; (e) (La/Yb)y vs. in Texn (°C) (equilibrium temperature from Brey & Kohler (1990),
typical error is 4 30 °C); (f) (Sm/Yb)y in cpx vs. Tgkn (°C). Dash lines in (e) and (f) represent the CI-chondrite values; grey area: zone of amphibole crystallisation in Ray Pic samples; black
circles are from Ray Pic, black diamonds are for high temperature samples from Zangana et al. (1997). Other symbols are as in Fig. 3.

amphibole-rich sample (13RP03), while several amphibole-poor sam-
ples (e.g. 13RP17) also have LREE enriched patterns with an extremely
steep slope from Pr to La (Fig. 53, b). Conversely, G2 cpx show LREE-
MREE depleted pattern (e.g. 13RP14). Amphiboles from G2 have REE
patterns parallel to the cpx with a D¥/PX(REE) = 1.05 4 0.07 which
is in agreement with experimental and natural literature data (Coltorti
et al., 2000, 2004; Grégoire et al., 2000; Tiepolo et al., 2007; Vannucci
et al., 1995). We conclude that amphibole and cpx are in equilibrium
(Fig. 5b, c).

Extended trace element patterns of cpx from G1 and G2 shown
in Fig. 5e, f are marked by pronounced negative anomalies of Nb
and Ta relative to the LREE ((Nb/Ce)py < 0.3; PM denotes primitive
mantle normalised values, after McDonough and Sun, 1995), and
strong positive anomalies of U, Th 4 Sr (i.e., (U/Nb)py up to 916).
While these anomalies also occur in G3 cpx, they are less promi-
nent ((U/Nb)py < 4.1) than in the two other groups. Overall, G2
cpx show lower Rb-Ba content compared to amphibole-poor sam-
ples (G1), in agreement with their preferential partitioning into
amphibole. Indeed, the coexisting amphiboles have Rb and Ba

content at least 2 orders of magnitude higher that those of the
coexisting cpx as shown in Fig. 5g. High Field Strength Elements
(HFSE: Nb, Ta, Zr, Hf and Ti) are known to have more affinity for
amphibole than for pyroxenes (e.g., Coltorti et al., 1999). Indeed,
the HFSE content is significantly higher in the amphibole than in
the coexisting cpx in samples 13RP12, 13RP04 and 13RP03 (see in
Fig. 5f, g). However, only Ti shows a positive anomaly relative to
the HREE and MREE, while Nb-Ta still display a negative anomaly
relative to the neighbouring REE and LILE elements (U, Th). The
fractionation of U and Th relative to LREE is extremely similar to
the one of cpx (kd*™PX(U,Th) = 1.1 & 0.4). However, Sr displays a
more marked anomaly relative to the neighbouring REE (1 < (Sr/Ce)pym
in am < 3) than observed in the cpx (kd®™*(Sr) = 2.7 4+ 0.03 for
13RP12 and 13RP03).

4.4. Infrared spectra, OH absorption bands and calculated water contents

Water contents were obtained for 103 olivines, 90 opx and 83 cpx
grains. The olivine spectra show three groups of absorption bands:
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and Ba indicate a concentration below the detection limit (see Table 3).

group I from 3598 to 3420 cm™!; group I from 3420 to 3280 cm™ ! and
group IIl from 3280 to 3195 cm™ ! as shown in Fig. 6. The group Il and/or
IIl are not present in every spectrum, which could be due to the anisot-
ropy of the crystal lattice, but are here mainly due to the low concentra-
tion of the stretching hydroxyl groups in the olivine lattice (e.g., Beran
and Putnis, 1983; Denis et al.,, 2013; Miller et al., 1987). The absorption
spectra of opx and cpx each show three major absorption bands at 3590,
3519, 3419 cm~ ! and 3633, 3525 and 3452 cm™ !, respectively, as
displayed in Fig. 6. These absorption bands are typical of olivine, opx
and cpx from peridotite xenoliths in alkali basalt (Bell and Rossman,
1992; Demouchy et al., 2006, 2015; Denis et al., 2013; Grant et al.,
2007a, 2007b; Ingrin and Skogby, 2000; Peslier and Luhr, 2006; Peslier
et al.,, 2002; Skogby, 2006; Xia et al., 2010, 2013; Yang et al., 2008; Yu
etal, 2011).

The range and average of water contents in minerals expressed in
ppm wt. H,0 is reported in Table 4. In G1, the water content averages
of olivine and cpx from 13RP17 (i.e., 6 and 329 ppm wt. H,O for olivine
and cpx respectively) are higher than for the other sample within group
G1, which are around 3 and 220 ppm wt. H,O for olivine and cpx, re-
spectively, as presented in Fig. 7. The average water contents in NAMs

for G2 are within the same range of concentration than G1 for cpx
(220 ppm wt. H,0), slightly lower for olivine (3 ppm wt. H,0) and
higher for opx (115 ppm wt. H,0). The water contents averages for
each minerals of the G3 are higher than both G1 and G2, i.e., 6, 140
and 280 for olivine, opx and cpx, respectively (Fig. 7). These water con-
tents are typical of olivine, opx and cpx from spl-bearing peridotite xe-
noliths in alkali basalts whatever the calibration used (see Table 4;
e.g., Baptiste et al., 2015; Bonadiman et al., 2009; Demouchy et al.,
2015; Denis et al., 2013; Ingrin and Skogby, 2000; Peslier et al., 2002,
2015; Peslier and Luhr, 2006; Peslier, 2010; Yu et al., 2011; Xia et al.,
2010, 2013).

FTIR measurements along transepts in three large olivine grains
(length > 2 mm) and one pyroxene (length > 1.5 mm) did not reveal
heterogeneous water content across mineral grains, which would be in-
dicative of H loss (e.g., Demouchy et al., 2006; Denis et al., 2013; Peslier
and Luhr, 2006; Thoraval and Demouchy, 2014).

At last, there is no positive correlation between H,O content of the
NAMs and the occurrence and/or abundance of amphibole as display
in Fig. 8 and as reported by previous studies (e.g., Bonadiman et al.,
2009; Demouchy et al., 2015).
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4.5. Recalculated whole-rock H>O contents

Using mineral modal abundances and mineral water content obtain-
ed by FTIR (see above) and KFT (see Section 4.2), one can compute
whole-rock H,0 content. We here define an ‘amphibole-free whole-
rock’, which neglects the effect of amphibole on the whole-rock H,0
content (i.e., only NAMs are considered) and a ‘whole-rock’ which in-
clude NAMs and amphibole. H,O content in amphibole-free whole-
rock ranges between 34 and 71 ppm, while whole-rock may reach
values as high as 1663 + 201 ppm wt. H,O for the amphibole-rich
sample 13RP03 (Fig. 8d). These values are in good agreement with
experimental data obtained on am-bearing peridotite at lithosphere
conditions (1.5-2.5 GPa; 1000-1150 °C; Green et al., 2010). Thus,
whole-rock H,0 contents are dominated by amphibole as shown in
Fig. 8d. The H,0 content of amphibole-free whole-rocks are over-all cor-
related with fertility indexes reported in Fig. 9; only the G3 samples
show a small shift toward higher H,O content.

5. Discussion
5.1. Record of chemical depletion and metasomatism

The chemical composition of peridotite xenoliths results from two
main processes: (1) melting, with variable degrees of melt extraction
during partial melting, and (2) metasomatism, due to the percolation
of a melt or a fluid through the peridotite matrix (e.g., Frey and Green,
1974; O'Reilly and Griffin, 2013).

We observe continuous depletion trend of the lithophile element
content in minerals (e.g., Al and Na in cpx and opx; Al in spl); which is
correlated with the decreasing modal abundances of cpx + opx. At
the whole rock scale, these covariations translate a decreasing trend of
Al,05 and CaO (Fig. 3). Such covariations are identical to the one report-
ed for intracontinental spinel-peridotite from worldwide occurrence
and are interpreted as resulting from melt depletion (e.g., McDonough

and Sun, 1995). Correlation between fertility indexes related either to
WR major element contents, mineral composition and mineral modal
abundances, is here self-consistent (Figs. 8d; 9). This suggests that peri-
dotites from Ray Pic represent a residue from variable degrees of partial
melting and melt extraction from a fertile lherzolite source. The rela-
tionships between HREE content and melt depletion indexes such as
cri#spl, Fo%, CaO content of cpx, suggest that HREE abundance was pri-
marily controlled by melt depletion and extraction processes (Fig. 4)
and even for the G3 or amphibole-rich samples (see below). The varia-
tion of HREE (i.e., Yb) content in cpx indicates two different ranges of
melt-depletion (Fig. 5). Using the approach from Norman (1998) and
a primitive mantle composition from McDonough and Sun (1995), we
calculate that the most Yb-rich samples (e.g., 13RP17) have undergone
3 to 4% of partial melting using a batch melting model or 3 to 6% of par-
tial melting using a fractional melting model as shown in Fig. 10. The
significantly lower Yb values for samples 13RPO1, 13RP14 and 13RP03
suggest a higher degree of melting estimated between 8 and 10% and
between 12 and 16%, using both batch and fractional melting models,
respectively (Fig. 10). We thus consider that modal abundances and
major element characteristic of olivine and pyroxenes results from
small to moderate percentage of partial melting and melt extraction.
The results from Zangana et al. (1997; 1999), based on a larger
number of xenoliths from Ray Pic, encompass our range of melt deple-
tion (1-10% for batch and 1 to 18% for fractional melting). The high
143Nd/"*4Nd (0.51347-0.51305) and low 87Sr/36Sr (0.7019-0.7029), re-
ported by Zangana et al. (1997) for LREE-depleted cpx, attest a long
term melt-depletion of the mantle lithosphere beneath the Ray-Pic
volcano, possibly since the late Proterozoic.

The occurrence of amphibole and/or the extremely variable abun-
dances and fractionation of the LREE + MREE, LILE and HFSE relative
to the HREE show that the slightly to moderately depleted protolith
(i.e., the parent rock) was overprinted by metasomatic events. Modal
metasomatism is here shown by the occurrence of amphibole, with
modal abundance up to 8%. Microstructural context, major element
chemistry and trace element content of the amphibole show that
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Table 4

Water content in olivine and pyroxenes (ppm wt H,0, based on the calibration of Paterson, 1982 (P82) and also calculated for other calibrations, B2003 = Bell et al., 2003; W12 = Withers

etal, 2012, B95 = Bell et al., 1995.

Group G1 G2 G3

<1%am >1% am
Sample 13RP0O5 13RP17 13RPO1 13RP02 13RP12 13RP04 13RP14 13RP03 13RP11 14RP06
Olivine: n 6 15 9 8 12 11 12 8 18 4
Calc. Area 18.6 34.0 16.2 15.5 18.8 123 21.1 12.8 31.0 26.2
+1SD 6.1 8.3 4.7 5.9 35 43 7.0 33 8.0 7.5
min P82 1.9 3.1 2 2.0 19 13 14 1.5 35 3.9
max P82 5.2 71 3.9 53 42 42 5.9 3.6 8.7 7.8
Cop avg P82 35 52 3 3.0 32 2.1 3.7 22 5.9 5.5
+1SD 1.1 1.2 0.7 1.2 0.6 0.8 13 0.6 14 1.5
Con avg B2003 10.5 19.2 9.1 8.7 10.6 6.9 119 7.2 175 14.8
Con avg W12 6.6 121 58 5.5 6.7 44 7.5 4.6 111 9.4
Opx: n 6 6 10 11 9 10 8 12 12 6
Calc. area 496 531 335 566 733 494 694 505 847 555
+1SD 40 77 37 91 90 58 102 63 145 58
min P82 88 92 58 89 118 87 101 92 136 105
max P82 106 124 75 136 177 118 154 122 196 124
Con avg P82 96 107 66 111 141 97 132 102 160 114
+1SD 6 10.6 4.8 12.7 13.1 9 15.0 8.1 20.1 7.7
Con avg B95 100 107 68 114 148 100 140 102 171 112
Cpx: n 10 5 11 8 8 9 9 13 5 5
Calc. area 843 1320 901 857 923 792 1138 801 1472 977
+1SD 183 158 292 34 163 178 80 160 147 247
min P82 138 268 145 181 189 126 214 128 287 183
max P82 275 398 375 221 302 266 289 248 374 306
Con avg P82 213 329 226 211 240 210 247 203 330 233
+1SD 44 46.2 70.1 7.9 264 43 23.5 314 30.1 45.7
Con avg B95 357 559 381 363 391 335 482 339 623 413
Con WR (w/. am) 42 62 38 65 64 52 34 34 71 55
+10 7 10 11 11 11 9 6 6 12 9
Con WR (w. am) 42 62 78 165 285 378 389 1663 72 55
+1o 7 10 11 23 37 48 48 201 12 9
KdPX/°PX(H,0) 2.2 3.1 34 1.9 1.7 22 1.9 2.0 2.1 2.0
+1o 0.5 0.5 1.1 0.2 03 0.5 03 0.4 03 0.4
KdP*/°!(H,0) 61 63 75 71 75 100 67 92 56 42
+1o 24 18 31 30 17 44 29 32 15 15
Kd°P¥/°l(H,0) 27 20 22 37 44 46 36 47 27 21
+1o0 8.8 5.1 5.4 15.4 9.1 18.0 134 141 7.3 5.8
Factor® ol 16.32 16.33 16.35 16.36 16.36 16.33 16.30 16.32 16.26 16.31
Factor® opx 11.58 11.60 11.61 11.59 11.59 11.55 11.58 11.57 11.58 11.56
Factor® cpx 12.12 12.13 12.07 12.08 12.09 12.07 13.75 12.11 12.10 12.09

Average (avg) on n grains; 10: absolute uncertainties calculated by algebraic method; * denotes factor to convert water contents in ppm wt. H,0 to H/10° Si; opx: orthopyroxene; cpx:
clinopyroxene; am: amphibole. In average, the intercalibration conversion factors (using unpolarized IR) are 3.14, 1.99, 1.03 and 1.73 for (B2003/P82),), (W12/P82),;, (B95/P82)qpx and

(B95/P82)cpx, respectively.

amphibole is in equilibrium with the other minerals (e.g., cpx). Despite
variable modal abundance and distinct microstructural occurrence, all
amphiboles show similar major element composition, suggesting that
they are all related to the same metasomatic event involving the same
mantle source.

However, amphibole-bearing samples show variable REE fraction-
ation going from depleted [(La/Sm) < 1] to enriched [(La/Sm) > 1]
pattern. The shape of REE pattern is clearly independent of the occur-
rence and/or abundance of amphibole (Fig. 5). Therefore, amphibole
could have been a component of the protolith, perhaps formed during
an earlier metasomatic event (n), postdating a partial melting event
(n — 1). Then, within this scenario, the occurrence of amphibole is not
related to the current trace element enrichments and fractionations
due to, at least one more recent metasomatic event (n + 1), and
which has overprinted the trace element signature related to the am-
phibole crystallisation events. However such scenario is hardly reconcil-
able with the fact that some amphibole shows LREE depleted pattern
(13RPO04). Alternatively, the necessary increase of H,O fugacity in the
percolating melt/fluid, which is required for crystallisation of amphi-
bole, could have occurred at a higher distance from the source than
the chromatographic front for LREE for instance (e.g., Le Roux et al.,

2007), and produced an offset between the LREE enrichment zone
and the amphibole crystallisation zone. This scenario is supported by
the fact that LREE depleted amphibole occurred mostly in low-
temperature samples (e.g., Alard et al., 2011; Touron et al., 2008),
13RP04 has also a low equilibrium temperature (T° Ca-in-opx =
880 4 30 °C).

On the one hand, the strong LREE and LILE (U, Th, Sr) enrichment
without concomitant enrichment of the HFSE and especially Nb-Ta
(G1 and G2), is a trace element signature, which has been previously
identified for peridotites from many localities and is generally ascribed
to a carbonatitic or carbonated metasomatism (Alard et al., 2011;
Coltorti et al., 1999; Dautria et al., 1992; Ionov et al., 1993; Rudnick
et al., 1993; Yaxley et al.,, 1998). Sun and Kerrich (1995) has ascribed
it to be H,0-CO, fluids. While the true nature of the metasomatic
melt/fluid remains unclear, all studies agree on (1) the volatile-rich na-
ture of such metasomatic melt and (2) the need for this metasomatism
to occur at low melt/rock ratio («1%; e.g., Bedini et al., 1997). The
volatile-rich nature of the fluid is required to significantly lower the vis-
cosity, dihedral angles and crystallisation temperature of the fluid/melts
and thus allow a more efficient percolation through the upper and
colder part of the subcontinental lithospheric mantle (SCLM; Minarik
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Fig. 7. Water contents in nominally anhydrous minerals for each Ray Pic spinel-peridotite
xenoliths (in ppm wt. H,0, based on calibration of Paterson, 1982 (P82); Withers et al.,
2012 (W12); and Bell et al., 1995 (B95)). Symbols are average values from N analyses
for each sample. Vertical lines across each symbol give the standard deviation of the aver-
age values of water content per sample (i.e., 1SD, see Table 4), and horizontal lines give the
uncertainties on the average values per group (using 30% of uncertainty from calibration
of Paterson, 1982). Opx: orthopyroxene; cpx: clinopyroxene; symbols are as in Fig. 3.

and Watson, 1995; Watson and Brenan, 1987). Samples from the G1
and G2 groups have equilibrium temperature below 1000 °C. Strong
fractionation between REE as observed in G1 and G2 samples, could
be easily produced by melt percolation at low melt/rock ratio (Navon
and Stolper, 1987). On the other hand, MREE enriched pattern is com-
monly observed for cpx metasomatised at high melt-rock ratio such
as the one found near or within pyroxenite veinlets/dykes (Kourim
et al., 2014; Witt-Eickschen and Kramm, 1998). Melt/fluid-percolation
models (e.g., Bodinier et al., 1990; Navon and Stolper, 1987; Vasseur
et al.,, 1991; Vernieres et al., 1997) indicate that MREE enrichment
over HREE can only be obtained for relatively large melt/rock ratios
(i.e., 1%, Bodinier et al., 1990; Navon and Stolper, 1987). Melt percola-
tion/reaction at higher melt/rock ratio will produce more steady and
continuous enrichment from the HREE to the LREE (i.e., linear pattern)
and reduce fractionation between incompatible elements as observed
in G3. Although melt percolation and temperature propagation are
two distinct processes, this type of interaction should occur closer to
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Fig. 8. Water contents for Ray Pic spinel-peridotite xenoliths (in ppm wt. H,0, based on
calibration of Paterson, 1982 (P82); Withers et al.,, 2012 (W12); and Bell etal., 1995
(B95); see Table 4) as a function of the mineral mode of amphibole in % for (a) olivine
(ol), (b) orthopyroxene (opx), and (c) clinopyroxene (cpx), error bar on the average
values of water content per sample is 1SD (Table 4); (d) water contents for amphibole-
free whole rock (WR, Copy WR (w/. am)), and whole rock (Coy WR (w. am)). WR water
contents (Copy WR (w.am)) in grey refers to the grey axis on the right hand side; absolute
uncertainty on the WR water content was calculated by algebraic method for error prop-
agation. Symbols are as in Fig. 3.

the melt source and thus peridotite samples should have a higher equi-
librium temperature than measured in G1 and G2 samples (see also
Alard et al,, 1996; Xu et al., 1998). It is the case for the equilibrium tem-
perature of G3 samples (>1000 °C). The relationship between REE frac-
tionation and equilibrium temperature in the Ray Pic xenoliths is quite
remarkable (Fig. 4e, f) and was first reported by Zangana et al. (1997).
Accordingly, Fig. 4f shows that only samples equilibrated at high tem-
perature (i.e., T> 1000 °C, G3 samples) are enriched in MREE relative
to the HREE (i.e., (Sm/Yb)y > 1). The large fractionation of the LREE rel-
ative to the HREE (and MREE not shown) requiring interactions at low
melt/rock ratio that occur for xenoliths equilibrated at relatively low
temperature (down to 850 °C). Samples equilibrated at low tempera-
ture (<850 °C) are not affected by the selective LREE enrichment
(Fig. 4e), they are thus located ahead of the La-chromatographic front.
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This relationship suggests that both types of metasomatic finger-
prints are related to the same melt/fluid. The percolating melt evolved
along the conductive geotherm by successive volume reduction, due
to the reaction with the peridotite matrix and/or new crystallised
phases. The resulting melt/fluids is thus enriched in the most incompat-
ible elements, including the volatiles (e.g., Bedini et al., 1997). The scale
at which these iterative metasomatic melt reactions operate is still
under debate. Indeed, two hypotheses are possible: (1) a regional
scale heterogeneity involving mantle diapir or plume (e.g., Bedini
et al, 1997) or (2) a metre to centimetre scale heterogeneity involving
melt channels (Bodinier et al., 1991; Grégoire et al., 2000; Kourim
et al., 2014) and leaving behind pyroxenite dykes, veinlets and/or
metasomatised wall-rocks. To favour one or the other scenarios de-
pends on the interpretation of equilibrium temperatures: (i) either
they record temperatures representing in situ conditions in the litho-
spheric mantle, then they are equivalent to the emplacement depth of
the xenoliths; or (ii) they are related to the metasomatic process itself
and its heating effect. On the basis of both geophysical data, which
have imaged an asthenosphere diapir/plume beneath the FMC (Granet
et al,, 1995); and the isotopic composition of the LREE enriched xeno-
liths; Zangana et al. (1997) favoured the first hypothesis. Other authors
working on the mantle lithosphere of the FMC (e.g., Alard et al., 1996;
Lenoir et al.,, 2000; Xu et al., 1998) have also favoured this interpreta-
tion. However, the common occurrence of pyroxenites among the man-
tle xenoliths from Ray Pic (wherlites, websterites), the similarity of
pyroxenite equilibrium temperatures (~1030-1050 °C, Zangana et al.,
1997) with temperatures obtained for the G3 peridotite xenoliths
(=~1040 4 30 °C) lead us to consider that the second scenario is here
a relevant alternative.

5.2. The preservation of the initial water content of the mantle source

Given the high diffusivity of H in olivine (e.g., Demouchy and
Mackwell, 2006; Mackwell and Kohlstedt, 1990), the relevance of the
low H concentration in olivine as an indicator of the water content in
mantle source was questioned (Demouchy and Mackwell, 2006; Hao
et al.,, 2014a, 2014b; Ingrin and Skogby, 2000). It was argued that the
low water content of olivine (<5 ppm wt. H,0) in mantle xenoliths
might be due to a rapid ionic diffusion (dehydration) during ascent to-
ward the surface (Demouchy et al., 2006; Denis et al., 2013; Peslier
and Luhr, 2006). However, such dehydration profiles are not ubiquitous
in all mantle olivine and other parameters than temperature, control-
ling H ionic diffusion, remain to be identified and quantified. In this
study, concentration profiles along transects across olivine and pyrox-
ene grains evidence long concentration plateaus (e.g., to the contrary
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Fig. 10. Water contents for Ray Pic spinel-peridotite xenoliths (in ppm wt. H,0, based on
calibration of Paterson, 1982 (P82); Withers et al.,2012 (W12); and Bell et al., 1995 (B95))
as a function of Yby in cpx (N: normalised to CI chondrite values from McDonough and Sun
(1995)) for (a) ol; (b) opx and (c) cpx. Symbols are as in Fig. 3. Solid lines are for batch
melting using the method of Norman (1998). Fertile mantle (FM) contains 18% of cpx hav-
ing either 700 ppm wt. H,0 (FM1), or 400 ppm wt. H,0 (FM2). This range (FM2-FM1) en-
compasses the variations of H,O content in spinel reported in the literature (e.g., Bell and
Rossman, 1992; Grant et al., 2007a, 2007b; Hao et al., 2014a, 2014bj; Li et al., 2014; Peslier
and Luhr, 2006; Peslier et al., 2002). Black lines are for a D®/™¢! (H,0) = 0.25, grey lines
are for a DP/™e!t (H,0) = 0.1 (see main text for details). D°/™" (H,0) and D°P¥'™¢ (H,0)
were derived using KdP*/®' (H,0) = 70 and Kd®®/°P* (H,0) = 2.2 (see text and Fig. 11).
White, grey and black stars indicate 5%, 10% and 15% of melting degrees, respectively.

to short plateau), which permit to rule out significant dehydration
(see Thoraval and Demouchy, 2014).

Since olivine appears to be a weak indicator of the water source, the
emphasis was put on pyroxenes (e.g., Denis et al., 2013; Hao et al.,
2014a, 2014b; Xia et al., 2010). Indeed, the relatively constant water
content ratio between cpx and opx in spl-bearing peridotites hosted in
alkali basalts suggests that they preserve the initial H,O contents of
the mantle source (e.g., Denis et al., 2013; Hao et al., 2014a, 2014b;
Peslier et al., 2012; Xia et al., 2010). For the Ray Pic xenoliths, the ratio
of water concentration between opx and cpx range between 1.7 and
3.4, this variation is irrespective of amphibole occurrence, cpx or opx
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Fig. 11. Water contents for Ray Pic spinel-peridotite xenoliths (in ppm wt. H,0, based on
calibration of Paterson, 1982 (P82); Withers et al., 2012 (W12); and Bell et al., 1995
(B95)). (a) In ol as a function of water content in opx; (b) in cpx as a function of water con-
tent in opx; (c) in ol as a function of water content in cpx. Symbols are as in Fig. 3; grey
areas are the average water content ratio using 30% of uncertainty for mantle-derived
minerals of G1, G2 and G3. Black lines are experimentally determined partition coefficients
from (1) Ardia et al., 2012 (5-8 GPa; 1400-1450 °C); (2) Aubaud et al., 2004 (1-2 GPa;
1230-1380 °C); (3) Grant et al., 2007a, 2007b (1.5 GPa; 1295-1320 °C); (4) Hauri et al.,
2006 (cpx/opx: 1.2-1.6 GPa; 1185-1370 °C; cpx/ol and opx/ol: minimum and maximum
values at 1.2-1.6 GPa; 1185-1370 °C); (5) Tenner et al., 2009 (3-5 GPa; 1350-1440 °C);
(6) Novella et al., 2014 (6 GPa; 1400 °C); (7) Kovacs et al,, 2012 (2.5 GPa; 1000 °C). Values
from IR-based studies (Grant et al., 2007a, 2007b; Kovacs et al., 2012) were converted to
Paterson's calibration for homogeneity.
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modal abundances, melting or metasomatism indexes. These ratios of
water concentration between opx and cpx can be interpreted as an
apparent partition coefficient (Kd“P*/°P*(H,0)). For the 10 Ray Pic-
xenoliths KdP*/°PX(H,0)p is c.a., 2.2 + 0.6 in average using the
calibration of Paterson (grey area in Fig. 11), which is within error of
the literature average Kd®*/°PX(H,0) = 1.8 + 0.8 obtained on a
range of spl-bearing xenoliths in alkali basalts from worldwide occur-
rences (Demouchy et al., 2015; Denis et al., 2013; Soustelle et al.,
2013). Using the calibration of Bell et al. (1995), KdP*/°PX(H,0)gp
range between 2.9 and 5.7 and average c.a. 3.8 + 0.9. The range of
KdP*/°PX(H,0) for spl-bearing xenoliths, excluding the one from cra-
tons, varies from 0.5 up to 6.5 and yield an average value c.a. 2.6 4+ 0.9
(N = 182, Bonadiman et al., 2009; Falus et al., 2008; Grant et al.,
2007a, 2007b; Li et al., 2008; Peslier and Luhr, 2006; Peslier et al.,
2002; 2015; Xia et al., 2010; Yu et al., 2011). Thus, although the average
KdPX/°PX(H,0) for Ray-Pic xenoliths are slightly higher than the “global”
average, it remains within error. The dataset used for calculated
these KdP*/°PX(H,0) is shown in Fig. 12 where data are presented
according to the calibration of Bell et al. (1995) as well as the cali-
bration of Paterson (1982) for our data. Indeed, the water contents
for Ray-Pic xenoliths are slightly higher than the “global” average
after conversion but remains within the main trend (Fig. 12).
These concentration ratios for natural pyroxenes are in relative
good agreement with partition coefficients obtained by experi-
mental petrology, notably with KdP*°PX(H,0) = 1.4 from
Aubaud et al. (2004) at equilibrium conditions (1 GPa, 1200 °C);
KdP¥/°PX(H,0) = 1.8 from Novella et al. (2014) at equilibrium condi-
tions (6 GPa, 1400 °C) and KdP*/°PX(H,0) = 1.7 from Kovacs et al.
(2012) at equilibrium conditions (2.5 GPa, 1000 °C; Fig. 11a). We also
note that the Kd°P°' and Kd?*/' for the Ray Pic xenoliths are, like the
KdPX/°PX relatively constant (same relative standard deviation) and
equal to 33 & 10and 70 & 17, respectively (Fig. 11b, c). These relatively
constant water content ratios further support that water content in
olivine has not been affected by significant dehydration process. Finally,
dehydration processes are unlikely to preserve correlations of olivine
water contents with fertility indexes (see next section). Therefore,
these observations suggest that the water content of NAMs in the Ray



270 CM.M. Denis et al. / Lithos 236-237 (2015) 256-274

Pic xenoliths have not been significantly modified during ascent toward
the surface.

5.3. Hydrogen behaviour during mantle processes

5.3.1. Partial melting

Water contents in ol, opx and cpx are roughly correlated with [Yb]epx
(Fig. 10), which is used here as a proxy of melt depletion (Fig. 4). Simi-
larly, calculated H,O content in the amphibole-free WR is correlated to
fertility indexes (Fig. 9). In particular for G1 and G2 samples. Therefore
these correlations suggest that water abundances in Ray-Pic NAMs
could be mainly related to melting processes. Despite some scatter,
melting curves reproduce broadly the observed distribution of the Ray
Pic samples within the [Yb].,—Ca°P*°! spaces (Fig. 10). The best data
fits are obtained for D?*/™€!t (H,0) ranging between 0.1 and 0.25 and
for an initial cpx water content between 400 and 700 ppm (see also
Fig. 10 for further detail). The range of DP*/™!t (H,0) used here is at
least one order of magnitude higher than results from experimental
petrology in modelled systems (DP¥™Me!t = 0,013-0.048; Aubaud
et al., 2004; Aubaud et al., 2008; Hauri et al., 2006; Novella et al.,
2014; O'Leary et al.,, 2010; Tenner et al., 2009). Nevertheless, such
low experimental DP*™e!t (H,0) (ie., 0.01-0.05) implies that the
mantle will be completely deprived of its water (i.e., Cg% < 50 ppm,
using a batch-melting model) from the first melting increments (i.e., 1-
5%). On the other hand, D®*™¢'(H,0) ranging between 0.1 and 0.25
are in good agreement with the water content in pyroxenes from
Hao et al. (2014a, 2014b), who suggest DPeridotite/melt i 5y ~ 0.1,
Relative to lithophile elements, DP*/™e''(H,0) ~ 0.1-0.25 would
suggest that H behaves as a moderately incompatible element as Sm
(DPX/melt(Sm) ~ 0.25; e.g., Hart and Dunn, 1993; Witt-Eickschen and
Kramm, 1998) and not as a very incompatible elements (DP*'™!{(Ce) =~
0.075; D™™"(La) =~ 0.055; Hart and Dunn, 1993; Norman et al., 1996) as
it was previously proposed (Dixon et al., 2002).

Although, we do not intend to ascribe all variations of water contents
in NAMs to a single melting processes, it appears that for the Ray-Pic
xenoliths under consideration, melting processes can possibly account
for a large part of water contents variability within NAMs. Nevertheless,
the residual scatter of the data around the melting curves (Fig. 10) also
suggests that other mantle processes besides partial melting have been
involved.

5.3.2. Modal hydrous metasomatism

While it was shown that amphibole could be hydroxyl-poor and
halogen-rich (e.g., Hawthorne et al., 1998; King et al., 1999; Oberti
et al., 2007), a large number of mantle pargasites were proven to be
water-rich (H,0 ~ 1-2 wt.%; e.g., Bonadiman et al., 2014; Moine et al.,
2000). Therefore, the occurrence of amphibole in mantle rocks is recur-
rently taken as a water indicator. Numerous authors refer, sometimes
abusively, to amphibole-bearing mantle rock as “wet” mantle, while
amphibole-free samples are usually coined as “dry” mantle. In the xeno-
liths from Ray Pic, no correlation between the water content of the
NAMs and the occurrence or abundance of amphibole is found
(Fig. 8). Indeed the NAMs in amphibole-poor/free xenoliths from G1
and amphibole-rich xenoliths from G2 show the same range of water
contents. Major element and trace element contents of the amphibole
show that they are in equilibrium with the coexisting silicates. There-
fore, this could lead to the conclusion that the pargasite from Ray Pic
samples could be water-poor. However, here the pargasites from Ray
Pic are water-rich amphiboles. Karl-Fischer titration analyses of
pargasite from 13RP03 sample has yield content ca. 1.9 4+ 0.5 wt.%
H,0. Given the compositional homogeneity of the amphiboles from
Ray Pic, all amphiboles from Ray Pic are considered water-rich.

This lack of effect and/or correlation between amphibole abundance
and the water content of NAMs was also recently observed by
Schmaddicke et al. (2013) for olivine in Eifel xenoliths, by Demouchy
et al. (2015) for NAMs in Ontong Java Plateau xenoliths and by

Bonadiman et al. (2009) for cpx and opx in the Baker rock xenoliths
(Antartica). The study of Bonadiman et al. (2009; 2014) shows that
the amphiboles contain 0.84-1.42 wt.% of H,0, with water contents of
opx and cpx ranging from low water contents (39 and 83 ppm wt.
H,O0 for opx and cpx, respectively), to fairly typical contents (166 and
399 ppm wt. H,0 for opx and cpx) according to spinel-bearing perido-
tites worldwide (e.g., Bolfan-Casanova, 2005; Ingrin and Skogby,
2000; Peslier, 2010). Although, it may be seen as counterintuitive, wet
amphibole containing up to 2 wt.% of H,0, has no effect on the water
content of coexisting NAMs, nor on water distribution between NAMs.
In other words, the so-called hydrous metasomatism has no effect on
the water content of NAMs and its only effect is to crystallise a water-
rich mineral: amphibole. Further NAMs in equilibrium with water rich
pargasite are not water richer (or poorer) than NAMs in amphibole
free peridotite, suggesting thus that H diffusion from amphibole to
NAMs was extremely reduced. It may be due to the difference in speci-
ation of H in these two solid phases. Indeed, in amphibole, H occurs as
an independent hydroxyl group (OH) in the O3 structural site of the lat-
tice, while in NAMs, only H (proton, no external oxygen companion) is
located in the lattice mineral as impurities in cationic vacant sites (point
defect).

Using our data, from 13RP03, we derive a concentration ratio which,
assuming that thermodynamic equilibrium was achieved in the natural
rock, could be equivalent to partition coefficient at high temperature
between pargasite and NAMs: Kd°/*™(H,0) = 0.11 &+ 0.04 x 10~ 3;
Kd°P¥am(H,0) = 5.9 & 0.6 x 10> and KdP**™(H,0) = 11.4 +
2.5 x 10732, These results (once converted to the same calibration)
agree with the data of Bonadiman et al. (2009, 2014) for which
we can derived an estimate Kd°P/*™(H,0)pg avg =~ 9.8 x 10~ and
KdP*2™(H,0) g avg =~ 17 x 103 (BR avg: average for Baker Rock peri-
dotite xenoliths).

5.3.3. Cryptic metasomatism

The relationship between cryptic metasomatism and water content
of the NAMs is not straightforward. Indeed there is no obvious
correlation between the classic metasomatic indexes such as LREE
content (e.g., (La)n; Fig. 13a, b, ¢) or REE fractionation (e.g., (La/Sm)y;
(La/Yb)n not shown; or (Sm/Yb)py Fig. 13d, e, f) and the water content
of NAMs. This suggests that H does not behave as a highly incompatible
element (e.g., like La) as discussed above for melt-depletion processes.
Indeed, despite strong chromatographic enrichment of the LREE relative
to the HREE and MREE, there is no correlated water enrichment. The G3
samples show overall a relatively high water content, in particular for
olivine (Fig. 13 d), which would suggest that water enrichment is only
possible for NAMs previously modified by reactions at high melt/rock
ratio.

The lack of correlation between water content of the NAMs and the
Th/Nbpy ratio (Fig. 12g, h, i) is of particular interest. Indeed, the frac-
tionation of the LILE and LREE relative to the HFSE is seen as symptom-
atic of the so-called carbonatitic metasomatism (Dautria et al., 1992;
lonov et al., 1993; Rudnick et al., 1993; Yaxley et al., 1998). This type
of metasomatic melt/fluid is meant to be rich in volatile (H,0-CO,) as
proposed by Sun and Kerrich (1995). However, for the Ray-Pic xeno-
liths, there is no significant enhancement effect on hydrogen incorpora-
tion into NAMs, related to the percolation of such melt/fluid. Thus,
either the volatile inventory of this melt/fluid does not include water,
or the coexistence of CO, and H,0 has drastically lowered the fugacity
of water in this system (Baptiste et al., 2015; Shirey et al., 2013). How-
ever in both cases, the low fH,0 should preclude the crystallisation of
H,0-bearing pargasite and thus lead to consider that amphiboles
were part of a previous metasomatic event, which is not our preferred
interpretation.

It could be argued that the water contents in opx shows some degree
of correlation with metasomatic indexes (Fig. 13b, e). However, water
incorporation into opx seems linked to the Ca (Fig. 14) and Al contents
(not shown). This was also observed by previous works (e.g., Bell et al.,
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2004; Ingrin and Skogby, 2000; Jurewicz and Watson, 1988; Peslier
et al., 2002). Ca partitioning between cpx and opx is highly temperature
dependent (e.g., Brey and Kholer, 1990). As discussed above (see
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Fig. 14. Water contents in opx (in ppm wt. H0, based on calibration of Paterson, 1982
(P82); and Bell et al., 1995 (B95)) as a function of [Ca] a.p.f.u (atom per formula unit cal-
culated for 6 bonding oxygens) for Ray Pic spinel-peridotite xenoliths. Corresponding
temperature (in °C) was calculated using Brey and Kéhler (1990) ‘T°cain-opx’
geothermometer. Error bar on the average values of water content per sample is 1SD.

Section 5.1; Fig. 4b) REE fractionations and enrichments are here linked
to the equilibrium temperature (see also Zangana et al., 1997) (Fig. 14)
and thus are related to the sample position relative to the metasomatic
melt source. Therefore the apparent correlation between water content
in opx and REE fractionation, reflect rather a temperature effect
(i.e., which could be related to metasomatism, see Section 5.1). It yields
to the incorporation of a higher amount of Ca, producing then a higher
abundance of impurities at atomic scale and associated hydrogen-
bearing point defects in opx.

As shown here, the relationships between the H,O content of NAMs
and metasomatism is not straightforward. Indeed, our observations
suggest that H partitioning between melt/fluid and NAMs is dependent
of the nature of the melt/fluid and in particular of its H,O and/or volatile
fugacity. In one hand we observe H,0 enrichment in NAMs when these
latters interact with relatively large melt fraction (melt/rock ratio > 1%)
and thus when the fH,0 is relatively low, suggesting that H behaves as a
mid-REE. On the other hand, the crystallisation of LREE-depleted am-
phiboles would suggest that H,O behave in the melts as an highly in-
compatible elements; its chromatographic front is further away from
the source than the LREE chromatographic front thus D(H,0) <
D(LREE), as suggested by Demouchy et al., 2015. Then, when peridotites
interact with such small volume melt or fluid, which are volatiles-rich
and have a high fH,0 leading to the crystallisation of amphibole, then
NAMs are not enriched in H,0. Is it due to the crystallisation of amphi-
bole, which then sequesters all the water available? Or is it due to a
drastic change of partitioning between NAMs and volatile-rich fluids?
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These complexities are probably due, at least in part, to the dual behav-
iour of H as major vs. trace elements and to its related different types of
incorporation into the mineral structure.

6. Conclusion

In this study, water content in NAMs can be broadly explained by de-
pletion during partial melting event(s) using relatively straightforward
melting models. The metasomatism, expressed by LREE and LILE
enrichment without concomitant HFSE enrichment, thus involving
small volume melt enriched in volatiles (also coined as carbonatitic meta-
somatism), has no obvious effect on the water content of NAMs. Hydro-
gen in NAMs is not correlated with canonical metasomatism indicator
such as La and Ce abundances of La/Sm La/Yb ratio, and hydrogen
seems to rather behave similarly to a MREE during melting and metaso-
matism. However some of our data suggest that water contents in
NAMs were then possibly modified afterward by melt-rock reactions at
relatively high melt/rock ratio (i.e., >1%). Our results for the Ray Pic xeno-
liths call for further studies, specially integrating data on trace elements
and water content of NAMs necessary to truly assess the behaviour of
water during melting and metasomatism.

Hydrous metasomatism (i.e., leading to the crystallisation of OH-
bearing amphibole) has no effect on water content of NAMs. Thus the
occurrence of amphibole does not warrant the water-saturation of co-
existing NAMs. Therefore, its presence should not be used as a justifica-
tion for the application of weak and wet flow law for olivine.
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Chapitre V : Mécanisme de percolation en bord de filon et

comportement de I’hydrogene

Ce chapitre détaille [’étude de [’effet de la percolation d’un fluide dans la péridotite en
bordure de veine sur [’hydrogene des minéraux de la peridotite hote.
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V.1 Introduction

Dans le chapitre précédent le comportement de 1’hydrogene lors des processus de fusion
et de métasomatisme a ¢€t¢ étudié. Les relations entre la concentration de I’H dans les
minéraux dit anhydres (NAMs) et les processus de métasomatisme, détectés par le
fractionnement des REE notamment, n’est pas évidente. Pourtant, la concentration en eau des
liquides issus de la fusion des péridotites tels que les basaltes est largement supérieure a celle
des péridotites. Elle est estimée entre 0.12 et 0.8 wt% H20, pour les MORB et basaltes
d’Hawai (Sobolev et Chaussidon 1996 ; Anderson et Brown 1993 ; Wallace et Anderson, 1998) et
jusqu’a 6-8 wt.% H20 pour les basaltes de zone de subduction (Sisson et Grove, 1993;
Roggensack et al., 1997; Newman et al., 2000; Pichavant et al., 2002; Grove et al., 2005 ;
Meétrich et Wallace, 2008). Tandis que la concentration en H pour le manteau nominalement
anhydre a spinelle (i.e., ne contenant pas d’amphibole et/ou de phlogopite) est estimée a 0.007
wt.% H>0O (soit 70 £30 ppm wt. H,O, pour une péridotite contenant de 1’olivine, de I’opx et
du cpx avec un mode de 64, 25, 10 respectivement (+ 1% de sp), et des concentrations en H
de 4, 150 315 ppm wt. H,O respectivement) suggérant que I’H se comporte comme un
incompatible lors de la fusion.

Le rapport entre H,O sur un ¢élément chimique un peu plus compatible tel que le Ce
(H,O/Ce) est corrélé positivement avec des marqueurs des caractéristiques mantelliques
(enrichissement/appauvrissement du manteau source) tels que (La/Sm)yn, K,O/TiO;) (e.g.,
Dixon et al., 2002 ; Danyushevsky et al., 2000 ; Simons et al., 2002). Néanmoins 1’¢tude des
xénolites de Ray Pic ne montre pas de relation évidente entre, d’une part, I’enrichissement des
LREE par rapport aux HREE et/ou MREE, et d’autre part la concentration en H,O des NAMs
(voir chapitre précédent).

Afin de mieux cerner le comportement de I’H durant les processus métasomatiques, 5
xénolites composites ont été ¢tudiés, dans lesquels la péridotite jouxte I’agent métasomatique
principal. Les minéraux présents dans la veine refletent la composition du fluide qui a circulé.
Le choix des échantillons visait a englober une large gamme de veines et donc d’agent
métasomatique a priori facilement identifiables afin de suivre les processus de
percolation/réaction en fonction de la distance par rapport au liquide métasomatique (i.e.
veine de pyroxénite). A I’échelle centimétrique, (imposée par la taille des xénolites), nous
reprenons ainsi la philosophie d’un des articles clefs dans I’étude des processus
métasomatiques mantelliques publié par Bodinier et al. (1990) intitulé « Mechanism of
Metasomatism : Geochemical evidence from the Lherz orogenic peridotite ». Dans cette étude
les auteurs décrivent a 1’échelle déca-centimétrique a métrique 1’évolution des processus
métasomatiques via notamment le fractionnement des REE en fonction de la distance a

I’agent métasomatique principal, ici une veine de pyroxenite a amphibole (Figure V.1).

Ce chapitre est présenté dans un format pré-soumission, il est donc en anglais.



Chapitre V : H et métasomatisme d’éponte 85

V.2 H distribution during fluid percolation in peridotite from vein wall
rocks: a pyroxenites and amphibolite study.

V.2.1 Introduction

Metasomatism is an ubiquitous process in the Earth mantle and is related to the
movement of fluid/melt through the mantle, as such it is a key processes leading to
redistribution of elements, including element of economic and/or strategic interest, throughout
the mantle and especial in the sub continental lithospheric mantle (SCLM).

Two main processes have been described.

e  Large scale porous flow related to pluri-kilometric scale processes such a the
chemical and thermal erosion of the lithosphere by asthenosphere as described for Ronda
massif, Spain (Van der Waal and Bodinier, 1996) and Lherz massif, France (Le Roux et al.,
2007), but also in several xenolith suites such as the one from Borée in the massif Central (Xu
et al., 1998) or in Ethiopia (Bedini et al., 1997).

e  Vein-dyke, which affect a lesser volume of mantle. However the advective
transport through conduit allow to go further and overwhelmed the temperature gradient
imposed by the conductive geotherm which has the tendency to freeze melt and thus limit
their migration toward the shallower level in the cooler mantle lithosphere. In that case the
authors refer to wall-rock metasomatism (in Massif: Bodinier ef al., 1991; McPherson ef al.,
1996; in xenoliths: Wilshire et al., 1980; Grégoire et al., 2000).

As pointed out by numerous authors, the difference between these two processes is
difficult, especially in the case of xenoliths for which no structural/geometric relationships are
available (see also previous chapter).

However, irrespective of the scale of interaction it is possible to distinguish between
two domains:

A proximal domain is a zone where high melt rock ratio leads to the crystallization of
solid phases either new phases such as amphibole (modal metasomatism) or phases already
existing (e.g. cpx at the expense of ol, crypto-modal metasomatism). In this proximal domain,
trace elements redistribution is controlled by (solid-liquid) diffusion (m”.s™). In the case of a
pyroxenite vein, this domain is referred as the wall-rock of the vein, extending form the vein-
peridotite contact up to the reaction front.

Whereas further away, downstream relative to the reaction front, the host peridotites is
affected by a cryptic metasomatism (no change in modal abundances), in which trace element
fractionation are percolation (m.s™) controlled. This domain is thus delimited down-stream by
the percolation front and up-stream by the reaction front.

Pioneer work by Bodinier et al., 1990, 1991 provides a theoretical framework on wall-
rock metasomatism (e.g., chromatographic element front). They note that the movement of
trace elements associated with magma infiltration through mantle rocks results from three
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main mechanisms: (1) Advection in the liquid phase, whereby the elements are carried along
by the movement of the magma, (2) Diffusion and kinematic dispersion within the liquid
phase, and (3) diffusion within the solid matrix considered to be immobile.

Our sampling scale (few cm) may not allow investigating both domains (diffusion-
reaction vs percolation-chromatography), (this will be checked through trace element
enrichment and fractionation trend). The extend of the various domains depend on the
temperature, pressure conditions, the fluid composition and volume, the modal composition of
host rock, and time. Bodinier et al. described it on meter scale, with a reaction front at =20
cm; while the percolation front was estimated about 60 cm away from the amphibole-bearing
pyroxenite.
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Figure V.1. — Schematic representation of the wall-rock metasomatism evolution of the
transport of element away from the vein.

H concentrations in natural sample for all mineral phases is commonly studied in
peridotite for the last decade but only one study gives data on REE and H from pyroxenites
(Bizimis and Peslier, 2015). For the first time, our study focus on H concentrations in
nominally anhydrous minerals (NAMs) and amphibole, along major and trace element
concentrations in minerals were analysed in reactive porous infiltration context close to a

vein. Sample from peridotitic massifs are not a good object to study H behaviour in the
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mantle because of the exhumation processes and the alteration of the rock. That is why, four
composite xenoliths with different types of veins were chosen as function as the mineral
composition of the vein and the host peridotite. One vein contains glass, whereas the others
contain different proportions of pyroxenes and amphibole.

V.2.2 Newer volcanic field (Australia): 14V81

The sample 14V81 come from the Newer Volcanic Field (NVF), located mostly in the
Victoria State (SE-Australia). This late Neogene large volcanic field is related to the East
Australian hotspot (Yaxley ef al., 1991; 1997; O’Reilly and Griffin, 1988). This sample
consists in a spinel lherzolite showing a diffused contact with a basaltic patch (Figure V.1).
Optically the transition is marked by the opx that evolves from a clear brown to a dark brown
colour in the lava-impregnated part (Figure V.1a).

The peridotite part shows a porphyroclastic texture, showing large olivine and opx
porphyroclastes (@ up to 10 mm). Modal abundance obtained from the peridotite section
indicate cpx abundances ca. of 5 % and for olivine abundances ca. 64 %, indicating thus that
this sample is a cpx-rich harzburgite (Table V.1). Olivine compositions obtained as far away
as possible from the contact (i.e. = 8-9 mm) have a Fo% ranging between 88.5 and 89.1. Such
a low Fo% is not in agreement either with the relatively high mg# of the pyroxene (mg#op<=
91.4; mg#px = 91.7 %) nor with the high cr#, ca. 38 %, which are in agreement with the
harzburgite-like mineralogy. The clear brown opx are enstatite (En go; Fs 9 and Wo 3; Table
V.2). The cpx are diopsides (mg# 91.8; cr# 19.1; 21.3 wt. % CaO; Table V.2).

Sample 14V81; (¢) associate SEM-EBSD maps are in the right column. In these maps, red is for
olivine, dark-blue is for orthopyroxene, green is for clinopyroxene, yellow is for spinel, and pale-blue
is for plagioclase. Scale bar is identical for the three micrographs (3 mm).

In the basalt impregnated part of the thin section - the “dark” unit (Figure V.la)
contains hazy relic grains of olivine (Fo% 80.1), dark brown opx (En 77; Fs ;¢ and Wo 7 mg#
80.9; cr# 1.3) and clinopyroxenes occurring in heterogeneous patches (mg# 79.9; cr# 1.4; 20.3
wt. % CaO) along with interstitial glassy patches with quench crystals of small (0.1 mm)
plagioclase microlites (An% 59.8). Our EMP analyses indicate a glass composition enriched
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in Si0; (46.7 and 52.6 wt. %) and Na,O + K,O ranging between 6.0 and 7.2 wt. % (Table
V.2). However, we suspect that these analyses have been partly contaminated by plagioclase
microlites. Indeed trachy basalts are uncommon in the NVF (e.g., Jordan et al., 2015, Price et
al., 1997; Crawford et al., 1985; Gray and McDougall, 2009).

2.1 Geochemical variations within 14V81

Note that the following chemical variations of the minerals from the host rock are
described from the peridotite toward the patch. The distance to the contact is given in mm.
Zero denotes the contact. Positive distances denote measurements in the host rock side, while
negative values refer to analyses obtained in the basaltic patch side.

Major elements composition of constituting minerals. In the host harzburgite, olivine
and pyroxenes grain cores show enrichments in FeO, MnO and TiO, and decreasing MgO,
NiO and SiO; contents toward the contact with the basaltic patch (from around 5) (Figure
V.2). In olivine, Fo% decreases gradually toward the contact from 89.8 to around 80 whereas
the SiO, content of olivine varies continuously from 40 wt. % in the host peridotite to
38.5 wt. % in the basaltic vein. Although highly scattered (probably due to analytical
variability, close to detection limit), TiO, in olivine seems to increase “regularly” toward the
basaltic patch. NiO content of olivine shows an inverse behaviour as expected (Figure V.2d).
We note that in Figure V.2a we do not reach a compositional plateau for the olivine into the
peridotite. Therefore, in term of olivine composition, we have no insurance that we have
observed the initial olivine composition 1.e., not affected by the basaltic impregnation. The
coexisting opx show a decrease in mg#, and cr# from 91.3 and 11.8 in the peridotite toward
80.8 and 1.2 in the basaltic contaminated section, respectively, while TiO, content varies from
< 0.05 to 0.4. However, the concentration gradient across the contact is remarkably different
of those described in the olivines. Indeed the shift toward lower mg# and cr# and higher TiO,
is rather sharp, almost step wise (= 1 mm around the contact) and not continuous as observed
in olivines (= 5 mm around the contact). Although the spatial resolution for cpx is not as good
as the one obtained for olivine and opx it seems that, the composition of cpx varies rather
smoothly than sharply with an intermediate gradient between those observed for olivine and
opx. We also note that cpx are more strongly zoned (i.e., difference core-rim) than observed
for olivine and opx especially near the peridotite-lava contact. Indeed, for the clinopyroxene
in the host lherzolite, a core-rim variation is clearly identified from 5 mm to the contact.
Clinopyroxene rims are enriched compared to the core in Al,O3;, TiO,, FeO, MnO and
depleted in CaO, MgO, Cr,03; (up to cr# of 15.4 and 8 for core and rim at 1 mm, Figure
V.2h). No core-rim variations are identified in olivine and opx. Due to the low abundance of
spl, the picture is less clear, however clearly, cr#, drop sharply in the immediate vicinity of
the contact (from = 37 down to 29 % at 0.5 mm from the contact). While TiO; increase from
0.1 to 0.9 wt.%.

Table V.1— Modal mineralogy and equilibrium temperature of sample 14V81.
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Sample 14V81
Locality Victoria field
host vein
ol 64 44
modal opx 31 15
mineralogy cpx 5 24 Eq. T.: equilibrium temperature using Brey and
(%) sp <0.2 - Kohler, 1990 (error + 30 °C): B&K based on Fe-Mg
al;ﬁ ) ) exchange between pyroxenes; BKN based on Ca
ppl i 13 distribution between pyroxenes; Ca-opx based on Ca
glass B} 15 concentration in orthopyroxene. V.. temperature
Eq. T(°C) B&K 932 958 determined on vein minerals; p.: temperature
SD (B&K) 71 14 determined on host peridotite minerals; ol: olivine;
BKN 042 79 opx: orthopyroxene; cpx: clinopyroxene; sp: spinel;
SD (BKN) 71 23 ) , ,
Ca-opx 392 1230% am: amphibole; phl: phlogopite; pl: plagioclase. * data
SD (Ca-opx) 30 43* determined on a single crystal of opx.

Given the short scale variation of the composition of the mineral equilibrium
temperature are uneasy to calculate, and their significance in term of equilibrium temperature
is questionable. Calculation using the opx-cpx couple, at position further away from the
contact (x = 8.5 mm) yields temperature ca. 902 + 36; and 892 +34°C, for the BKN and Ca-
opx geothermometers (Brey & Kholer, 1990), respectively. Temperature obtained for cpx-opx
couple in the basalt-impregnated zone (-2 <x<-5 mm) yield T°BKN ca. 958 °C £ 17; and
T°Ca-opx between 1014 and 1254 °C. This extremely large range of variation is due to the
extreme variability of CaO content (0.8-3.0 wt. %) between opx grains and within grain
(strong core-rim zonation).



90 xenolith=host lava contamination

¢ core
& rim
90 [
85 - _
g ) S
80 :
o (a) Fo% - ol 2 |
—~ 4 [ 2 Ky g | (h) cr# - cpx
&t’ 40 T T ? 14 N ‘ ~
< o . IS
5 39 : \“<|\-~ — 7 O ! <
S (b) Si0; - ol | K ‘ Qo
0.09 i
. .. | | (i)CaO-cpx ~
& oos (¢) TiO; - ol » o §
g | o ® ! g
Z 003 S —F 2 Zz
0 — - — )} — _
045 S
~ | 1.4 ! &
N 0B . =
o | 0.7 o &
E 025 | £ ‘ & i) TiOy - cpx
(d) NiO - ol ' 0 en o ® : ® 27
0.15 | 94 20 I
7 \ (e) mg# - spl 89 R ~
68 t : é
S & 2
59 & 4o |(K) mg# - opx | - W
3 ; " 0. ..
?‘é} ‘ (f) cr# - spl 10% ~
35 . IS
S | 5 D ort ® e
~ 30 $\ 0 (1) cr# - opx g :
25 0.75 - ' o
- (m) TiO; - opx | 4 ~
15 10 5 0 -5 -10 -15 05 i ISS
Distance (mm) 025 | §
spinel-harz. basalic patch ~
8
Z
15 10 5 0 -5 -10 -15
Distance (mm)
spinel-harz. basalic patch

Figure V.2. — Main chemical variations on major elements concentration (wt.%) are given as a
function of distance from the contact between the lherzolite and the glassy patch for ol from (a) to (d);
for spinel (spl) from (e) to (f); for cpx from (g) to (j) and for opx from (k) to (m).



Chapitre V : H et métasomatisme d’éponte 91

Table V.2 — Representative major compositions (wt. %) of each phase core from each part of the
sample 14V81.

14V81
Phase Olivine Orthopyroxene = enstatite ~ Clinopyroxene = diopside ~ Spinel Pl Glass
host vein host vein host vein host vein vein

n 18 26 15 38 11 7 3 3 7
SiO, 40.18 38.67 56.58 52.49 52.26 48.94 0.14 52.22 49.55
TiO, 0.00 0.03 0.03 0.33 0.11 1.39 0.06 0.19 4.25
Al,O4 0.00 0.03 2.29 5.07 3.39 7.48 35.96 29.50 14.17
Cr,0, 0.02 0.00 0.46 0.10 1.19 0.16 32.38 0.00 0.02
FeO 10.78 18.53 5.75 11.78 2.60 5.86 15.44 0.64 12.80
MnO 0.11 0.18 0.15 0.16 0.08 0.14 0.17 0.00 0.15
MgO 47.94 42.14 34.00 28.07 16.41 13.07 15.92 0.15 3.88
CaO 0.05 0.08 0.46 1.36 21.29 20.32 0.00 12.08 6.26
Na,O 0.02 0.01 0.05 0.15 1.18 1.05 0.03 4.32 3.42
KO 0.01 0.01 0.00 0.00 0.00 0.20 0.00 0.26 3.23
NiO 0.41 0.36 0.11 0.09 0.03 0.05 0.21 0.00 0.00
Total 99.52 100.04 99.89 99.60 98.55 98.66 100.31 99.37 97.73
Mg# 88.7 80.1 91.3 80.9 91.8 79.9 67.7 / /
crit 11.8 1.3 19.1 1.4 37.6 / /
[En] 88.6 77.1
(Fs] 8.9 16.1
[Wo] 2.5 6.9

Representative analysis of n measurements; ol: olivine; opx: orthopyroxene; cpx: clinopyroxene; sp:
spinel; am: amphibole; pl: plagioclase; [En], [Fs], [Wo] are enstatite, Ferrosilite, Wollastonite end-
members respectively; Fo%: forsterite content = 100xMg/(Mg+Mn+Fe); mg#: Mg-number =
100xMg/(Mg+Fe) ; cr#: Cr-number = 100xCr/(Cr+Aly).

Trace elements. Chondrite normalised REE patterns of Cpx are characterised by a
strong and smooth enrichment from Lu to La (Figure V.3a, Table V.3). The normalised
abundance of Lu is low and ranges between 3.3 and 4.1 ppm, which implies a relatively high
degree of batch melting between 20 and 26 %, in agreement with the cpx poor mineralogy,
the high mg# of the pyroxenes and the high cr#,. The abundance of La ranges between 51
and 75 times the chondrite value. We note that the rims of the cpx are statistically poorer in
LREE ((La)y =59 £7) than the core ((La)y =69 £35). The extended trace element patterns
show negative anomalies in HFSE (except for Nb) and high U, Th and Sr. U and Th show
also a systematic depletion in the rim compared to the core ((Th)py=8%x2 wvs.
(Th)py =11 £2).

A plot showing trace element concentration in cpx versus distance from the contact
(Figure V.3e-1) shows that core composition varies. La content decrease (from 16 to
12.5 ppm) as Lu content increase (from 0.088 to 0.104 ppm) when moving toward the
contact. Sm shows a constant concentration across the thin section. In details, the rim of
clinopyroxene grains have always La contents of 2 or 3 ppm below those from the core
(Figure V.3e).

The glass patches within the basaltic shows straight and continuous enrichment from Lu
to La. As shown in Figure V.3c, the chondrite normalised REE patterns is broadly parallel to
the basaltic lava (sensus lato) from the Newer Volcanic Province (e.g., McDonough et al.,
1985). However, here again, the observed variability is ascribed to the difficulty to analyse
only glass. This is shown for instance by the small positive Eu anomaly displayed by some of
the REE patterns which suggest that plagioclase have been included in these analyses The
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extended trace element pattern is marked by moderate positive anomalies in Ti and Nb-Ta.
Such positive anomalies are characteristics of alkali basalts in intra continental setting (e.g.,
Aldanmaz, 2002; Pearce and Cann, 1973).

Table V.3 — Representative trace elements compositions (ppm) of cpx in the lherzolite of the sample
14V81

14V81 cpx glass Th 1.16 19.9
host vein U 0.227 6.40 Representative analysis of n measurements; ol:
n 14 7 lLa 17.2 252 (livine: opx: orthopyroxene; cpx: clinopyroxene; sp:
Sc 103 136 Ce 422 529 . ’ ’ . ? ' ’ ’
\% na. 2266 Pr 535 640 spinel; am: amphibole.
Co n.a. 267 Nd 21.8 294
Rb <0.0072 273 Sm 391 65.8
Sr 311 2764 Eu 1.18 24.6
Y 7.51 188 Gd 2.82 56.6
Zr 30.3 1647 Tb 0.347 8.05
Nb 0.362 366 Dy 1.83 42.0

Cs <0.0038 1.25 Ho 0.297 7.66
Ba  <0.0109 2694  Er 0.706 17.2

Hf 0.227 40.2 Tm 0.103 2.27
Ta 0.0518 19.1 Yb 0.651 13.9
Pb 1.1700 124 Lu 0.0949 1.90
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Figure V.3. — Trace element concentrations normalised to chondrite values and normalised to the
primitive mantle (PM) in cpx ((a), (¢)); and in glass ((b), (d)) (normalisation values are from
McDonough and Sun, 1995). Dashed-line in (c) is the average lava composition for the NVF from
Georoc. In (a) grey line is the calculated cpx in equilibrium with the patch glass and the dashed-line is
with the average NVF lavas. Black arrows underline the position of Nb, Ta, Sr, Zr, Hf and Ti. Graphs
(e) to (i) are the trace element concentrations (ppm) of sample 14V81 clinopyroxene as a function of
distance from the contact between the peridotite and the basaltic. At the right of these graphs, the
indicated value is for the cpx in equilibrium with the patch glass and the average NVF lavas.
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2.2 Sample 14V81: H concentrations in NAMs

H concentrations were determined in olivine and pyroxenes in the lherzolite but only in
olivine in the basaltic patch. FTIR absorption spectra are typical of spinel lherzolite minerals
(Figure V.4). Unfortunately, due to opacity and important alteration of pyroxenes in the
basaltic vein, the FTIR absorption spectra were too contaminated by a broad band and OH
peaks could not be identified or deconvoluted.

H concentrations in olivine in the lherzolite range between 4 and 1 ppm wt. H,O, while
in the basalt impregnated domain H,O in olivine range between 3 and > 1 ppm wt. H,O. Low
H concentrations in olivine are obtained in both side of the contact. A statistical analysis of
the dataset of Cop (olivine) identify two groups of data. The first one is localised in the
lherzolite (5 <x mm) of the contact with a Coy (olivine) ca. 3.6 = 0.44 ppm wt. H,O. The
second one encompass part of the peridotite near the contact and the basalt impregnated zone
(x <5 mm) where Coy (olivine) is lower ca. 1.3 = 0.28 ppm wt. H,O (Figure V.5-a). Average
Con(opx) 1s 59 £ 8 ppm wt. HO and Con(cpx) of is 125+ 26 ppm wt. H,O (Table V.4)
Contrary to olivine, H concentrations in pyroxenes do not seem to vary toward the contact.
Further, there is no clear core-rim variation. The apparent H partition coefficient between cpx
and opx (Kdy™°™) is about 2.1+ 0.6. This value is within error of the literature average
(KdyPY°P* = 1.8 + 0.8; using the same calibration), obtained on a range of spl-bearing xenoliths in
alkali basalts from worldwide occurrences (Demouchy et al., 2015; Denis et al.,, 2013 and 2015;
Soustelle et al., 2013)

Table V.4 — H concentration (Cop) in olivine and pyroxenes of 14V81 (ppm wt H,0, based on the
calibration of Paterson, 1982 (P82) and also calculated for other calibrations, W12=Withers et al.,
2012, B95=Bell et al., 1995.

14V81 0Ol Opx Cpx 14V81 WR
host wvein host wvein host vein host
n 13 10 15 0 7 0 CouWR 26.2
Factor 171 164 11.8 11.5 123 12.1 #lo 4.5
min P82 09 07 47 - 96 -
max P82 39 29 69 - 157 -
Con avg P82 25 19 59 /125 / Kd cpx/opx (H,0) 2.1
+1SD .1 07 77 /262 /  +lo 0.6
Con avg W12 2.2 1.2 - - - - Kd cpx/ol (H,0) 50
+1SD 1.4 04 - - - - Zlo 15
Con avg B95 - - 62 /196 /" Kd opx/ol (H,0) 24
+1SD - - 112 / 50.6 /  +lo 7

Average (avg) on n grains; /o: absolute uncertainties calculated by algebraic method; factor is to
convert water contents in ppm wt. H,O to H/10°Si; ol: olivine; opx: orthopyroxene; cpx:
clinopyroxene, WR: whole rock.
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Figure V.4. — Representative unpolarized FTIR spectra of olivine (ol), clinopyroxene (cpx) and
orthopyroxene (opx) for the host peridotite (p.) in (a) (¢) and (e), for the associate minerals in the vein
in (b), (d), and (f). Spectra with minimal and maximal absorbance are given for each sample. All
spectra are normalised to 1 cm of thickness. Black arrows indicate the integration range used for the

IR calibration; vertical dashed lines indicate the major OH absorption bands of the mineral.
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Figure V.5. — H concentration (ppm wt. H,O) for olivine (ol) (a), orthopyroxene (opx) (b),
clinopyroxene (cpx) (c) as a function as the distance from the contact between the peridotite and the
glassy patch.

2.3 Sample 14V81: a case study for xenolith-host lava contamination

Major elements variations in the main silicate phases are clearly spatially organised
around the harzburgite - basaltic patch contact. Increase in TiO, (and FeO, not shown here)
content and decrease in mg# and cr#, are usually associated to basalt-rock interaction (e.g.,
Arai and Abe, 1995; Wilshire and Shervais, 1975; Pearson et al, 2003). The different
chemical gradients (continuous vs. step-wise) observed for the various elements (e.g., Cr, Ca
vs. Fe and Mg) within the different silicate phases (e.g., ol vs. opx) are related to specific
diffusion kinetics for each elements in each silicate phase.

Trace element patterns of the peridotite cpx indicate that these cpx were extensively
metasomatised. Given first the proximity of the basaltic melt; second the similar REE
abundances between cpx and glasses and thirdly the apparent broad parallelism between the
REE patterns of the glass patches and those of the peridotites cpx, we may propose that cpx
represent frozen trapped basaltic melt. However, this hypothesis does not agree with several
observations: (i) the cpx abundances and major element chemistry are in agreement with the
abundances and major element chemistry of the other coexisting minerals such as opx, ol and
spl; (i1) in detail the LREE and HREE ends of the cpx’s patterns are concave downward and
upward, respectively; (iii)) During such process one would expect the opposite core-rim
zonation than the one observed i.e., incompatible elements impoverishment of the rim.

The liquid in equilibrium with the peridotite cpx is in fact extremely enriched in LREE
(e.g. (La)y > 1000) and do not resemble the glass patches ((La)x < 150). Inversely cpx in
equilibrium with the glasses are much less LREE enriched ((La)x<7) and have a very
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different REE pattern (Figure V.3). This implies that the metasomatic melt was not the basalt
sampled through the glass patches. From there, two scenarios are possible.

First, the peridotites were metasomatised prior to the basalts-peridotite interaction. This
is most likely (in any scenario), however what we suggest here is that most of the trace
element characteristics of the peridotites were acquired by a previous metasomatic event. In
that case, the trace element variations as a function of the distance to the contact are only due
to reequilibration through diffusion either through the interstitial liquid/melt or between
solids.

However, the discrepancy in term of REE abundances and patterns between the alleged
metasomatic melt and the basalt does not necessarily preclude the involvement of the basaltic
melt sampled through the nearby glass patches. In fact, the occurrence of positive HFSE
anomalies in the cpx are reminiscent of those found in the glass patches and are usually
uncommon in extremely LREE enriched metasomatic melt such as carbonatitic/volatile-rich
small volume melts which results usually in cpx affected by pronounced negative HFSE
anomalies (e.g., Dautria et al., 1992; lonov et al., 1993; Yaxley et al., 1991; Grégoire et al.,
2000; Rudnick et al., 1993). Indeed, an alternative scenario will involve a residual melt issue
of the massive crystallisation/trapping of this basaltic melt. Thus, in this case reaction front
and contact are merged. Such residual melt would be enriched in the most incompatible
elements and would percolate easily downward relative to the reaction front/contact due to its
volatile richness. Chromatographic processes (e.g., Navon and Stolper, 1987; Bodinier et al.,
1990) would then lead for the distance considered here to a uniform LREE and MREE
enrichment (i.e., constant La/Sm) due to the fact that the LREE and MREE chromatographic
fronts are further away downstream. In contrast the variations of the HREE abundances as a
function of the distance suggest (e.g., Lu, Figure V.3g) that the chromatographic front of Lu
for instance is few mm away from the contact. Then rapid diffusion within the interstitial
liquid (= slow diffusion in the solid) will smooth (and displace) the front to give the
progressive variation observed here (Figure V.3g). This imply that the peridotite’s cpx has
low Lu abundance (i.e., (Lu)y<3.6) in agreement with its harzburgitic composition.
Similarly, the decreasing La abundance observed near the contact (Figure V.3e) has to be
related to a diffusive reequilibration with a buffered melt or with the nearby basalts. This
effect is not visible for the Sm because the concentration difference between the basalt and
the peridotite’s cpx is much less than for La and a higher spatial resolution near the contact
(6-0 mm) is probably required.

As mentioned earlier, H concentrations vary only in the olivine, the pyroxenes do not
show any remarkable (i.e., related to x) variations, no H concentrations in the pyroxenes in
the veins were obtained. In 14V81, H concentrations for olivine range between 0.7 and
3.9 ppm while in opx and cpx is ca 59 =7 and 129 £+ 57 compare to 0.5 to 9.5 ppm (average
4.7+ 2.1 ppm) 256 £ 117 ppm (range from 54 - 402) and 478 £167 ppm (199-893) for ol, opx
and cpx respectively in spl-harzburgite xenoliths from worldwide localities (e.g., Li et al.,
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2008; Peslier et Luhr, 2006; Denis et al., 2015). Thus although H concentrations in the NAMs
of the 14V81 harzburgite sections are within the range found in other spl-bearing harzburgite
worldwide, they rather describe the low end of the range.

Thus, the relatively low H,O abundances in the NAMs of the peridotite here contrast
strongly with the strong LREE enrichment and LREE/HREE fractionation observed in Cpx
clearly related to metasomatism. This suggests once again that the relationships between H-
enrichment and metasomatism is complex and that LREE (e.g., La, Ce) cannot be used as a
proxy for H. Alternatively, the relatively low H,O abundances in the NAMs of the 14V81
peridotite could be related to a dehydration process due to the proximity of (and interaction
with) the basalt. However, (1) first of all we note that Lherzolites from the same data base
show less extreme and less scattered values; for instance, H concentrations in opx average ca.
127 £ 60 (39-276) in lherzolite compare to 256 £ 117 ppm (range from 54 - 402), suggesting
that H,O abundances in harzburgites included in this database have been severely modified by
various processes (e.g., metasomatism). (i1) H concentrations in pyroxene do not show any
variations across the peridotites sections and especially toward the contact; (iii)) no
dehydration profiles have been identified even within the large grains in the peridotite.

If we consider that H concentrations in the NAMs 5 mm away from the contact are
representative of initial concentration in the harzburgite protolith (i.e., due to melting), we
still need to explain the low H concentrations in the vicinity (x <5 mm) of the basalt. If this
hypothesis is true, it would mean that (i) H loss related to the host lava interaction with the
peridotite xenolith is limited to a 5 mm thick rim around the xenolith nodule and (ii) affect
only the olivine and not the pyroxenes as advocated by several authors (Hao et al., 2014; Xia
et al.,2010; Denis et al., 2013, 2015) on the basis of constant chsz)gOPX as found here.

The fact that only olivine shows a variation would suggest this decrease in H
concentrations in the olivine is related to the higher diffusivity of H in olivine compare to
pyroxenes. Yet, the shape of the H concentration gradient is unexpected. Indeed, with the
spatial resolution achieved here, it seems that we do not observe a smooth gradient as
observed for the diffusion of Fe-Mg (Figure V.2a). However, diffusion coefficient for H
(Doi(H)= 10"* m*s™; at 1100 °C, Demouchy and Mackwell, 2006) is several order of
magnitude faster than Fe-Mg (Doi(Fe-Mg)~ 10™"® m”s™; at 1000°C, Fo=88.5, f0,=10"" bar;
Dohmen et al., 2007). As pointed out earlier the diffusion profile for Fe-Mg in olivine clearly
extend beyond the area investigated (i.e. x > 15 mm). Water content seems to shift from low
to high value in less than 5 mm. This discrepancy will suggest that H diffusion is slowed by
other processes, and likely linked to H trapped in associated point defects. Si vacancies, Mg
vacancies, titanium substitution, and trivalent cations are point defects where the H can bond
with an O in the olivine lattice (Berry ef al., 2005, 2007; Beran and Putnis, 1983; Demouchy
and Mackwell, 2006; Kovdcs et al., 2010; Padron-Navarta ef al., 2014). One hypothesis is that
this variation close to the error of the FTIR spectroscopy is a readjustment of the H
concentration due to the variation of TiO,, MgO and SiO, contents in olivine. This variations
are themselves controlled by slower ionic diffusion, notably Si which is the slowest diffusion
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species in olivine (Chakraborty, 2008). In Figure V.6, H,O and the major element variation
patterns in olivine are overlaid. From this Figure V.6, we could rule out a possible Ti effect.
This is due to the fact that Ti abundances in mantle olivine is generally too low. However, we
have a relatively good agreement between the spatial variation of H,O and SiO,. At this stage,
it is not possible to exclude the effect of Mg related defect on the diffusion process of H.
However, both processes could contribute to H diffusion processes.
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Figure V.6. — H concentrations variations in olivine compare to the (a) MgO, (b) SiO,, and (¢) TiO,

contents of olivine as a function of the distance to the contact between the harzburgite and the basaltic
patch.

Finally, we note than as in olivine, cpx and opx show diffusion profile for major
elements (e.g. Fe-Mg; D¢px(Fe-Mg)~= 10%" m*.s™'; at T=1000°C; Dimanov and Sautter, 2000).
La in cpx seems to show a diffusive profile despite large Dpx(La) (= 10% m?s™; T=1000°C;
Van Orman et al., 2001). However, no variation in H has been observed.
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V.2.3 Amphibole-bearing veins: 13RP15, 13RP16 and TAH 276-35

Three xenoliths crosscut by a pyroxenite veins have been selected. These pyroxénites
show an increasing amount of amphibole 14 %, 27 % and 98 % for 13RP16, 13RP15 and
TAH276-35, respectively (Table V.5; Figure V.7). Samples 13RP16 and 13RP15 come from
the Ray Pic volcano, which belong to the southern part of the French Massif Central (Vivarais
volcanic unit; see chapter IV). Xenoliths from this locality have been extensively studied
(Zangana et al., 1997, 1999; Denis et al., 2015). Sample TAH276-35 come from the Tahalra
volcanic field (Southern Algeria) and was previously investigated by Dautria (1988; thesis;
Dautria et al., 1987) and by Kourim et al., 2015. TAH276-25 is part of a type II xenoliths
suite characteristic of occidental Tahalra domain (Dautria ef al, 1987; Kourim et al., 2015).
This suite include webserite, (ol-) clinopyroxenite and numerous amphibolite xenoliths. In
these localities, amphibole can reach size as large as 5 mm. Both volcanic fields (Vivarais and
Tahalra) are located on top of a mantle diapir in a continental setting (Granet et al., 1995;
Rougier et al., 2013).

Olivine

@ Peridotite
@ Vein

40

Opx AN & Am.
100 90 8 70 60 50 40 30 20 10 O

Figure V.7. — Sample 13RP16, 13RP15 and TAH 276-35 in the classification of the ultramafic rocks
modified after Streckeisen (1973).
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Table V.5 — Modal mineralogy and equilibrium temperature of samples 13RP16, 13RP15 and
TAH276-35.

Sample 13RP15 13RP16 TAH276-35
Locality Ray Pic Ray Pic Tahalra
host vein host vein host vein
ol 58 <0.3 68 16 68 2
modal opx 29 4 23 22 16
mineralogy cpx 8 62 3 40 14 <0.2
(%) sp 4 7 <0.7 g 2 <01
am <0.6 27 1.2 14 =09 g
Eq. T(*C) B&K 210 748 1048 1043 a77
SD (B&K) 21 - 4 11 15
BEN 821 842 1047 1044 983
SD (BEI) 19 - 4 11 12
Ca-opx 882 876 0a2 1002 1010
SD (Ca-opx) 1 10 33 26

Eq. T.: equilibrium temperature using Brey and Koéhler, 1990 (error + 30 °C): B&K based on Fe-Mg
exchange between pyroxenes; BKN based on Ca distribution between pyroxenes; Ca-opx based on Ca

concentration in orthopyroxene. v.: temperature determined on vein minerals; p.: temperature

determined on host peridotite minerals; ol: olivine; opx: orthopyroxene; cpx: clinopyroxene; sp:
spinel; am: amphibole

3.1 Pyroxenite petrography and mineral composition.

Petrography. Pyroxenite of sample 13RP16 contains 40 % of cpx and 22 % of opx
(Table V.5) and a significant amount of ol (16 %). The contact between the pyroxenitic vein
and the lherzolite is relatively diffuse and jagged (Figure V.8a-c). The clinopyroxenes of the
vein are green Cr-diopsides with exsolutions of spinel. Iddingsite gives an orange tint to the
olivines in the pyroxenite.

Pyroxenite of sample 13RP1S is a 20 mm wide clinopyroxenite vein (Figure V.8d-g).
The vein itself is divided in two different parts which can be distinguished by the relative
proportion of brown interstitial amphiboles and cpx. Within the vein core, amphibole modal
content reaches =~ 27 %, while cpx abundance is ca. 62 % while in the vein rim amphibole
abundance drop to 5 % but cpx abundance increase up to 86 % (Table V.5). Noting that the
sum of the amphibole and cpx modal abundances is constant in both parts of the vein ca.
90 %. Olivine (not analyzed) is rare about 0.3 % in the vein core and ca. 2.1 % in the rim.
Orthopyroxene modal content vary between 4 and 4.7 %. All the clinopyroxenes in the vein
are brownish and commonly present numerous exsolutions lamellae of amphibole. Samples
13RP15 and 13RP16 have relatively similar major element phase compositions (Table V.6).
However, in detail orthopyroxenes have a lower CaO (0.45 vs. 0.96 wt.%) and Al,O3 (4.3 vs.
5.4 wt.%) and higher mg# (86.3 vs. 85.4 %) ; while cpx have a higher CaO (22.1 vs.
20.0 wt.%), AL,Os3 (8.1 vs. 7.4 wt.%) contents and mg# (90.1 vs. 89.3 %) in 13RP15 compare
to 13RP16. respectively. Accordingly, amphiboles have a higher CaO (11.5 vs. 10.3 wt.%),
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Al O3 (14.9 vs. 15.6 wt.%) and mg# (87.1 vs. 86.4 %)in 13RP15 than in 13RP16. Olivines in
13RP16 have a Fo% ca. 89.7, which is indistinguishable than from the peridotite olivine
(Fo% = 89.4).

Figure V.8. — Thin
section micrographs in
plane-polarized light and
in cross-polarized light
for Ray Pic spinel
xenoliths are given in the
left and the middle
column respectively.
Associate  SEM-EBSD
maps are in the right
column. In these maps,
red is for olivine (ol),
dark-blue is for
orthopyroxene (opx),
green is for
clinopyroxene (cpx),
yellow is for spinel (spl),
orange is for amphibole
(am) and pale-blue is for
plagioclase (pl). Sample
13RP16 (a), (b), (c);
sample 13RP15 (d), (e),
(f) sample TAH 276-35
(g), (h), (i). Note that the
scale of 3 mm is given
by the line in the lower
right corner of each
image.

Equilibrium temperatures calculated using Fe-Mg and Ca exchange between opx-cpx
(T°B&K and T°BKN, respectively) indicate a temperature ca. 748°C and 842°C respectively
for 13RP15 (determine on one pair of opx-cpx) and 1043°C £11 and 1044°C £ 11 for
13RP16 for the pyroxenitic assemblage. These temperatures have been computed without
integrating the spinel exsolution in cpx from 13RP16, nor the amphibole exsolution in the opx
from 13RP15.

Sample TAH 276-35 vein is an amphibolite and contain up to 98 % of amphibole. The
interface between the amphibolite and the peridotite is extremely sharp and linear. The

amphibolite vein shows a cumulate microstructure and has undergone a static recrystallization
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or annealing phase indicated by well-developed triple junctions of amphibole grains.
Magnesian-ilmenite rich in titano-magnetite exsolution and rare small phlogopite enclosed
within large amphibole crystal occur. The amphibole located further away from the
amphibolite-peridotite interface are pargasite with mg# ca. 78%, TiO, =4.7 and
K;O=1.9 wt.% (Table V.6). This composition evolves toward the interface to higher mg#
lower Ti0, and K,O which are about 82 %, 3.9 wt.% and 1.7 wt%, respectively at the contact.
However, the original sample displayed a thicker amphibolite (up to 3 cm in thickness) in the
original samples studied by Dautria et al. (1987). This study described a change in the
mineralogy and phase composition within this vein. At the core of the vein the amphiboles are
kaersutite with low mg# (=70 + 1%) high TiO, (> 4 wt.%) and K,O (= 2 wt.%) which evolves
within the last 5 mm toward the pargasite like composition (Dautria ef al., 1987) as observed
in our sample. Compare to the two amphibole bearing pyroxenite from Ray Pic, amphiboles
from TAH 276-35 are significantly richer in K,O, in FeO,y, (7.4 vs. 4.4-4.8 wt.%) yielding a
lower mg# (78 vs. 86.4-87.1 %), and are poorer in Na,O (2.3 vs. 3.5-3.6 wt.%) and in Cr,03
(cr#t = 0.5 vs 2.3-2.9 %), respectively.

Trace elements. Trace element patterns of amphibole and cpx from the vein are very
similar within each pyroxenite although quite different from pyroxenites (Figure V.9, Table
V.7). In the two RP samples cpx and amphibole are clearly in equilibrium (Kd*™**(REE)=1).
The REE patterns of both cpx and amphibole in 13RP16 are characterised by a flat (slightly
negative slope) segment from Lu to Pr ca. 10 times the chondrite values, as well as a very
steep Pr to La segment with (La)y reaching values as high as 50. This fractionation confer to
the REE pattern a “convex” downward shape, which contrast strongly with the convex
upward patterns of the two other samples (13RP16 and TAH 276-35). It is expected for cpx
and/or amphibole equilibrated with alkaline mantle melts (e.g., Irving, 1980; Irving & Frey,
1984; Bodinier et al., 1987). Regarding TAH 276-35, we note that the trace element patterns
of this sample is virtually indistinguishable from those observed in the high and intermediate
temperature groups defined by Kourim et al., 2015 for the Tahalra xenoliths.

Amphiboles of sample 13RP15 have a convex upward pattern (Figure V.9b).
Amphiboles of sample TAH 276-35 are more depleted in HREE and more enriched in LREE
and MREE than those from 13RP15. All three samples show positive anomalies in Nb and Ta
and negative anomalies in Zr, Hf in the cpx. U and Th are enriched relative to the LREE
especially for 13RP16 for which U/Ce reachs value as high as 0.15. Amphiboles in all
samples show a Ti and Nb-Ta positive anomalies (except for 13RP16), in agreement with the
known preferential partitioning of these elements for amphibole (e.g., Adam and Green,
2006). Amphiboles from 13RP16 differ from the others by having first, a negative Nb-Ta
anomalie and second, a pronounced U-Th enrichment relative to LREE, which is not
observed for the others amphiboles.
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Table V.6 — Representative major compositions (wt. %) of each phase core from each part of the
samples 13RP16, 13RP15 and TAH276-35.

Olivine Orthopyroxene = enstatite

Sample 13RP15 13RP16 14TAHI Sample 13RP15 13RP16 14TAH1
host  vein host  vein host host  vein host  vein host
n 19 - 11 4 14 n 14 3 21 15 17
SiO, 40.44 - 40.72 4040 40.59 SiO, 55.85 55.25 54.60 53.88 5445
TiO, 0.00 - 0.00  0.02 0.00 TiO, 0.15 0.13 0.11 0.09 0.11
Al O, 0.00 - 0.02  0.02 0.02 Al O, 349 432 463 544 4.87
Cr,0,4 0.00 - 0.00 0.01 0.01 Cr,0, 020  0.01 022 0.13 0.37
FeO 10.01 - 995 9.78 12.47 FeO 6.66 6.29 645  6.32 7.92
MnO 0.13 - 0.15 0.14 0.19 MnO 0.15 0.16 0.13  0.13 0.15
MgO 48.13 - 4747 48.63 46.62 MgO 33.09 33.08 32.18 32.20 31.52
CaO 0.02 - 0.08  0.09 0.05 CaO 047 045 0.80  0.96 0.88
Na,O 0.01 - 0.05  0.00 0.00 Na,O 0.05 0.04 0.12  0.11 0.08
K,O 0.00 - 0.00 0.01 0.00 K,0 0.01  0.00 0.00  0.00 0.00
NiO 0.39 - 0.38 0.4l 0.36 NiO 0.11  0.09 0.10  0.10 0.10
Total 99.13 - 98.81 99.50 100.32 Total 100.23  99.80 99.34 99.37  100.47
Fo% 89.4 / 89.4  89.7 86.8 mg# (opx)  89.9 904 89.9  90.1 87.6
crit (opx) 3.7 0.1 3.1 1.6 4.8
[En] 86.2  86.3 853 854 83.2
[Fs] 10.2 9.2 9.4 7.8 10.9
[Wo] 3.6 4.5 53 6.8 5.9
Clinopyroxene = diopside Spinel
Sample 13RP15 13RP16 14TAH1 Sample 13RP15 13RP16 14TAH1
host  vein host  vein host host  vein host  vein host

n 9 39 2 14 16 n 4 6 2 3 7
SiO, 51.80 50.16 50.95 50.54 50.67 SiO, 0.13 0.14 0.12  0.11 0.17
TiO, 0.79 1.21 044 042 0.50 TiO, 0.12  0.08 0.13  0.08 0.19
AlLO, 541  8.06 6.53 737 6.53 Al O, 60.22 67.25 58.35 63.18 53.04
Cr,0, 046  0.04 0.55 0.25 0.68 Cr,04 6.81 047 779  3.35 11.27
FeO 279 275 345 334 4.02 FeO 11.77  9.93 11.84 10.70 16.52
MnO 0.09 0.08 0.07  0.11 0.10 MnO 0.12  0.08 0.10  0.09 0.14
MgO 15.19 14.10 15.25 15.64 14.96 MgO 19.81 21.51 20.53 21.98 18.23
CaO 22.39 22.10 19.82  19.99 20.53 CaO 0.00  0.00 0.03  0.00 0.02
Na20 1.09 1.35 126 1.24 1.20 Na,O 0.00  0.00 0.01  0.00 0.00
K20 0.00  0.00 0.01  0.01 0.00 K,0 0.00 0.01 0.00  0.00 0.00
NiO 0.06 0.05 0.06  0.06 0.05 NiO 044  0.51 040 045 0.38
Total 100.07 99.91 98.38 98.98 99.23 Total 99.43  99.97 99.30 99.94 99.96
mg# (cpx)  90.6  90.1 88.7 89.3 86.9 mg# (spl)  76.1 79.7 79.0 824 71.9
cr# (cpx) 5.4 0.4 5.3 22 6.5 cr# (spl) 7.0 0.5 8.2 3.4 12.5

Representative analysis of n measurements; ol: olivine; opx: orthopyroxene; cpx: clinopyroxene; sp:
spinel; am: amphibole; pl: plagioclase; [En], [Fs], [Wo] are enstatite, Ferrosilite, Wollastonite end-

members respectively; Fo%: forsterite content
100xMg/(Mg+Fe) ; cr#: Cr-number = 100xCr/(Cr+Aly).

100xMg/(Mg+Mn+Fey,); mg#: Mg-number =
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Table V. 6 — (suite)

Amphibole
Sample 13RP15 13RP16 14TAHI
host  vein host  vein host  vein
n 1 11 4 3 14 10
Sio, 4256 4272 4197 4237  42.02 40.88
TiO, 315 325 156 1.84 263  4.68
ALO, 16.02 1493 1626 1563 1436 14.16
Cr,0, 0.06  0.52 049  0.70 .17 0.10
FeO 421 441 463 482 586  7.43
MnO 0.07  0.05 0.07 0.06 0.05 0.07
MgO 16.31 16.75 17.37 17.20 16.09 14.60
CaO 11.57 11.52 10.52  10.32 11.24 11.35
Na,O 3.57 3.57 3.58 351 2.86 232
K,0 0.14  0.02 023 024 .10  1.92
NiO 0.12  0.13 0.14  0.13 0.10  0.05
Total 97.77 97.87 96.82 96.81 97.46 97.56
mg# (am)  87.3  87.1 87.0  86.4 83.0 77.8
cr# (am) 0.3 2.3 2.0 2.9 52 0.5
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Figure V.9. — Trace element concentrations in cpx and amphibole normalised to chondrite values in

(a), (b) respectively; normalised to the primitive mantle (PM) in (¢), (d), respectively (normalisation
values are from McDonough and Sun, 1995).
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Table V.7 — Representative trace elements compositions (ppm wt.) of each phase from each part of

the samples 13RP16, 13RP15 and TAH276-35.
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The high olivine modal content in 13RP16 and the convex downward REE pattern due
to the strong fractionation of the LREE (along with U and Th) relative to the MREE-HREE
indicate that this lithology was obtained through the interaction of an evolved melt (see
below) with a peridotite. The term “evolved melt” refer here to a melt which results from a
melt-rock reaction leading to a significant decrease of the melt/rock ratio and thus to a
significant enrichment in the most incompatible elements in the newly produced melt. Thus,
the “pyroxenite part” is a vein wall rock. Therefore, in the case of 13RP16 we do not have a
direct access to the “true” pyroxenite.

In most samples, obtaining water content in the pyroxenitis NAMS was challenging.
This was due to the common occurrence of exsolution which strongly disrupt the absorption
spectra in FTIR. However, the few cpx and opx analysed indicate that water content using the
calibration of Paterson (1982) for the 11 cpx measures in 13RP15 and 13RP16 varies between
250 and 488 ppm and from 149 to 253 in the opx (n=15) (Table V.8). Using the calibration of
Bell et al. (1995) cpx range between 300 and 530 ppm (average= 480 + 65 ppm), which is
comparable to the range, reported in garnet-spl pyroxenite from Hawaii (260-576 ppm;
average = 435 + 87 ppm) by Bizimis ef al., (2015) using this same calibration. The same
observation is true for the opx (Con(opx) = 241 + 42 ppm wt. H,O vs for Bizimis ef al. (2015)
Con(opx) = 216 + 42 ppm wt. H,O). These values are similar to the average water content for
cpx and opx in spl-peridotites that is ca. 478 £ 167 and 256 + 117, respectively.

3.2 Geochemical variation in the peridotite wall rock — major and trace elements including H

The representative major element concentrations of minerals in both sides of the contact
of the selected xenoliths are in Table V.6. The representative trace element concentrations
associated are in given Table V.7. Finally, the statistics of H concentration of the analysable
minerals are given in Table V.8. More exhaustive datasets are available in Annexe 2 for each
samples of this study. The same convention as in section V.2.2 is used here to describe the
chemical variations of the minerals within the host rock. They are described from the
peridotite toward the patch. The distance to the contact is given in mm. Zero denotes the
contact. Positive distances denote analyses made in the host rock side, while negative values
refer to analyses obtained in the pyroxenite side.

Modal abundances away from the pyroxenitic part indicate that 13RP16 is a cpx poor
lherzolite (cpx =5 %) containing 1 % of disseminated amphibole. Olivines in the lherzolite
part are transparent grains (up to 3 mm) and have a Fo% ca. 89.4 away from the contact (at
x ~+10 mm). Fo content increases through the contact up to 89.9 at x =-15 mm (Figure
V.10a). Thus, olivines in the pyroxenitic part are more refractory than in the Lherzolite.
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Figure V.10. — Main chemical variations on major elements concentration (wt.%) for sample 13RP16
are given as a function of distance from the contact between the lherzolite and the glassy patch for ol
from (a) to (b); for spinel (spl) from (c) to (e); for amphibole (am) (f) to (h); for cpx from (i) to (k)
and for opx from (1) to (m).

Spinel has a low cr# (=9 %) which decreases further toward and within the ol-
websterite (down to = 3 %). The low Fo% and cr#p are more akin to fertile lherzolite and are
thus not in agreement with the low cpx modal abundances. The opx have mg# about 88.9 %
in the peridotite and their composition seems to evolve toward a more refractory composition
in the ol-websterite (mg#opx up to 90.2, Figure V.10.1). Cr#ypx decreases continuously from ca.
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3.9 in the peridotite down to 1.2 % in the ol-websterite. However, the more striking features
here is the extreme variability of the composition between and within (strong core-rim
zonation) opx grains. They also display core-rim variations in cr# with higher values in the
rim (due mainly to higher A1,O3-5.2 vs. 4.5 wt. %) than in the core (Al,O3 = 4.5 wt. %). This
core-rim variations of cr# vanish in opx at x = -5 mm (in the vein).

The equilibrium temperature calculated with the geothermometer of Brey and Kdohler
(1990) based on the Ca distribution between pyroxenes is ca. 1047 °C within error of the one
obtained for the ol-websterite part (1044 °C).

Clinopyroxenes and amphiboles in the peridotite part, show a flat HREE to MREE
segment and a strong enrichment of the most incompatible LREE (i.e., La, Ce and Pr; Lax up
to 80; (Figure V.11). These patterns are identical to the one described earlier for the ol-
websterite for cpx and amphibole. However, the abundance of La is higher in the peridotite
than in the websterite. Furthermore, a continuous trend of La enrichment across the whole
length of the thin section is observed; i.e., from the websterite right end ( (La)y=48 at x =
-20 mm) toward the left end of the peridotite ((La)x=76.6 at x =+12 mm). Sm remains
relatively constant across the whole section, as well as Lu abundance (Figure V.12). Even if
the spatial resolution for measurement in amphibole is poorer (less analyses), it shows the
same variations than cpx (Figure V.12). Amphibole and cpx display Zr, Hf, Nb and Ta
negative anomalies as in the websterite part (Figure V.9). However, clinopyroxenes show a
Nb fractionation relative to Ta, which in not present in amphibole nor in opx. This
fractionation is almost constant across the whole-section.

H concentrations were determined in olivine and pyroxenes in both lherzolite and
pyroxenite. H concentrations (within 30 % of error) for each phase show no variations across
the contact (Figure V.13). However, we note that water content in olivine is highly variable
from 2 to 9 ppm. In the lherzolite, the average Con equals 5.3 £2.2, 220 £33, 263
+ 51 ppm wt. H,O for olivine, opx and cpx respectively (Table V.8). In the pyroxenite, the
average H contents are 5.4 £ 1.5, 211 + 14, 343 + 65 ppm wt. H,O for olivine, opx and cpx
respectively. However, a slight variation in the partition coefficients de{pz)g(’px is observed

(1.2+£0.3 and 1.6 £ 0.5 for the lherzolite and the vein respectively).
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Figure V.13. — Hydrogene concentration (Coy) in olivine, orthopyroxene (opx) and clinopyroxene
(cpx) as a function of distance from the contact between the lherzolite and the amphibole bearing vein
for sample 13RP16 ((a) to (¢)); sample 13RP15 ((d) to (f)) and sample TAH 276-35 ((g) to (i)).

Sample 13RP15 has a coarse grain microstructure and is a lherzolite (cpx =8 %)
containing few rare grains of amphibole (0.6 %). Olivines in the lherzolite part have a Fo%
ca. 89.4 away from the contact (x =+10 mm) as in 13RP16. Fo content slightly increases
toward the contact up to 89.7 (Figure V.14a). As in 13RP16 spinels have a low cr# (=7 %)
and decrease further toward and within the pyroxenite, ca. 5.5 % at the contact, about 4. % in
the pyroxenite border and down to = 0.5 % in the pyroxenite centre. Opx in the peridotite part
way from the contact have mg#,,x about 89.9 +0.1% in equilibrium with the olivine. SiO,,
FeO and Cr,0; contents in opx decrease toward the contact and within the vein while the
AlLO; content increases (Figure V.14). However, CaO content in opx remains constant
throughout the entire samples (CaOop=0.46 + 0.02wt.%). The most remarkable feature is a
strong chemical variation between and within (core-rim) variation observed for almost all
elements in the contact zone (0<x<5 mm). Cpx away from the contact have mg# ca. 90.0
+0.2% and cr#px=5 £ 0.1 %; CaO, AlLO; and NaO content about 22.4 + 0.2, 5.5 £ 0.2 and
1.1 £0.05 wt.%, respectively. Toward the contact, CaO content is quite variable and remains
in average roughly constant despite large variability (21.6-22.6 wt.%) as Si0,, MgO, FeO
and Na,O; while Al,Os3 and TiO; increase slightly up to 6.3 and 1.05 £ 0.05, respectively.
Cr#px decreases down to 3.5%. The slope of this variation is greatly enhanced in the border
of the pyroxenite (-3<x<0 mm). It is worth noting that the cpx rims show less variation, in
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particular in the pyroxenite part. For instance TiO, and Al,Os content in the rims of the cpx
from the pyroxenite is ca. 0.88 +0.06 and 5.9 + 0.4 wt.% much lower than the core
composition about 1.28 + 0.07 and 8.0 = 0.2 wt.%, respectively, but comparable to the cpx
composition from the peridotite (ca. 0.89 +0.11 and 5.8 £0.4 wt.%, for TiO, and Al,O;
respectively). Amphiboles display a notable enrichment in K,O toward the core of the vein.

Py 3
2 g

i “‘SL\QT":{’E

o I | —
€ 1o & oF <
SR e e
. W S
894% | | ; .
e . o " (b) MgO - ol
IS ) Ly <
o - {}5{': % | S
= 48 ;\J“%ﬁ > ‘
~ 475 X ‘
87.5 |
85 ‘ S
(c¢) mg# - spl | | L
§ 825 | ‘ =
E %0 i & -9 =
10 ‘ — S
! " (d) cr# - spl S
& | - ( p >
g o e B
0.16 ; TR A
~ & | | (e) TiO2
ISS -~ —~
g 1 | bQ
) A E .
O | 3 (MCaO__ Dol
S
& 5 ‘ ~ (0) mg# - opx [ [ O
: - g s S
. ‘ : L . 90 TMJ'—
475 (g) mg#-am < L : % 89-2 - : | I .
o o I I
IS * ‘ % : * P <o | [
N | —_~ ‘_ N
868 Z [ A 25 1 :
z (Ih)cr#-aml ] o ' (p) cr# : 9: o
] 0 SR
S ‘3\ ! ~ 05 {@qyca0 . ) o O‘_'
N | & S s q) La O | :
0L , I 7SS e o o
—~ (i) K20 - am | ‘ S Z 0. [ [
S ‘ 1 3 04 L . L .
g I
s I I 10 5 -5 -10
2 @ - M \ < Dista$ce (m';n)
' : T ) spinel-lherzolite border /|  centre
10 0 L5 -10 o
Distance (mm) of the cpxnite vein
spinel-lherzolite border | centre

of the cpxnite vein
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The equilibrium temperature calculated with the geothermometer of Brey and Kdohler
(1990) yield a temperature ca. 821 °C £ 19 within error of the one obtained for the co-existing
clinopyroxenite (842°C).

Diopsides in the peridotite part have a convex upward pattern, due to the specific
enrichment of the MREE relative to the HREE and LREE (Figure V.11). These patterns are
broadly similar to those found in the cpx from the pyroxenite (Figure V.9). However,
compare to the cpxs from the clinopyroxenite, cpxs from the peridotite are characterised by (i)
lower REE abundances, for instance 8.7<(Lu)n<10.8 relative to 10.8<(Lu)x<12.3; (i1) a less
convex upward patterns as shown by their lower (Sm/Lu)y ca. 10.9 +0.9 compare to
(Sm/Lu)y ca. 12.6 = 1.1; and (i11) they are characterised by a selective enrichment of La
relative to Ce not observed for the pyroxenite’s cpx and higher La abundances ((La)y) ranging
between 11.2 up to 13.6 compare to 9.6 £ 0.4. A similar effect is also observed for U and Th.
The extended trace element patterns similar in both parts of the sample (Annexe 2) are also
marked by pronounced Nb and moderate Zr-Ti and Sr negative anomalies. However, Hf and
Ta are not depleted relative to their neighbouring REE, La and Eu respectively. This lead to
extremely high ((Nb/Ta)pm up to ~30 at 12 mm from the contact. The Zr/Hf and Th/Ta ratio
decreased in the lherzolite toward the centre of the vein in both pyroxenes (Annexe 2).

Most trace elements show significant variation at the scale of the thin section. All show
an almost linear (straight) variation with the distance (x in mm) (Figure V.15). However these
correlations are either negative (i.e., increase toward and within the pyroxenite) for all the
REE except La, and all the HFSE, or positive for La, Th, U, Pb, (Cs) and Rb. For Nb the
extreme variability (may be due to the incorporation in variable amount of exsolution)
between and within grains does not allow to reach a firm conclusion on its behaviour. Clearly,
the difference of behaviour between these two groups of elements is related to their difference
in term of incompatibility. This is clear if we consider the distinct behaviour of La relative to
the others REE. Th, U, Pb, Cs and Rb are all more incompatible than La (i.e. D™™" (U, Th,
Pb, Cs,Rb) < D™ (La)). Thus, the increasing abundances of these incompatible elements
downstream demonstrate that the peridotite part is downstream stream relative to the
percolation front and upstream relative to the percolation front and chromatographic front of
La.
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Figure V.15. — Trace element concentrations (ppm) of sample 13RP15 minerals as a function of the
contact between the lherzolite and the pyroxenite vein for cpx from (a) to (e), for orthopyroxene (opx)
from (f) to (j) and for amphibole (am.) (from (k) to (0).

H concentrations were determined in olivine and pyroxenes in both lherzolite and
pyroxenite. Unfortunately the IR spectra obtained were, for a large number of pyroxenes, not
of sufficient quality to yield a reliable water concentration for many grains. Hydrogen
concentrations for seven olivine grains (which only occur in the peridotites part) range
between 1.5 and 3.3 ppm wt. H,O. Although, olivine near the contact have in average lower H
concentration ca. 1.9 £0.4ppm wt. H,O than downstream olivine which have H
concentration ca. 3.0 = 0.2 ppm wt. H,O. The high uncertainty (i.e. 30 %) inherent to these
measurements and the weak statistic preclude to conclude that olivine shows a variation.
Furthermore this is supported by the homogenous H concentrations of the opx within the
peridotite part (Con(opx) =99 £+ 7 ppm) (Figure V.13, Table V.8). No data are available for
the pyroxenite’s opx. The three successful analyses of the cpx suggest that there is not
variation across the samples. Indeed H concentrations in cpx are about 304 (n=1) and 312

+ 88 for the peridotite and the core pyroxenites, respectively. chsz)gOpXin the lherzolite is 3.1
+0.9.
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Table V.8 — H concentration in ppm wt. H,O for available/analysable minerals of each sample
13RP15, 13RP16 and TAH276-35.

13RP15 Ol Opx Cpx 13RP15 WR
host vein host vein host vein host vein
n 7 0 7 0 1 2 Coy WR (W/.am)* 545 199
Factor 16.35 - 11.57 11.57 12.09 12.07 +lo 9.3 353
min P82 1.6 - 87 - - 250 Cuy WR (w. am)° 175 5639
max P82 33 - 106 - - 374 +lo 24 688
Con avg P82 24 2.5 99 749 304 312 Kd cpx/opx (H,0) 3.1 /
+1SD 0.7 /6.7 / / 87.7 +*£lo 0.9 /
Copavg W12 3.0 / - - - - Kd cpx/ol (H,0) 127 /
+1SD 0.7 / - - - - zlo 38 /
Con avg B95 - - 105 /529 530 Kdopx/ol (H,0) 41 /
+1SD - - 91 / /943 +lo 12 /
13RP16 (0] Opx Cpx 13RP16 WR
host vein host vein host vein host vein
n 13 2 7 14 3 9 Coy WR (W/.am)* 692 192
Factor 16.35 16.34 11.55 11.55 12.09 12.08 =lo 11.8 32.7
min P82 22 43 167 168 267 267 Cy, WR(w.am)® 309 2952
max P82 89 6.5 253 261 282 483 +io 55 376
Con avg P82 53 54 220 211 263 343 Kd cpx/opx (H,0) 1.2 1.6
+1SD 22 15 325 139 510 650 +lo 03 05
ConavgWI12 32 3.6 - - - - Kd cpx/ol (H,0) 42 39
+1SD 1.2 1.0 - - - - Zlo 13 20
Con avg B95 - - 269 241 480 612 Kd opx/ol (H,0) 50 63
+1SD - - 46.3 419 65.3 130.6 +*lo 13 12
TAH276-35 Ol Opx Cpx TAH276-35 WR
host host host host
n 4 10 3 Con WR (w/. am)® 922
Factor 16.55 11.66 12.14 +lo 1.6
min P82 0.0 18 14 Con WR (w. am)® 189
max P82 0.0 71 30 +lo 25
Cou avg P82 0.0 39 20 Kd cpx/opx (H,0) 0.5
+1SD 0.0 17.7 8.8 +lo 0.2
Conavg W12 0.0 - - Kd cpx/ol (H,0) /
+1SD 0.0 - - +lo /
Con avg B95 - 36 35 Kd opx/ol (H,0) /
+1SD - 17.9 14.8 +lo /

Con avg P82 are average H concentration on n grains using calibration of Paterson (1982); Coy avg
W12 are Average H concentration on n grains using calibration of Withers ef al. (2012); Coy avg B95
are Average H concentration on n grains using calibration of Bell et al. (1995); ol: olivine; opx:
orthopyroxene; cpx: clinopyroxene; sp: spinel; am: amphibole; Grey values are estimated H
concgntrations to calculated the whole rock H content Coy WR taking in count amphibole (*) or
not ().
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The peridotite part of the composite xenolith TAH276-35 shows a porphyroclastic
microstructure dominated by fine-grained neoblasts in which rare but large porphyroclasts of
opx occur. The modal abundances of the peridotite part indicate a spl-lherzolite mineralogy.
However, the high cpx/opx ratio ca. 0.82 indicate that this mineralogy is not primary, i.e.
residual after melting. This is confirmed by the Fe-rich composition of the olivine (Fo% 86.8)
which is not compatible with the high cr#g (ca. 71.9 %) (Table V.6). Disseminated dark-
brown amphiboles occur (0.9 %) but only in the first 5 mm in contact with the amphibolite.
Opx away from the contact have a low mg# (87.5%) in equilibrium with the olivine and high
CaO content about 0.9 wt.%. Cpx are diopsides with low mg# (87%) and CaO content ca.
20.4 wt.%. The disseminated amphiboles are pargasites with a mg# varying between 82 and
83% which are quite rich in Cr,Os (up to 1.2 wt.%).

The equilibrium temperature of the lherzolite is 985 °C + 12 using the two pyroxenes
Brey and Kohler (1990) geothermometer. Strong variations of the mineral composition occur
like all phases are enriched in FeO (lower mg#) moving toward the contact and are enriched
in TiO, (Figure V.16). Such variations were classically described in amphibolite wall rock
(e.g. Bodinier et al., 1991).

Clinopyroxenes have a REE patterns characterised by a continuous enrichment from Lu
to Nd (Figure V.11). Then, although the LREE are enriched relative to the HREE and MREE,
their normalised abundance vary significantly. For instance, (La)y range from 21 near the
contact to 51 away from the contact. As shown in Figure V.17 the convex upward pattern
inherited from the pyroxenite is progressively smoothed up. The ratio (La/Ce) evolve from
0.85 to 1.15. Concomitantly, the abundances of HREE increase away from the contact i.e.,
(Lu)y range from 5.6 to 10.6. Accordingly to the Kd™*™(REE) near unity (Coltorti ef al.,
2000, 2004; Grégoire et al., 2000; Tiepolo et al., 2007; Vannucci et al., 1995), the REE
pattern of amphibole mirrors those of the neighbouring cpx, U-Th and Nb behave like La.
The extended trace element patterns of the cpx are otherwise characterised by Ta, Zr—Hf, Ti
moderate negative anomalies and low Sr and Rb—Ba. The amphiboles show the inverse
anomalies: positive Nb—Ta and Ti anomalies, high Sr, Rb—Ba abundances and pronounced
negative U—Th anomalies.

The Amphibolite TAH 276-35 is characterised by a cpx-rich mineralogy and an overall
enrichment in FeO and TiO, (i.e., mg# ~77 %) in the lherzolite indicate that this wall rock
have been extensively reequilibrated with the parent melt of the amphibolite (a volatile rich
alkali melt). This would imply that the entire peridotite wall rock was upstream relative to the
reaction front. However, the over enrichment of the LREE observed in the cpx away from the
contact and the variation of the HREE suggests that this front reseeded in a second time down
to the limit of the disseminated amphibole (ie. x <5mm) and that the remaining melt
percolated downstream. Leading to the chromatographic enrichment of LREE, Th and U.
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Figure V.16. — Main chemical variations on major elements concentration (wt.%) for sample
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H concentrations were determined in olivine and pyroxenes in the lherzolite. The
absence of OH stretching peaks in olivine spectra indicates the absence of H in olivine
(Figure V.4). Average H contents are very low 0, 39 + 18, 20 £ 9 ppm wt. H,O for olivine,

opx and cpx respectively (Table V.8). Then, it gives an unusual Kdl?;g()pxﬂ. It is probably
due to the very low H concentrations in the NAMs from TAH-276-35. Nevertheless, H
concentrations in all phases do not show variations toward or near the contact with the

amphibolite.
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3.3 Hydrogen behaviour in wall rock during percolation mechanism

The concentration is homogeneous within each phase of each sample (Figure V.13),

taking into account the 30 % of error in the Cop value. In other words, no clear variations of

Con are observed in NAMs toward the contact with the vein. However, the concentration in

the NAMs of the lherzolite seems correlated inversely with the modal content of amphibole in

the vein. This suggests that, contrary to what one could expect, water within the peridotite

NAMS are “sucked out” by the amphibole. Indeed, if we consider that water solubility in

silicate melt decreases with decreasing pressure, one could suggest that the interaction and/or

crystallisation with and/or within the mantle lithosphere will release water flux which could

hydrate the surrounding dry lithospheric mantle (wall rock metasomatism). Such scenario is

hardly in disagreement with our observations and measurements.

Hydrogen concentration of the cpx and opx
in the pyroxenite are not particularly enriched in
water compared to the same phases in peridotites.
For instance, sample 13RP15 and 13RP16 show
the same range of H concentration than the non-
composite samples from this locality (Denis ef al.,
2015) where Con(ol) = 2.1-5.9 ppm wt. HyO;
Con(opx) = 66-160 ppm wt. H,O and Copn(cpx) =
203-330 ppm wt. H,O. H is inferred to be an
incompatible element however, the three veins
studied here contain significant amount of
amphibole (14-98%). Thus, it could be argued that
most of the water is stored in (and partition into)
the amphibole (see figure V.19). Yet, the
concentration range and average water content in
the pyroxenes of the studied amphibole-bearing
pyroxenites are comparable to those reported by
Bizimis et al., (2015) for “dry”(amphibole-free)

pyroxenites. Such agreement between these two
contrasted mineralogies is unexpected and will
require further investigations. The petrology and
geochemistry of these pyroxenites suggest that
they were produced by the interaction of alkali-
melts with the percolated peridotite and/or by the
crystallisation at depth of alkali-melts. Alkali
basalts commonly contain between 0.2 and 0.6
wt.% of water (Metrich and Wallace, 2008 and
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references therein). Thus, this may suggest that a large part of water is not incorporated in the
silicate during the pyroxenite crystallisation. In this case the crystallisation of pyroxenite
could then be an interesting mechanism to produce small volume melt enriched in the most
incompatible elements (such as LREE, U and Th) and in H,O.

However, despite significant variations in incompatible trace elements in the wall rock
of these veins due either to chromatographic effect or to reequilibration through diffusion
liquid-solid in the reaction zone, no clear variation of the water abundance of the NAMs has
been identified. This is unexpected, given that H is considered as incompatible as Ce.
Although this unexpected behaviour require further investigation and numerical modelisation,
a explanation for this lack of variation is maybe due to the high diffusivity of H which may at
the mm scale smooth out quite rapidly any variations due to the percolation of volatile rich

melts.
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Chapitre VI : Conclusions générales

Ce chapitre détaille les impacts majeurs de [’étude, ainsi que les limites qui ont été
atteintes et des propositions pour les dépasser.
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Cette étude, focalisée sur la détermination des concentrations en H d’échantillons
mantelliques naturels des xénolites du facies a spinelle, apporte de nouvelles contraintes sur le
comportement de I’H lors des processus magmatiques et mantelliques encore fortement
débattu.

VI.1 Contraintes sur les concentrations H dans les péridotites a spinelle

VI1.1.1 Préservation des concentrations lors de la remontée

Les effets de la remontée dans la plomberie magmatique sur les concentrations en H des
minéraux des xénolites ont pu €tre étudi€s sur une série de xénolites du champ volcanique
d’Eifel. Une variation intracristalline de concentration en H a été identifiée uniquement dans
I’olivine (pas dans les pyroxénes coexistants). Ces profils de concentration en H permettent
I’estimation des vitesses de remontée des magmas, avec dans le cas des péridotites de Eifel
des vitesses estimées entre 3.5 et 12m.s” (Denis ef al, 2013). Les variations de ces
estimations, toutes obtenues pour des magmas hotes de type basaltique, montrent aussi
I’importance (i) de I’estimation de la profondeur de la source, (ii) de la prise en compte du
caractere anisotropique de la diffusion de I’H dans un cristal en 3-dimensions, ainsi que (iii)
du choix des coefficients de diffusion expérimentaux de I’H. Une amélioration envisageable
de cet outil serait 1’utilisation de péridotites a grenat qui ont I’avantage de permettre d’estimer
avec plus de précision que pour les péridotites a spinelle la profondeur d’équilibre. Pour les
¢chantillons a grenat, un géobarometre tel que Nickel et Green (1985) donne ainsi des
pressions d’une précision de + 0,2 GPa.

La particularit¢ de 1I’étude de Denis et al. (2013) repose sur la détermination des
concentrations en H de I’ensemble des NAMs des xénolites. Les variations de concentration
en H de I’olivine indiquent le potentiel de 1’olivine a étre un outil d’é¢tude des systémes
magmatiques, et attestent d’une dévolatilisation n’affectant que 1’olivine. Les concentrations
en H dans les olivines des xénolites de péridotite peuvent sous-estimer les concentrations
mantelliques de ces olivines.

Les pyroxeénes coexistants avec ces olivines présentent des concentrations en H
homogénes. Cette observation est en contradiction avec les données expérimentales qui
donnent des coefficients de diffusions similaires a ceux de 1’olivine pour une température
donnée (10"'-10° m*s™) (e.g., Demouchy et Mackwell, 2006 ; Ingrin et Blanchard, 2006 ;
Farver, 2010 ; Hercule et Ingrin, 1999). Lors d’un changement de conditions d’équilibre, I’'H
dans I’olivine est échangé avec le milieu extérieur par diffusion ionique tandis que dans les
pyroxenes, I’H semble étre bloqué dans la structure cristalline. Ce travail a mis I’accent sur la
préservation des concentrations en H dans les pyroxénes. L’homogénéité des concentrations
en H des pyroxenes indique qu’ils peuvent étre utilisés comme un proxy de la concentration
de I’'H dans la source mantellique (Denis ef al. 2013).
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Une premiere hypothése pouvant expliquer cette dichotomie entre les concentrations en
H des olivines et des pyroxenes se rapporte aux coefficients de diffusion de I’H déterminés
lors d’expériences d’hydratation des NAMs, potentiellement non-applicables au cas de la
déshydratation par diffusion ionique (différentes énergies d’activation ? différents
mécanismes de diffusion ?). Une seconde hypothése réside, elle, dans I’effet d’un parametre
autre que la température (ou d’une conjonction de paramétres) qui accélere la diffusion de I’'H
dans I’olivine et/ou la ralentit voire 1’inhibe dans les pyroxenes. Afin de contraindre le
processus de déshydratation des NAMs et d’ajuster les modélisations de diffusion ionique de
nouveaux travaux expérimentaux sont nécessaires. Une premicre approche serait de
contraindre quels défauts (ponctuels ou a une dimension) sont thermodynamiquement
privilégiés lors de la déshydratation. Une autre approche serait la mise en place d’une
expérience de déshydratation d’un agrégat (olivine + opx +cpx). Une telle expérience,
présentant ou pas les mémes variations en H des NAMs des xénolites, permettrait de cibler le
parametre ou I’ensemble de parametres qui affecte la diffusion de ’'H dans les différents

minéraux.

VI.1.2 Combien y a-t-il d’eau dans 1’olivine ?

La préservation des concentrations en H dans les pyroxeénes permet hypothétiquement
d’évaluer la concentration initiale (mantellique) d’H dans D’olivine coexistante via les
coefficients de partage expérimentaux de I’H (Kd*"°P*(H,0) et Kd*"*(H,0)).

Alors que le coefficient de partage de I’H cpx/opx semble étre constant (2.1 pour la
calibration de Bell et al., 1995) dans les échantillons de péridotite a spinelle remontés par des
basaltes en contexte intracontinental, les rares coefficients expérimentaux applicables a cette
gamme de pression sont moins élevés (Aubaud ef al., 2004 : Kd™°P(H,0)=14, a 1-
2 GPa;1230 — 1380 °C ; Hauri et al.,2006 : Kd™°P™H,0)=1.2, a 1.2—1.6 GPa; 1185 -

1370°C). Ces coefficients expérimentaux sont le plus souvent obtenus dans des systémes
chimiques simplifiés pouvant entrainer cette différence. Une autre possibilité est liée au fait
que ces expeériences soient réalisées a saturation en H, ce qui n’est pas le cas dans le manteau
sommital. Il est possible qu’un seuil proche de la saturation du systeme enclenche un
mécanisme de diffusion différent dans certains solides cristallins affectant la solubilité de I’'H
dans ce solide. Cette perturbation des valeurs de coefficients de partage serait en cohérence
avec les problemes de modé¢lisation des profils de déshydratation.

En se basant sur les coefficients de partage et les concentrations mesurées, on peut
estimer la déshydratation subie par Iolivine. Le Kd®°P(H,0) de 0.11, déterminé a 1 - 2 GPa
et 1230 °C est le plus adapté au facies a spinelle (Aubaud et al, 2004). Les rapports de
concentration en H entre olivine et opx coexistants ont une grande dispersion (Figure VI.1).
Cette variation caractérise une perte en H de I’olivine jusqu’a 90 % de la concentration

initiale. Les concentrations en H des minéraux des harzburgites suggerent que I’olivine perd
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plus d’eau que ceux des lherzolites. Dans cette thése, les olivines analysées auraient
majoritairement perdu 75 % de leur concentration initiale (soit un Kd*/®*(H,0) de 0.03) et
aucune distinction n’est visible entre harzburgites et lherzolites (Figure VI.1).

18 .
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Figure VI.1- Concentration en H des olivines (ol) en fonction de la concentration en H des

orthopyroxénes coexistants (opx). Dans le cas de lherzolites et d’harzburgites a spinelle.

VI1.1.3 Quel minéral contréle I’eau dans le manteau ?

L’olivine composant majoritaire du manteau, contrdle les propriétés physico-chimiques
du manteau. Or les concentration en H de 1’olivine sont faibles, sa participation dans le budget
de I’eau du manteau est limitée. Les pyroxenes, bien que participants dans une moindre
mesure aux propriétés physico-chimiques globales du manteau, permettent par le couplage de
leurs concentrations avec des coefficients de partage expérimentaux adaptés (pression,
température, systeme chimique) d’évaluer le budget de ’eau dans le manteau. Il est alors
possible de contraindre I’influence réelle de la présence de I’H sur les propriétés de la roche
(e.g., anomalie de conductivité électrique).

Le budget de I’eau dans le manteau lithosphérique du facies a spinelle, en absence de
minéraux hydratés, est controlé par les pyroxenes. Généralement, le cpx a des concentrations
en H deux fois plus €levées que I’opx (Denis et al., 2015), c’est pourquoi il contrdle le budget
en eau dans le cas des lherzolites. Cependant, le cpx €tant plus fusible que 1’opx, des épisodes
de fusion partielle modifient la composition modale de la roche (cpx<5% vol., ie.
harzburgites). A 1’aide de modéle de fusion, la participation de chaque minéral dans le budget
de la roche peut étre estimée. En faisant varier dans ces mod¢les, la concentration en H
initiales dans le manteau, ainsi qu’en utilisant la gamme de coefficients de partage de I’H, on
note que le réle de Iopx devient alors prépondérant aprés quelques pourcents de fusion.
(Fig VL.2).
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Figure VI.2 — Pourcentage de participation des NAMs au budget de la péridotite (lignes fines se
rapportant a I’axe de gauche) en fonction du taux de fusion d’aprés le modeéle de Kostopoulos (1992) ;
ainsi que les concentrations associées dans le clinopyroxéne (cpx, en vert clair) et la roche totale (WR,
en bleu claire) (lignes épaisses se rapportant a I’axe de droite). Pour un manteau initial contenant 52,
27,18.5,2.5 % d’ol (Fo% 89.1), d’opx, de cpx et de spinelle respectivement.

Dans le cas du manteau lithosphérique du faciés a spinelle en présence de minéraux
hydratés (e.g., amphibole) le budget de I’eau est contrdlé par I’amphibole des une proportion
modale de 0,5 % d’amphibole dans une lherzolite (Figure VI.3a).

A priori la présence d’un minéral hydraté et donc d’un réservoir a H dans la roche
pourrait impliquer des concentrations en H dans les NAMs ¢élevées. A I’inverse, I’amphibole
pourrait pomper I’H du systeme lors de sa cristallisation ce qui se traduirait par des
concentrations en H dans les NAMs plus faibles. Or les concentrations en H des minéraux de
la péridotite n’ont pas de corrélation avec la proportion d’amphibole coexistante (Fig.VI.3b).
Aucune observation ne suggere que I’amphibole n’hydrate ou ne déshydrate la péridotite
adjacente. Cependant dans le cas particulier d’une lherzolite recoupée par une amphibolite
(Fig.VL.3b; TAH276-35) la concentration en H des NAMs est particuliecrement basse
(< 50 ppm wt. H,O pour les pyroxenes), I’effet de ’amphibole sur les concentrations en H des
NAMs semble minime mais un biais d’échantillonnage ne peut étre exclue.
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Figure VI.3— (a) Fraction des minéraux d’une péridotite a spinelle du budget en eau de la roche (WR),
ol : olivine ; opx : orthopyroxéne ; cpx : clinopyroxéne ; amp : amphibole. Calcul pour Coy de 6, 200
et 400 ppm wt. H,O pour I’olivine, I’opx et le cpx, respectivement ; et 2 wt.% (20 000 ppm) H,O pour
I’amphibole, et pour un mode variant de 70 — 64.8 pour I’olivine, de 12 — 9.2 pour "opx, de 18 — 16
pour le cpx et de 0 — 10 pour I’amphibole. (b) concentration en H dans 1’opx en ppm wt. H,O en
fonction de la quantité d’amphibole dans la roche ou, pour les échantillons composite, la quantité
d’amphibole dans le filon. Verts : Ray Pic, France, orange : Maroc, violet : TAH276-35, Algérie.

VI.2 Comportement de I’H lors des processus mantelliques

Les concentrations en H du manteau ont subi des épisodes successifs de fusion et de
métasomatisme. On consideére n’observer que le dernier épisode n de fusion et un épisode
suivant n+1 de métasomatisme. Les concentrations en H des pyroxénes n’étant affectées par
le processus secondaire d’extraction par le magma présentent I’avantage d’€tre un des objets
sur lequel baser I’étude du comportement de I’H dans les processus mantelliques. Les
¢léments en trace tels que les REE dans les cpx sont des marqueurs des deux processus
mantelliques principaux, la fusion partielle et le métasomatisme (e.g., Griffin ef al., 1996 ;
Maury et al., 1992 ; Ionov et al., 1993).

Précédemment, le comportement de I’H a été suggéré similaire a celui de La, Ce (e.g.,
Dixon et al., 2002). Une telle incompatibilité induit que le dernier épisode de métasomatisme
« efface » D’effet de I’épisode précédent de fusion.

VI.2.1 Le métasomatisme

D’une part, Denis et al., 2015 présente pour la premiere fois les résultats d’une étude
multi¢léments (majeurs et en trace, dont I’H) d’une suite de xénolites de péridotite en
contexte de point chaud en présence de minéraux hydratés (amphibole). Les concentrations en
H des minéraux ne suggerent pas de lien avec le métasomatisme subit par la roche, qu’il soit
modal (amphibole) ou cryptique (métasomatisme par de faibles fractions de liquides enrichis
en volatils et d’éléments incompatibles).
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D’autre part, I’étude basée sur des xénolites composites associant une péridotite accolée
a un agent métasomatique (patch basaltique, filon de pyroxénite a amphibole) a pour
originalité d’avoir ciblé I’influence du métasomatisme de petite échelle sur les concentrations
en H des NAMs. L’interaction péridotite—basalte-hote est caractérisée par un rééquilibrage
des concentrations en €léments majeurs avec le liquide dans les olivines et les pyroxenes. La
diminution des concentrations en H observées dans les olivines en se rapprochant du contact
avec le patch basaltique est corrélée avec leurs variations de concentrations en SiO, et MgO.
Plus les olivines sont rééquilibrées avec le liquide moins elles contiennent d’H. Une nouvelle
fois, les pyroxenes ne présentent pas les variations de concentration en H aux abords du
contact, observées dans I’olivine, alors qu’eux aussi présentent des variations de
concentration en ¢léments majeurs.

Les échantillons présentant des filons (pyroxénite et amphibolite) ont permis 1’étude du
comportement de I’H lors du métasomatisme d’éponte, ou les concentrations en H pour
chacune des phases minérales sont homogeénes. Cependant, plus les filons contiennent
d’amphibole moins il y a d’H dans les NAMs.

Par ailleurs, ’ensemble des résultats acquis pendant cette thése associ¢ a ceux de la
littérature ne montrent aucune corrélation entre la concentration en H et les enrichissements
en LREE, ni avec le fractionnement entre les REE légeres et moyennes (La/Sm) (Figure
VI1.4).

Ces observations sont en désaccord avec les ¢tudes précédentes accordant a ’'H un
comportement plus proche d’une LREE (entre La et Ce) permettant ainsi a différents auteurs
d’utiliser le rapport H,O/Ce comme marqueur des processus mantelliques (e.g.,
Danyushevsky et al., 2000 ; Dixon et al., 2002 ; Bizimis et Peslier, 2015 ; Peslier ef al. 2015).
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Figure V1.4 — Concentration en H du cpx en fonction de la concentration en La et le rapport La/Sm du
cpx normalisés au manteau primitif (valeurs de normalisation Sun et McDonough, 1989). Croix :
(péridotites abyssales) Warren et Haurri, 2014; points gris: (données mondiales péridotites
mantelliques) Li et al., 2008 ; Peslier et al, 2006 ; Hao et al., 2014 ; Peslier et Bizimis, 2015 ;
triangles vert foncé : massif central frangais, triangle vert clair : Eifel, Allemagne, triangles orange :

Newer volcanic field, Australie ; triangles rouges : Afrique du Nord.
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V1.2.2 La fusion

Le métasomatisme n+1 n’a pas d’effet visible sur les concentrations en H des NAMs, ce
qui suggere que les concentrations en H observées sont acquises lors de 1’épisode n de fusion.
En comparant les concentrations en H avec un marqueur de la fusion partielle (Yb du cpx) I’'H
semble avoir un comportement similaire 3 une MREE (D% (H,0) ~ 0,25 + 0,05 ; e.g.,
Sm; DV = 0 29 ; Johnson e al., 1998) (Figure VL5).
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Figure VI.5 — Concentration en H du cpx en fonction de la concentration en Yb du cpx normalisés au
manteau primitif (valeurs de normalisation Sun et McDonough, 1989). Voir légende Figure VI1.4.
losange : Demouchy et al., 2015. Concentration en H du clinopyroxéne lors de la fusion a 1’équilibre
d’aprés le modéle de Noman, 1998 d’un manteau contenant 18% de clinopyroxéne ayant une
concentration initiale en H de 700 ppm wt. H,O (ligne) ou 400 ppm wt. H,O (pointillés). La courbe
supérieure, pour chaque lithologie, est calculée pour Dchmqmde(HzO) =0.30; courbe inférieure

pour DPViauide 0y = (.05,

VI.2.3 H et processus mantelliques : une relation complexe.

Une analyse statistique des concentrations en H des NAMs (ou I’H est incompatible) de
xénolites hors-craton indique que les minéraux des harzburgites contiennent en moyenne plus
d’H que ceux des lherzolites (Figure VI.6). Si les concentrations en H des NAMs étaient
uniquement liées au taux de fusion subit par la roche, les harzburgites (roches réfractaires)
devraient contenir moins d’eau que les lherzolites. Or les harzburgites sont statistiquement
plus enrichies en H que les lherzolites (Figure VI.6). Cette constatation est similaire aux
enrichissements en LREE observés dans les deux lithologies. Les harzburgites étant plus
riches en olivine, leur minéralogie favorise la percolation des liquides (voir paragraphe 1.5.3).
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Les harzburgites sont donc potentiellement plus métasomatisées que les lherzolites. L’effet
sur les concentrations en H du métasomatisme ne peut donc étre exclu. Des études
complémentaires sur les différents types de métasomatisme sont nécessaires pour conclure sur

la contribution de ce processus dans le cycle profond de 1’eau.

sHa) A O S
NN ] 1] J0 ! 1] 8 I~ harzburgite
ey = Semmmae N Ee—— S SRS T RS
5 1l S Pl Lherzolite
Evh [l r h il | ' ;l -L I (-]
1 1 4 Am-rich. PdE.
SRR & o ol pyroxénite
Cyy olivine (ppm wt. H,0O) g N _ : %
- 0 A

Figure VI.6 — Histogramme de fréquence représentant le nombre d’échantillons des concentrations en
fonction de la concentration en H des NAMs des lherzolites, harzburgites, (am-rich. Pdt.) péridotites a
amphibole et pyroxénites. (a) pour 1’olivine d’aprés les calibrations de Bell et al., 2003; (b) pour
I’orthopyroxéne (opx) et (¢) pour le clinopyroxéne (cpx) d’apres la calibration de Bell ez al., 1995 ; (Li
et al., 2008 ; Peslier et Luhr, 2006 ; Denis et al.,, 2013 ; Denis et al., 2015, Denis et al., en
préparation ; Grant et al., 2007 ; Soustelle et al., 2013 ; Yu et al., 2011).

En résumé, ces travaux de theése ont montré que :

e Les concentrations en H des olivines sont sensibles a la dévolatilisation lors de la
remontée dans le systeme magmatique et le rééquilibrage avec le magma. Elles ne sont
donc pas représentatives des concentrations mantelliques.

e Au contraire, les concentrations en H des pyroxenes, spécialement 1’opx, sont tres
homogenes suggérant que les concentrations mantelliques sont préservées.

e La présence d’amphibole (métasomatisme modal) n’implique pas un enrichissement en H
des NAMs coexistant. Dans ce manteau dit hydraté, I’olivine coexistant avec I’amphibole
contient en moyenne moins d’H que dans une péridotite sans amphibole. L’influence de
I’H sur les propriétés rhéologiques de la roche est donc moindre dans le cas d’un manteau
contenant une faible quantité de minéraux hydratés.

e Le comportement de I’H lors de la fusion partielle et du métasomatisme reste complexe ;
cependant nos données suggerent que I’H suit les MREE tel que le Sm.
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Annexe 1 — Notation de Kroger-Vink

La notation de Kroger-vink (Kroger & Vink, 1956) permet de décrire les défauts

ponctuels dans un structure cristalline.

On note : Ag

A, I’occupation du site :

Le site peut étre occupé par un €lément chimique ; on note alors le symbole de
I’¢lément (ex : un atome de silice : Si). Le site peut ne pas €tre occupé (il est vacant),
il est alors noté « V » (de I’anglais « vacancie »)

Note : Si un atome de Vanadium « V » occupe le site, la charge du site ne sera pas
celle du site vide.

s, le type de site occupé, noté en indice.

¢, la charge relative du site ainsi occupé est indiquée en exposant.

Ex. :

Elle représente la différence de charge entre ce qui est dans le site et ce qui devrait y
étre.

En cas d’exces de charge on place un « ¢ » en exposant. Une charge nulle est exprimée
par un « X » et une charge relative négative par un « ’ ».

Un atome de d’aluminium (AI*") occupe le site d’un atome de silice (Si*"). Il
manque une charge au site. On note donc : Alg; .

Un atome de fer ferreux (Fe*") occupe le site d’un atome de magnésium (Mg”>"). La
différence de charge est nulle, on indique donc : Fey, .

Un site d’oxygéne (O”") vacant est noté : V.
Note : un site interstitiel a une charge nulle.

Pour écrire les équations de défauts ponctuels, les regles sont :

la conservation de la matieére. On doit retrouver de chaque c6té de 1’équation le méme
nombre d’atomes/moles.

I’¢lectroneutralité : on doit retrouver la méme charge totale de chaque co6té de I’équation.
la conservation des sites atomiques : on doit retrouver le méme nombre de site atomique de
chaque coté de 1’équation, de fagon a ce qu’il n’y ait ni création, ni destruction de sites
atomiques.
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Annexe 2 — Fiches récapitulatives de I’étude « Filons »

Pour chaque xénolite composite, on retrouve :

(1) un récapitulatif des caractéristiques de 1’échantillon et une photo de la lame
€paisse ou sont reportées les points d’analyses d’EPMA, de LA-ICP-MS, et de
spectroscopie IRTF, selon la 1égende suivante :

FTIR
LA-ICP-MS
<> EPMA : olivine
orthopyroxéne

clinopyroxéne
spinelle

Q<> amphibole
&> plagioclage
& glass

(2) Les spectres de terres rares normalisés aux chondrites et les spectres

02 2 2

d’¢léments en traces normalisés au manteau primitif (PM) (valeurs d’apres
McDonough & Sun, 1995).

(3) Les variations notables des éléments majeurs de chaque phase minérale en
fonction de la distance au contact.

(4) Les variations notables des éléments en traces de chaque phase minérale en
fonction de la distance au contact.

Echantillon 14V81 : pp. 158 — 161
Echantillon 13RP16 : pp. 162 — 165
Echantillon 13RP15 : pp. 166 — 169
Echantillon TAH276-35 : pp. 170 — 173
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14V81 : Lherzolite and basaltic patch

(1) Locality : Victoria State, Australia

ol opx cpx spl  plagio.  verre T°
Lherzolite 64 31 5 <0.2 - - 942 £ 71 °C
Patch basaltique 44 15 24 - 1 15 979 £23 °C

® FTIR
W LA-ICP-MS
< EMPA :

LA-ICP-MS

EPMA : olivine
Q orthopyroxéne
o clinopyroxéne

& spinelle

\ 4

Q amphibole

plagioclage
glass
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(2) a-c : Spectres de terres rares normalisés aux chondrites ; d-f :les spectres d’¢léments en
traces normalisés au manteau primitif (PM) (valeurs d’aprés McDonough & Sun, 1995).
Lherz.: lherzolite; cpx: clinopyroxene; opx: orthopyroxene ; glass: verre.
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(3) Variations de concentration en éléments majeurs de chaque phase minérale en fonction de
la distance au contact. ol : olivine ; spl : spinelle ; cpx : clinopyroxéne ; opx : orthopyroxéne.
Fo% = 100* (Mg / (Mg + Mn+ Feyy)) ; mg# = 100* (Mg / (Mg + Feuy)) ;

cr#t = 100* (Cr / (Cr+Al)).
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(4) Variations de concentrations en ¢léments en traces pour (a-e) les clinopyroxenes (cpx) et
(f-j) les orthopyroxenes (opx) en fonction de la distance au contact.
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13RP16 : Lherzolite and pyroxenite vein

(1) Locality : Ray Pic, French Massif Central, France

ol opx cpx spl am T°
lherzolite 68 25 5 <1 1 1048 £ 4 °C
pyroxenite 16 22 40 9 14 1043 £ 11 °C

FTIR

LA-ICP-MS

Q EPMA : olivine
Q orthopyroxéne
o clinopyroxéne
& spinelle
QQ amphibole

plagioclage
% glass
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(2) a-c : Spectres de terres rares normalisés aux chondrites ; d-f :les spectres d’¢léments en
traces normalisés au manteau primitif (PM) (valeurs d’aprés McDonough & Sun, 1995).
Lherz.: lherzolite; Vein: filon ; cpx: clinopyroxene; opx: orthopyroxene ; am.: amphibole.
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(3) Variations de concentration en éléments majeurs de chaque phase minérale en fonction de

la distance au contact. ol : olivine ; spl : spinelle ; cpx : clinopyroxéne ; opx : orthopyroxene ;
am : amphibole. Fo% = 100* (Mg / (Mg + Mn+ Fey)) ; mg# = 100* (Mg / (Mg + Fey)) ; cr#

= 100* (Cr / (Cr+Alyy)).
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(4) Variations de concentrations en éléments en traces pour (a-f) les clinopyroxénes (cpx) ;
(g-1) les orthopyroxénes (opx) et (m-r) des amphiboles (am) en fonction de la distance au

contact.
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13RP15 : Lherzolite and clinopyroxenite vein

(1) Locality : Ray Pic, French Massif Central, France

ol opx cpx spl am T°
lherzolite 58 29 8 4 <0.6 825 +30°C
Pyroxenite center <0.4 4 62 6 27 748 + 11 °C
Pyroxenite border 2 5 86 2 5

FTIR
LA-ICP-MS
< EPMA : <@ olivine
Q orthopyroxéne
o clinopyroxéne
& spinelle
’Q amphibole

plagioclage
glass



2)

100

10

Concentration / Chondrite

0.1
100

Concentration / Chondrite

0.001
100
2
3
[=}
210
@)
[=}
.2
Ei
= 1
3
=]
o
@)
0.1

100

Concentration / PM

Concentration / PM

~
)
~
(IR

Concentration / PM

13RP15 - Vein: Am.

La

Ce Nd

Pr

Sm_Gd Dy Er_ Yb
Eu Tb "Ho Tm

L

u

0.001

IR

Ba U Ta Ce Sr
Th Nb La Pr Nd

Sm_Hf Ti_ Tb Ho_ Er Yb
Zr Eu Gd Dy Y Tm Lu

(2) a-c : Spectres de terres rares normalisés aux chondrites ; d-f :les spectres d’¢léments en
traces normalisés au manteau primitif (PM) (valeurs d’aprés McDonough & Sun, 1995).
Lherz.: lherzolite; Vein: filon ; cpx: clinopyroxene; opx: orthopyroxene ; am.: amphibole.
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(3) Variations de concentration en éléments majeurs de chaque phase minérale en fonction de
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am : amphibole. Fo% = 100* (Mg / (Mg + Mn+ Fe)) ; mg# = 100* (Mg / (Mg + Fe)) ; cr#
=100* (Cr/ (CrtAliy)).
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TAH276-35 : Lherzolite and amphibolite vein

(1) Locality : Tahalra, Hoggar, Algeria
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(4) Variations de concentrations en ¢éléments en traces pour (a-e) les orthopyroxenes (opx); (f-

j) les clinopyroxenes (cpx) et (k-0) les amphiboles (am) en fonction de la distance au contact.
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COMPORTEMENT DE L’HYDROGENE LORS DES PROCESSUS

MANTELLIQUES
Carole M.M. DENIS

Ces travaux de theése apportent de nouvelles contraintes sur la concentration et le
comportement de I’H dans le manteau lithosphérique. Ils reposent sur 1’étude pétro-
géochimique de trois séries de xénolites de péridotites a spinelle, associant les concentrations
en ¢lément majeurs et en traces y compris I’H dans les minéraux dits anhydres (les NAMs, ici,
olivine, pyroxenes) et hydratés (amphibole).

Les effets de la remontée des xénolites dans du magma hdte sur les concentrations en H
des NAMs ont été ¢étudiés sur une série de xénolites de péridotite du champ volcanique
d’Eifel (Allemagne). Une variation intracristalline de concentration en H a été identifiée dans
I’olivine et non dans les pyroxenes coexistant. Ces profils de concentration en H peuvent étre
utilisés pour estimer des vitesses de remontées des magmas. Dans le cas des volcans étudiés,
ces vitesses sont estimées entre 3.5 et 12 m.s™'. Ces résultats suggérent que les pyroxénes sont
de meilleurs proxy que 1’olivine pour quantifier la concentration mantellique de 1I’H.

Les xénolites de Ray Pic (Massif Central, France) ont permis de discuter de 1’effet de la
fusion partielle et du métasomatisme a grande échelle sur les concentrations en H des NAMs.
Les concentrations en H des minéraux ne suggérent pas de lien clair avec le métasomatisme
subit, qu’il soit modal (amphibole) ou cryptique (métasomatisme par de faibles fractions de
liquides enrichis en volatils et éléments incompatibles). Cependant, en comparant les
concentrations en H avec un marqueur de la fusion partielle (Yb du cpx), ’H semble avoir un
comportement similaire a une MREE (e.g., Sm ; D(cpx/liquide) ~0.29).

L’interaction peridotite-basalte hote a été étudi¢e et montre, dans le cas des olivines, des
variations chimiques couplées entre ¢léments majeurs et les concentrations en H en fonction
de leur proximité au filon. Plus I’olivine se rééquilibre avec le liquide moins elle contient d’H.
Bien que partiellement rééquilibrés avec la lave hote, les pyroxénes ne montrent pas le méme
comportement. Enfin, des xénolites composites (filons et veines traversant/jouxtant une
péridotite) ont permis 1’¢étude a 1’échelle millimétrique a pluri-centimétrique du comportement
de I’H lors du métasomatisme d’éponte. Chaque échantillon présente des concentrations en H
homogenes pour chacune des phases minérales. Cependant plus les filons contiennent
d’amphibole moins il y a d’H dans les NAMs. D’autre part, une nouvelle fois, la corrélation
positive entre les concentrations en H des NAMs et le Sm(cpx) en tant que marqueur de
métasomatisme suggere que 1I’H se comporte comme une MREE.

En conclusion, les minéraux des spl-harzburgites contiennent en moyenne un peu plus
d’H que ceux des spl-lherzolites. Les concentrations en H des olivines sont sensibles a la
dévolatilisation lors de la remontée dans le systéme magmatique et le rééquilibrage avec le
magma. Au contraire, les concentrations en H des pyroxenes, spécialement I’opx, sont tres
homogeénes suggérant que les concentrations mantelliques sont préservées. La présence
d’amphibole n’implique pas un enrichissement en H des NAMs coexistant. Le comportement
de I’H lors de la fusion partielle et du métasomatisme reste complexe ; nos données suggerent
que I’H suit les MREE tel que le Sm.

Mots clefs : péridotites, métasomatisme, fusion, pyroxénites, hydrogéne, minéraux
anhydres
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